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╩♃כ♦ (Synthetic Aperture Radar: SAR) כ♄כ꜠ ,│ ™√

─ ⸗♦ꜟ─ ≤ ─ ⌐ ∆╢ ≢№╢. ╩

╢ ≤⇔≡GPS (Global Positioning System) ⅜ ≢№∫√⅜ , 1992 ─

Landers ⌐ ℮ ╩, SAR♦כ♃╩ ™√InSAR (Interferometric SAR: 

SAR) ⌐╟╡ ╠⅛⌐⌂∫≡ , SAR─ ⅜ ≢ ↕╣╢╟℮⌐⌂∫

√. GPS≤ ⌂╢ │, ⌐ ╩ ≤∆╢↓≤⌂ↄ ↄ ⌐ ⅎ╠╣╢≤

™℮ ≢№╢. ╕√, ↓─ ╩ ™≡ ה ─ ╩ ╘╢↓≤╙≢⅝╢.

╛ │, ∕─ ╛ ⅝↕ ─ ⅛╠ ⅜ ⇔™╙─╙ ™.  

╩♃כ♦ ™≡, ⅛≈ ⌂ ─ ╩ ═╢↓≤│, 

⌐ √⌂ ╩ ⅎ╢⌐ ™⌂™. 

≢│ ╕∏ 2008 ⌐ ↓∫√ ⌐╟╢ ─ ≤

⸗♦ꜟ─ ╩ ∫√ (Abe et al., 2013). ♦כ♃│ 2006 ⌐

JAXA ⅜ ∟ →√ ₈∞™∟ (ALOS)₉⌐ ↕╣≡™╢ PALSAR

│ ,╡№≢♃כ♦ InSAR ≤Ⱨ◒☿ꜟ○ⱨ☿♇♩ ♃כ♦ .╢№≢ ⌐│

Gamma ─♁ⱨ♩►▼▪╩ ⇔ ─ ⌐│ ─ 10m ⱷ♇

◦ꜙ─ ⸗♦ꜟ DEM ╩ ™√ ⌐╟∫≡ ╠╣√ ⅛╠ ↓─

│ ʄ ⌐ ╩ ≈ ─ ≢№╢↓≤ ∕⇔≡ ≢│

2 ⱷכ♩ꜟ╩ ⅎ╢ ⅜ ↕╣, ⅛≈ ⌐ ™√↓≤⅜╦⅛∫√. ╠╣√

SAR  ,╡╟⌐fiꜛ☺כfi♩▬fiⱣ▬ꜛ☺─≥♃כ♦GPS≥♃כ♦

─ ⸗♦ꜟ╩ fiכꜞ◓─ .√⇔ ─ ⌐│ Meade (2007)

─Matlab ☻◒ꜞⱪ♩╩ ™√. ⇔√ ⸗♦ꜟ│GPS≤ SAR♦כ♃╩ ⌐╟

ↄ ⇔, ╕√ ⇔√ ─ ⅜Ⱪכ◕כ ─ ─ ≤ ⇔√. 

╕√ fi◖כꜚ/◌☻ꜝ▪ ─ ─ ╩Ⱨ◒☿ꜟ○ⱨ☿♇♩ ⌐╟

╡ ♃כ♦ .√⇔ ⌐│ALOS/PALSAR ≤Terra SAR -X─♦כ♃╩ ⇔, 

⌐╟╢ ─ⱡ▬☼ ⌐│ASTER GDEM Ver.2 ╩ ⇔√. ⌐╟∫≡

╠╣√꜠fi☺, ▪☺ⱴ☻○ⱨ☿♇♩⅛╠ ─ ╩ ⇔, 3

╩ ╘√. 2006₩2011 ─ALOS/PALSAR ≤Terra SAR -X─♦כ♃╩ ⇔

√ , 4≈─ ≢ ⌐☺כ◘ ℮ ─ ╩ ≢⅝√. ↕╠⌐, 

↓─ ≢│ ⅛╠ ⌐ ↑≡ ⅜ ∆╢Winter  speed-up─┤╢╕™╩

∆╢ ⅜ ╠╣, ∕─ ⌐│1 ⌐2 ∆╢Biannual speed -up⌂ ╙

№∫√. ↓─Winter speed -up─ⱷ◌♬☼ⱶ≤⇔≡, Kavanaugh (2009)─ ♦

─ ,⌐≥╙╩♃כ ⌐╟╢stick -slip ⌂ ╡⅜ ⅛╠ ⌐ ∆

╢↓≤⌐╟∫≡, ⅜ ⇔≡™╢─∞≤ ◖כꜚ/◌☻ꜝ▪ , .√⇔

fi ─ │☺כ◘ ⅛╠ ⌐⅛↑≡ ╕╢≤ ╦╣≡⅔╡, ↓─ │ ◘

─☺כ ⌐ ╠⅛─ ╩ ⅎ╢╙─≢№╢.   
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1. Introduction  

 

 ≢│, ─ ≤ ≢ ⇔√ ≡™≈⌐כ♄כ꜠ ═╢.  

 

1.1 Advance for space geodesy technique 

   

  , │ ╕⇔™ ╩ →≡™╢. ─ │, ─ ⅝↕╛ , 

↕╩ ∆╢↓≤≢№∫√⅜, ≢│∕─ ≤ ╩ ╢↓≤⌐╙∫┐╠

╩ ≡≡™╢. ∕─ ╙, │ , ╛ , ╛ ⌂ ⌂

≥ ≢№∫√. ≢│ ≤⇔≡, ╩ ™≡ ⅛╠ ╩ ∫≡™╢. 

╛ ─ ⌐│╕∞ ╢╙──, ─№╠╝╢ ╩ ⅜

∆╢↓≤⌂ↄ♦כ♃⅜ ╠╣╢╟℮⌐⌂∫√─│, ╕↕⌐ ─ ≤™∫≡╙ ≢

│⌂™. 

  , ─ ⌐│ ╛ ⅜ ╦╣≡™√⅜, ⌐╦√╢

╩ ⅜ ╢√╘⌐│, ─ ≤ ╩ ∆╢. ╕√, ⌂ ≤⌂╢≤, ∕─

│ ╡ ╣⌂™. ─ ⌐⅔™≡│, ∕╙∕╙ ⅜ ↑∕℮╙⌂™ ⌐

∆╢ ⅜ ↄ ∆╢. ≢│, ⌐⅔™≡╙ ⌐⅔™≡╙, GPS 

(Global Positioning System) ⅜ ↕╣≡™╢. GPS│, ⅜ ↕╣≡™╢ ⌐

╩♃כ♦≢ ,≡™⅔ ╢ ⅜≢⅝╢. ⌐│1200◌ №╢

⅜ ↕╣≡⅔╡(GEONET), ≢№╢ ─ ⌐ ⅝⌂ ╩

√⇔≡™╢. ─ ⌐⅔™≡╙, ─╦⅝⌐№╢ ⌐ ╩ ⇔, 

≢ ╩ or ∟⌂⅜╠ ↄ≤™℮╟℮⌂KGPS (Kinematic GPS) ≤™℮ ⅜ ╦

╣≡™╢. 

  ⇔⅛⇔⌂⅜╠, GPS│ ⌐ ⇔≡ ╩ ∆╢ ⅜№╢. ™≈≥↓≢ ↓╢

⅛╦⅛╠⌂™ ⌐ ℮ │, ⌂ ⅜╡╩╙≈. ⇔√⅜∫≡, GPS ⅜ ⌂™

≢│ ⌂ ╩ ≢⅝⌂™ ⅜№╢. ╕√, ⌐≈™≡│, ⅜▪

◒☿☻ ⌂ ⌐≈™≡│, ╩ ╘╢↓≤⅜≢⅝⌂™.  

  ∕─ , ≢ ™√ ⌐ ,│כ♄כ꜠ ╩ ≤∑∏⌐GPS ╖─

⌂ ╩♃כ♦ ≢⅝╢. ╕√, ⱴ▬◒꜡ ╩ ™≡™╢√╘, ☿fi◘

╢↑⅔⌐כ ╛ ─ ╙ ∆╢ ⅜⌂™. √∞⇔, ╩ ∆╢√╘⌐│, 

⌂╢ ⅜♃כ♦─ ≢№╢√╘, SAR ─ ─ ╩ ∆╢↓

─כ♄כ꜠ .╢⌂⌐≥ ♃כ♦≥ ⌐≈™≡│, ≢ ═╢. 
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1.2 Synthetic Aperture Radar  

 

  ≢│, ≢ ™√ ♃כ♦─⧵≥כ♄כ꜠ ⌐≈™≡ ═╢. SAR

─ │♃כ♦ ⌂╢ ─ ╕╡≢№╢⅜, ⌂ ╩∆╢↓≤⌐╟∫≡ ⌂

≥┼♃כ♦ ╕╣ ╦╢. ⇔™▪ꜟ◗ꜞ☼ⱶ⌐≈™≡│Furuya (2006) ╩ ↕╣√

™. 

 

1.2.1 What is SAR ? 

 

⌐ ,│≥ (Synthetic Aperture Radar: SAR) כ♄כ꜠   ↕╣√☿fi◘כ

⅛╠ ⌐ ↑≡ⱴ▬◒꜡ ╩ ⇔, ≢─ ה ⌐╟╡ ∫≡⅝√ⱴ▬◒꜡ ╩

∆╢ ☿fi◘כ♄כ꜠ .╢№≢כ─ ─ ≥כ♄כ꜠ ,│

⌂╡ ⅛↑ ▪fi♥♫◘▬☼╩ ⅝ↄ⇔≡ ( )⇔≡ ╩ ╘≡™╢ ≢№╢. 

─כ♄כ꜠─ │▪fi♥♫─ ⅝↕⌐ ∆╢√╘, ⌐ ∆╢↓≤╩ ⅎ

╢≤∕─ ⌐│ ⅜№╢.∕↓≢ ⌐ ╙ ╩ ⌂™, ⇔√ ╩♪

♇ⱪꜝכ ╩ ⇔√ ≢ ∆╢↓≤⌐╟∫≡ ╩ ↕∑≡™╢ (Figure 1 -1). 

√∞⇔, ↓╣│ ─  (Azimuth )┼─ ─√╘⌐ ╦╣≡™╢

≢№╢. ⱴ▬◒꜡ ─  (Range )─ ╩ →╢ ≤⇔≡, Ɽꜟ

☻ ⅜ ╦╣≡™╢. ↓╣╠─ ⌐╟∫≡, SAR│∕─▪fi♥♫⅜ ↕™╒≥

─כ♄כ꜠╛ ,⇔⅛⇔ .╢⌂⌐ ⌂≥ ⌐╙▪fi♥♫◘▬☼⌐ ∆╢

⅜№╢√╘, ↓╣╠─ ⌡ ™≢▪fi♥♫◘▬☼╩ ╘≡™╢. 

  SAR─ │⌐♃כ♦ ─ ─ ⌐ ∂√ ≤ ⅜ ╕╣≡⅔╡, 

↓╣╠─ ╩ ⌐ ∆╢↓≤≢, ─ ╩ ≢ ╢↓≤⅜ ≢№╢. 

SAR ⌐╟╢ ─ ⌐│, ─ ╩ ∆╢Interferometric SAR  (InSAR) ╛, 

ⱴ♇♅fi◓─ ╩ ⇔√Ⱨ◒☿ꜟ○ⱨ☿♇♩ ⅜№╢. ≢│↓╣╠─

╩ ⇔≡ ─ ╩ ╘≡™╢. 

 

 

 

 

 

 

 

 

 

Figure 1 -1: Geometry of real and synthetic aperture radar.  
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1.2.2 Interferometric SAR  

  

2╢⌂ ,│(Interferometoric SAR: SAR) כ♄כ꜠   ─SAR♦כ

♃─ ╩♃כ♦ ↕∑╢ ( ╩≤╢)↓≤≢, ─ ╩  cm─ ≢ ⅎ╢

↓≤⅜≢⅝╢ ≢№╢.   

  ⌂ │, ≢ ┬ꜘfi◓─ ≢ ≢⅝╢. 2≈─◖ⱥכ꜠fi♩⌂ ⅜2

≈─☻ꜞ♇♩╩ ⇔≡, ⌐ √╢≤ ─ ⌐ ∂≡ ≢│ ╘ ∫≡ ╢ↄ

⌂╡, ≢│ ╘ ∫≡ ↄ⌂╢. ∕⇔≡, ⌐│ ⅜≢⅝╢. ─ ⅜,InSAR 

≢╙ ╠╣╢. ⌐│2≈─SLC ─ ─ ↑ ╩ ∆╢↓≤≢ ╠╣╢. 

√∞⇔, ↓─ │ ╦∑(Matching ) ≤™℮ ╩ ⅎ≡⅛╠≢№╢. ♦כ♃╩

↕∑╢√╘⌐│ ─ (Path )─ ─ (Frame ╩♃כ♦─≈2─( ™╢─∞⅜, 

∂ path , frame ≤ ∫≡╙Ⱨ◒☿ꜟ꜠ⱬꜟ╕≢ ∂≤™℮╦↑≢│⌂™. Ⱨ◒☿ꜟ↔≤

─ ╦∑╩◘ⱩⱧ◒☿ꜟ꜠ⱬꜟ≢ ⌂╦⌂™≤∕╙∕╙ ∆╠≢⅝⌂™─≢№╢. 

↓╣╠─ ╩ ≡, ─ ⅜ ╠╣╢. 

 

   ɝ‰ ‰ ‰ ‰ ‰ ‰ ‰       ρȢρ 

 

  ╦∑ ╠⅛♃כ♦─≈2─╖ ↕╣╢ ⌐│ ₁⌂ôõ⅜ ╕╣╢ 

(  1.1). ╕∏, (‰ )≢№╢. ↓╣│2≈─ ⌂╢ ⌐ ↕╣√ ─ ─

( )⌐ ∆╢╙─≢, ⅜ ↕™╒≥ │ ↕ↄ⌂╢. ⌐,

(‰ )╩ ╡ ↄ. ↓╣│, ⅜ ₁⌂ ⌐ ╪≢™╢√╘⌐, ╙ ╗≤™℮╙─≢№

╢. ↓╣╩ ╡ ↄ√╘⌐, DEM≤ ╠⅛♃כ♦ ─◦Ⱶꜙ꜠כ♩ ╩

⇔, ⅛╠ ⇔ ↄ. ↓─◦Ⱶꜙ꜠כ◦ꜛfi ⌐│ (‰ )│ ╕╣≡™

⌂™─≢, ∞↑╩ ╡ ↄ↓≤⅜≢⅝╢. ⌐ ▪fiꜝ♇ⱪ≤™℮ ╩ ℮. 

▪fiꜝ♇ⱪ≤│, wrapped↕╣√ (↓↓≢│-ȏ₩ȏ⌐ ╘ ╕╣√) ╩♃כ♦ ─

⌐≈⌂→ ∆≤™℮ ≢№╢. ↓─ ─ ≤⇔≡, ⅜ ⅝™ ╛

◖ⱥכ꜠fi☻⅜ ™ │ⱨ▫ꜟ♃ꜞfi◓ ⌐╟╡ ⅜╟╡ ⌐⌂╢╒⅛ 

(Kobayashi et al., 2011a), ─ ⅝⌂ │▪fiꜝ♇ⱪ⅜ ↄ™⅛⌂™↓≤≢№

╢. 

  ↓╣╠─ ╩ ≡≢⅝√ ⌐│, ─ ⌐ ╛ ⌐╟╢ⱴ▬◒꜡

─ ‰) כꜝ◄╢╟⌐ , ‰ )⅜ ╢. │ ⌐╟╢  (‰ )─╖╩

⌐ ,│≡™≈⌐כꜝ◄─╠╣↓,⅜╢№≢≥↓╢∆ ╡ ↄ↓≤│≢⅝⌂™╙──, ↓

╩כꜝ◄√∫™℮ ∆╢√╘─ │ ↄ ∆╢ (e.g., Kobayashi et al., 2009;  

Kinoshita et al., 2012)  
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1.2.3 Pixel Offset Technique  

   

  Ⱨ◒☿ꜟ○ⱨ☿♇♩ │Feature tracking ╛Speckle tracking ≤╙ ┌╣╢⅜, 2 ─

╩♃כ♦ ╦∑⇔√ ⌐, ∕╣∙╣─Ⱨ◒☿ꜟ─☼꜠(○ⱨ☿♇♩)╩ ≤⇔≡

∆╢ ≢№╡, ™╦┌InSAR ─ ≤╙ ⅎ╢. Figure1 -2⌐↓─ ─ ╩

⇔√(Tobita et al., 2001). ╦∑⌐╟∫≡ ─☼꜠╩ ⇔√ ⌐, 

⌐ ⅜№╢≤↓╤╩ ∆╢≤™℮╙─≢№╢. ⌐│, ⱴ☻♃כ꜠☻≥כⱩ

≢ ∆╢ ╩ ⇔, ∕─ ╩ ⇔∏≈∏╠⇔⌂⅜╠ ⇔, ⅜

╙ ↄ⌂╢ ╩ ∆╢↓≤≢, ╩ ∆╢. ↓─ │ ─

╩ ⇔, │ ⇔⌂™√╘, ⌐ ↕╣╢↓≤⌂ↄ ╩ ≢⅝╢

⅜№╢.  

  ↕╠⌐, ↓─ ─ ⌂ⱷꜞ♇♩≤⇔≡, ─ ⅝⌂ ╩ ≢⅝╢

⅜№→╠╣╢. InSAR≢│, ⱴ▬◒꜡ ─ ╩ ╘╢↓≤⌐╟∫≡ ╩ ∆╢

≢№╢. ⇔⅛⇔, ↓─ ⅜ ╟╡ ⅝™ , ─ ⌂ ⅜ ∂

≡⇔╕™, ╩ ⅝ ↓∆ . ≈╕╡, ⅜ ⅝ↄ⌂╢╟℮ ⅜№╢ , 

InSAR≢│ ╩ ≢⅝⌂™. , Ⱨ◒☿ꜟ○ⱨ☿♇♩ ≢│, ≠↑↕╣√Ⱨ

◒☿ꜟ ─☼꜠╩ ≤⇔≡ ∆╢√╘, ⅜ ⅝™ ⅜№∫≡╙

≤⌂╢. ↓─ │ ⌐⅔↑╢ ─ ⅜♃כ♦ ╠╣╢∞↑≢

⌂ↄ, ─ ╩ ╘╢ ⌐╙ ™╠╣≡™╢. √∞⇔, ─╟℮⌐ ─

⌐╟╡ ⅎ∏ ⅜ ∆╢╟℮⌂ ≢│, №╕╡⌐ ⅜ ⇔≡⇔╕℮≤

╩ ↄ ≢⅝⌂™ ⅜№╢.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 -2: Images of pixel offset technique. After co -registration of two images, the 

local offsets are detected as displacements.  
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1.2.4 RGB composed image 

   

  │, ⌂╢2≈─ ─ ─ ╩ ⌐ ∆ ≢№╢ (Tobita et 

al., 2006). ╦∑ ╖─2≈─ ╩ ™≡, ⱴ☻♃כ ⌐│◦▪fi, ☻꜠כⱩ

⌐│ ╩ ╡ ≡╢. ∕⇔≡, ╩ ℮↓≤≢ ─ ╩ ╢ (Figure 1 -3). ╙

⇔ ⅜ ∆╣┌ , ∆╣┌◦▪fi ⅜כ꜠◓┌╣↑⌂⅜ , ∆╢ 

(Yasuda and Furuya, 2013).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 -3: Principle of the RGB (red, green, and blue) method (Yasuda and Furuya, 

2013). (a) Old radar scattering intensity image. (b) New intensity image. (c) Old 

intensity image marked with cyan. (d) Newer intensity image marked with red. (e) 

Composite image after the RGB addition of the intensity images in (c) and (d). While the 

red/cyan areas show where the surface scattering intensities have increased/decreased, 

areas that underwent no intensity changes remain gray.  
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1.3 The purpose of this study  

 

  ≢│, ↓╣╕≢ ⇔√ ♇☿InSAR≤Ⱨ◒☿ꜟ○ⱨ╩♃כ♦─כ♄כ꜠

♩ ≢ ⇔, ≢ ↓╢ ╩ ↄ ⌐ ⇔, ∕─♄▬♫Ⱶ◒☻⌐ ╢. ∕─

2≈─ ≤⇔≡, ─2≈─ ╩ ∫√. 

 

 (1): 2008 ⌐ ℮ ─ ≤ ⸗♦ꜟ─  

 

   2008 6 14 , ≤ ∆╢Mw6.9 (Global CMT ) ─ ⅜

⇔√. │ ─ ≢, ╒╓ ─ ≢№╡, ∕─ ─

⅝↕│ ≢ 2m ╩ ⅎ, ╕√ ⌂ ≢№╢↓≤⅜  (GPS, SAR) 

⅛╠╦⅛∫≡™╢. ⌐ GEONET ─1≈≢№╢ 2│, ⌐ ⅝⌂ ( ⌐

 1.5m,  2m ─ )╩ ⇔≡⅔╡, ⸗♦ꜟ─ ⌐⅔™≡1≈─ ≢╙№∫√. 

↓╣╕≢⌐ GPS №╢™│ SAR ♦כ♃⌐ ≠ↄ ⸗♦ꜟ│™ↄ≈⅛ ↕╣≡™╢⅜

(Ohta et al., 2008, Takada et al., 2009 ), ∞⌐↓╣╠─ ╩♃כ♦ ≡ ≢⅝√

│ ↕╣≡™⌂™. ╕√, ≢│™∏╣╙ ⸗♦ꜟ╩ ⇔≡™╢⅜, SAR

≢ ╠╣√ │♃כ♦ ╠⅛⌐ ─ ╩ ⇔≡™√. ∕↓≢ ≢│, 

ALOS/PALSAR ╩♃כ♦GEONET─GPS ≥♃כ♦  ≢⅝╢╟℮⌂ ─

⸗♦ꜟ─ ╩ ╖√. ╕√, ╠╣√ ⸗♦ꜟ─ ≤, Ⱪכ◕כ ─

╩ ⇔, ↓─ ─ ⌂ ⌐╙ ∫√.  

 

fi◖כꜚ/◌☻ꜝ▪ :(2)  ⌐⅔↑╢ ⌐☺כ◘ ℮ ─ ─  

 

  ₈ ─ ,│≥₉(Glacier Surge) ☺כ◘ ⅜ ⌐ ═≡ ₩ ⌐╙

∆╢ ≢, ─ ⌂ ⌐╟╡ ─ ╛ ─ ∞↑≢⌂ↄ, ─

⌐╙ ⅝ↄ ∆╢. ⇔⅛⇔, ↓╣│ ─ ≢№╡, ─ ⇔↕╙№∫≡◘

─☺כ │♃כ♦ ⌐ ≡╙ ⇔ↄ, ∕─ ⱷ◌♬☼ⱶ╙ ⌂ ⅜

™. ─ fi◖כꜚ/◌☻ꜝ▪╢№≢ ⌐│ ─ ⅜ ⇔, ∕─

⌐│204─ ╩☺כ◘ ↓∆ ⅜ ∆╢≤ ╦╣≡™╢ (Post, 1969). ⇔⅛⇔⌂⅜╠, 

⅜↕╣≡™╢ │ ╘≡ ⌂ↄ, ╕√ ╢╟⌐♃כ♦ ╙№╕╡

╠╣≡™⌂™. ∕↓≢ ≢│, 2006~2011 ⌐ ↕╣√ALOS/PALSAR≤♪▬♠

⅜ ∟ →√Terra SAR -X─SAR♦כ♃╩ fi◖כꜚ/◌☻ꜝ▪ ,≡™ ⌐⅔↑╢

╩ ⌐ ⇔, ∕─ ⌐☺כ◘≥ ∆╢ ╩ ⌐ ═√.  
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2. Non-planar Fault Source Modeling of the 2008 Iwate -Miyagi Inland 

Earthquake (Mw 6.9)  

 

╩כ♄כ꜠ ™╢↓≤≢, ⌐ ℮ ╩ ⅛≈ ⌐ ⅎ╢↓≤

⅜≢⅝╢. ALOS/PALSAR ⅜ ∟ →╠╣√ 2006 , 2007 , 2008

, 2010 ♅ꜞ , 2011 ⌂≥ ≢ ↄ─ ⅜

⇔√. ALOS/PALSAR │∕╣∙╣─ ⌐ ℮ ╩ ⌐ ⇔, ⸗♦ꜟ

─ ⌐ ⅝ↄ ⇔√ (e.g., Furuya et al., 2010a; Furuya et al., 2010b; Kobayashi et 

al., 2011b). ⌐ │ 6 ≢ ─ ≢№╡ , 

ALOS/PALSAR ⌐╟∫≡∕─ ─ │ ╘≡ ≢№∫√↓≤⅜ ⇔√ 

(Takada et al., 2009). ♦כ♃⌐ ≠ↄ↓─ ─ ⸗♦ꜟ│∆≢⌐™ↄ≈⅛ ↕

╣≡™╢⅜ Ohta et al., 2008; Takada et al., 2009 , ∞⌐╟ↄ ≢⅝√⸗♦ꜟ│⌂™. 

─ │, ↓─ ⌐ ℮ ╩ ⇔, GPS≤ SAR♦כ♃╩ ↄ ≢⅝╢

⸗♦ꜟ╩ ∆╢↓≤≢№╢ . ⌂⅔ , ─ │▪ⱷꜞ◌  

(Seismological Society of America) ⅜ ⇔≡™╢ Bulletin of the Seismological 

Society of America (BSSA) ⌐≡ ↕╣≡™╢ (Abe et al., 2013).  

 

2.1 Introduction  

  

  2008 6 14 , ╩ ≤∆╢Mw6.9 (Global CMT ) ─

⅜ ⇔√ (Figure 2 -1). ↓─ │, ⌐ ⇔≡⅔╡, 

≤≤╙⌐ ╙ ⌂ ≢№╢ . ╕√ ,↓─ │└∏╖ ⌐ ⇔≡⅔╡ 

(Miura et al., 2004), (<15 km)─ ⅜ ™↓≤≢ ╠╣≡™╢. ∕─√╘, ↓─

≢ ─ ⅜ ↓╢↓≤│ ⇔≡ ⌂↓≤≢│⌂™. ⇔⅛⇔⁸↓─

⌐│ ─ ⅜⌂ↄ, ↓─ ─ │ ≢⅝⌂⅛∫√. ⌐⅔↑╢

│ ╘≡ ⇔™⅜ (England and Jackson, 2011), ∕─ 1≈─ ≤⇔≡, ─

ⱷ◌♬☼ⱶ─ ≤⇔≡ ∞⌐ ╠╣√╙─⇔⅛⌂™↓≤⅜№→╠╣╢.   

 ↓─ ⌐ ℮ ─ │™ↄ≈╙ ↕╣≡™╢⅜, ↓─ ─

≤ ⅜ ╘≡ ≢№╢↓≤⅛╠, ∞⌐∕╣╠╩⇔∫⅛╡ ≢⅝╢ ⸗

♦ꜟ│ ↕╣≡™⌂™. ⅎ┌, Takada et al. (2009) │ ╢╟⌐כ♄כ꜠

╩♃כ♦ ™≡, 5≈─ ⸗♦ꜟ╩ ⇔√. ↓╣│ 4≈─ ∟ ≤ 1≈─

∟ ⅜♃כ♦ ,╡№≢ꜟ♦⸗╢⌂╠⅛ ⇔≡™╢ ─ ≤ ⇔≡

™╢ (Takada et al., 2009; Fukuyama et al., 2009; Okada et al., 2012). ⇔⅛⇔, Takada 

et al. (2009)⌐⅔↑╢ ╡ │ ╡╩ ⇔≡⅔╡⁸ ⌂╙─│ ≡™⌂™. Ohta 

et al. (2008) │, GPS♦כ♃╩ ™≡ 2 ─ ∟ ╩ ⇔√. ⇔⅛⇔⌂⅜╠, ↓─

│GPS ⅜ ⌂ↄ, ╕√ ∟ ∞↑≢│SAR⅜ ╠⅛⌐⇔√ ⌂
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╩♃כ♦ ≢⅝⌂™ (Abe et al., 2013). ╕√, ™∏╣─ ≢╙ ╩ ⇔≡

™╢⅜, SAR ≢ ╠╣√ ⌂ ╡╟╩♃כ♦ ⌐ ∆╢⌐│, ─

⸗♦ꜟ─ ⅜ ∞≤ ⅎ√. ≢│, ╕∏ GEONET ─ GPS♦כ♃╩ ™√

∟ 1 ─ ⸗♦ꜟ─ ╩ ™, ∕─⸗♦ꜟ≢│ SAR─ ╩♃כ♦

≢⅝⌂™↓≤╩ ∆╢. ∕⇔≡, SAR♦כ♃≤ GPS─☺ꜛ▬fi♩▬fiⱣכ☺ꜛfi⌐╟

╩♃כ♦─ ,╡ ∆╢ ⸗♦ꜟ─ ╩ ℮. ╕√, ⇔√ ⸗♦ꜟ─

≤Ⱪכ◕כ ─ ≤ ⇔, ↓─ ─ ⌂ ⌐≈™≡╙ ∆╢.  

 

2.2 Study area and Data processing  

 

 ≢│, 2006 ⌐  (Japan Aerospace Exploration Agency: 

JAXA) ⅜ ∟ →√ L Ᵽfi♪ ( : 23.6 cm) ALOS/PALSARכ♄כ꜠ ♃כ♦─

╩ ♃כ♦ .√™ ⌐│, Gamma ─♁ⱨ♩►▼▪╩ ╠⅛( Level 1.0) ♃כ♦ ,™

⇔√(Wegmüller and Werner, 1997 │♃כ♦ .( ⌐ ╩♃כ♦√⇔

 (Ascending)≤  (Descending)╩∕╣∙╣ 1 ∏≈ ™√ (Figure 2 ♃כ♦ .(1-

─ │ Table 2-1⌐ ⇔≡№╢. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 -1: (a) Studied area of the Iwate -Miyagi inland earthquake and nearby cities, 

and the observed areas by ALOS/PALSAR (solid and dashed boxes). Solid and dashed 

boxes represent ascending and descending orbits, respectively. (b) Expanded area of the 

dashðdot box in part (a). Locations of major mountains and GPS stations near the 

epicenter are shown. The solid box indicates the area in Figure 2 -2. 
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Table 2-1: Data lists used in this study. A and D stand for ascending and descending 

orbits, respectively. Bperp stands for the perpendicular baseline component and is 

derived by projecting the baseline (spatial separation of repeating orbits) onto the 

dire ction perpendicular to the radar line of sight.  

 

 

 

 

 

 

  ≤⇔≡⁸ALOS/PALSAR ⅜ ⇔√ SAR♦כ♃⌐ ⇔, InSAR ≤Ⱨ◒☿ꜟ○ⱨ

☿♇♩ ╩ ⇔√. InSAR │ ⌂╢ 2 ─ SAR ─♃כ♦ ╩≤╢ ( ↕∑╢) 

↓≤≢, ╩ 2~3 cm─ ≢ ≢⅝╢ ≢№╢. ╕√, ™√ L Ᵽfi♪─

│, ╩ ∆╢√╘, GPS ⅜ ⌂™ ≢╙ │ ⌂╦╣⌂™. ⇔⅛⇔

⌂⅜╠, ╛ ╩ ╡ ™≡ ╠╣╢ InSAR ⌐│ ╛ ≢─

⌐╟╢ⱡ▬☼⅜ ╕╣╢. ≢│, ─ 10 m ⱷ♇◦ꜙ─

⸗♦ꜟ (Digital Elevation Model : DEM) ╩ ™≡, ⌐ ╩╙≈ⱡ▬☼╩ ⇔, ∕

─ ⌐ ╢ ─ⱡ▬☼⌐│, ⱨ▫♇♥▫fi◓≢ ⇔√. ╕√, ─ , 

▪fiꜝ♇ⱪ⌐⅔™≡, │ ↄ ≢⅝∏⌐ ⅜♃כ♦ ╠╣⌂⅛∫√. 

↓╣│, ⅜ ╘≡ ⅝ↄ ≢№╢↓≤╩ ⇔≡™╢. ⇔⅛⇔, ⸗♦ꜟ╩

∆╢ ≢, ─ │♃כ♦ ╘≡ ≢№╢. ∕↓≢, ↄ ≢⅝⌂⅛∫

√ ─ ╩♃כ♦ ╢═ↄ, ∂ SAR ⌐♃כ♦ ⇔Ⱨ◒☿ꜟ○ⱨ☿♇♩ ╩ ∫√ 

(Stozzi et al., 2002).  ↓─ │, Master ≤ Slave─ SLC ╩ sub-pixel ꜠ⱬꜟ≢

╦∑⇔√ ⌐, ─ cross-correlation ╩≤╢↓≤⌐╟∫≡ ⌂ pixel ─☼꜠╩

≤⇔≡ ∆╢≤™℮╙─≢№╢. ↓─ ─ │ 10~20 cm≢, │ 300 

m ≢№╢ (Kobayashi et al., 2009). ╠╣╢ │ ─  (Line Of Sight: 

LOS) ⌐ ∆╢  (Range Offset)≤, ⌐ ∆╢  (Azimuth Offset) ─ 2

⅜ ╠╣╢.  

 ↓─ ─ ─╟℮⌂ ≢│, ─ ⌐⅔↑╢ ♃כ♦─

─ ⅛⌂ ⅜ , Ⱨ◒☿ꜟ○ⱨ☿♇♩⌐⅔™≡ ⌐ ∆╢ ⅝⌂ artifact 

(Stereoscopic effect)≤⇔≡ ╣╢. ↓─╟℮⌂ ─○ⱨ☿♇♩╩ ╡ ↄ√╘⌐, 

DEM ╩ ™√ ╩ ⇔≡™╢ (Kobayashi et al., 2009) .  
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2.3 Observed results and GPS -based modeling 

   

  Figure 2 -2│ InSAR ≤Ⱨ◒☿ꜟ○ⱨ☿♇♩⌐╟╢ ─ ─ ╩ ⇔≡

™╢. (a), (b)│ wrapped ≢, (c), (d)│ Unwrapped ⇔√ ≢№╢. Unwrapped ─

⅜♃כ♦─ ↑≡™╢─│, ⅜ 1m ≢ ─ ™ ≢№╢√╘≢№

╢. InSAR ─ │ Global CMT ⅜ ⇔≡™╢╟℮⌂ - ─ ─

⅝≤ ≢№╢. ⇔⅛⇔⌂⅜╠, ↓─╟℮⌐ ─ ⅜♃כ♦ ↑≡™╢ InSAR

─ ∞↑≢│, ⅜≥─ ⌐№∫≡, ≥─ ⌐ ⇔≡™╢⅛⅜ ≢⅝⌂

™. ∕↓≢, ∂ SAR ⌐♃כ♦ ⇔≡Ⱨ◒☿ꜟ○ⱨ☿♇♩╩ ⇔√. Ⱨ◒☿ꜟ○ⱨ☿♇

♩│, InSAR ≤ ⌂╡ ─ ⌂ ╩ rubust ⌐ ≢⅝, ─ ╙

≢⅝╢. ⌐ 2008 ─ ─ ≢│ 200 km ⌐ ╢ ─ ⅜Ⱨ◒☿ꜟ○

ⱨ☿♇♩⌐╟∫≡ ↕╣≡™╢ (e.g., Koyabashi et al., 2009; Furuya et al., 2010b ). ╕

√ ─ ─╟℮⌐, ⅜ ≢ ⌐ ⅜ ™ ╢≤↓╤≢│

⅜ ⌐ ⇔™. ∕─ ⅛╠ ≡╙, Ⱨ◒☿ꜟ○ⱨ☿♇♩│ ⌐ ⅜ ™. ꜠

fi☺○ⱨ☿♇♩♦כ♃│ InSAR ⌐⅔↑╢ Unwrapping ─ ⌐ ≈⅜ (Yun et al., 

2007), │∕─╕╕ ⸗♦ꜞfi◓─ ─♃כ♦ 1≈≤⇔≡ ⇔√. (e) ð (h)│Ⱨ

◒☿ꜟ○ⱨ☿♇♩─ ≢№╢. ↓╣╠─ │ ⅜ ⅝™∞↑≢⌂ↄ, ∕─ ⅜

≢№╢↓≤╙ ╠⅛⌐ ⇔≡™╢. (g)│ ─▪☺ⱴ☻○ⱨ☿♇♩─ ≢№╢

⅜, ⌐╟╢ ⅛↑ ─ ─  (Azimuth Streaking) ⅜ ╠╣╢ 

(Meyer et al., 2006; Kobayashi et al., 2009 ). ↓─ ─ⱡ▬☼│ ⅜ ≤

─fiꜛ☺כfiⱣ▬│♃כ♦─↓ ,≢─⌂ ⌐│ ™≡™⌂™. Takada et al. (2009)

≢╙ ⇔≡™╢╟℮⌐, Figure 2 -2e, f │ ─ ∞↑≢⌂ↄ, ─ ⌐

╠⅛⌂ ─☻♥♇ⱪ⅜ ╠╣, ↓╣│ ⌐ ∟ ∞↑≢│ ◦◓♫ꜟ╩

≢⅝⌂™↓≤╩ ⇔≡™╢. ∕⇔≡, ↓╣╠─ ☻♥♇ⱪ─♩꜠כ☻│ ⇔≡╕∫∆

←≢│⌂ↄ ≢№╢. ↕╠⌐, ─▪☺ⱴ☻○ⱨ☿♇♩♦כ♃ (Figure 2 -2f)│

2 ─ ∞↑ ╠⅛⌐ ⅜ ⅝ↄ, ╕√↓─♦כ♃│╒╓ ⌐ ╩╙≈↓≤

⅛╠, ↓╣│ ─ ╡ ⅜ 2 ≢ ⇔≡™╢↓≤╩ ⇔≡™╢. ─↓≤⅛

╠, ≢│, Ⱨ◒☿ꜟ○ⱨ☿♇♩─◦◓♫ꜟ│ ∟ ∞↑≢⌂ↄ, ╙℮ 1≈ ∟

─ ╡⌐╟╢ ╙ ╦∫√ ≢№╢≤ ⇔√. 
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Figure 2 -2: Observed deformation data acquired by ALOS/PALSAR. (a, b) Wrapped 

InSAR phase data derived from ascending track A402 and descending track D57, 

respectively. (c, d) Unwrapped  InSAR data derived from ascending track A402 and 

descending track D57, respectively. (e, f) Range component of pixel -offset tracking data 

derived from ascending track A402 a nd descending track D57, respectively. (g, h) 

Azimuth component of pixel -offset tracking data derived from ascending track A402 and 

descending track D57, respectively. The star and triangle depict the epicenter and Mt. 

Kurikoma, respectively. The solid dot  indicates the location of the GEONET GPS site, 

Kurikoma2.  
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  Figure 2 -3 │ 12◌ ─GEONET ─GPS  ( , ) ╩ ≤≤╙

⌐ ⇔≡™╢ ( ). GPS♦כ♃│ ⅜ ⇔≡™╢ F3 ╩ ™√. 

│♃כ♦ ╡╟ⱪכꜟ◓ ⇔≡™√∞™√.  

(Figure 2 -3a) │ ╠⅛⌂ ╩ ⇔≡⅔╡, ≤⇔≡│ ─ ╡≢№∫√↓≤

⅜ ↕╣╢. ⌐№╢ 2≢│ ⌐ 150 cm, ⅝⌐ 200cm

─ ╘≡ ⅛≈ ⅝⌂ ⅜ ╠╣√.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 -3: Observed (black) and calculated (white) GPS displacement vectors for the 

(left) horizontal and (right) vertical components. The scale bar for the vertical 

displacement at the site, Kurikoma2, is an order of magnitude greater than the others. 

The calculated GPS displacements are based on a west -dipping fault model with 

distributed slip as shown in Figure 2 -4. Plan view of the fault model in Figure 2 -4 is also 

indicated by  a black line with the thick line representing the top edge. The star and 

triangle indicate the epicenter and Mt. Kurikoma, respectively.  
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2.4 Modeling Results: From Single Segment to Double Segments  

 

  Ⱨ◒☿ꜟ○ⱨ☿♇♩♦כ♃⅛╠ │ ⌂ ≢№╢↓≤⅜ ╠⅛⌐⌂∫√

√╘, InSAR, Ⱨ◒☿ꜟ○ⱨ☿♇♩, GPS♦כ♃╩ ⌐ ∆╢ ╩ ≈ ⸗

♦ꜟ╩ ⇔√. Okada (1992)│ ─ ⌐⅔™≡, ─

─ ™ ™ ⅛╠ ╩ ╘╢ ╩ ⇔√. ⇔⅛⇔, ─ ⸗♦ꜟ

⌐ ⇔≡, Okada (1992)─ ╩ ™╢≤, ─ ⌂╡╛, ⅜ ∆╢ 

(Maerten et al., 2005; Furuya and Yasuda, 2011). ─ ⸗♦ꜟ⅛╠ ⌂

╩ ∆╢√╘⌐, Meade (2007)≢ ↕╣≡™╢ ╩ ™√ ╩

™√. 

  ⸗♦ꜟ ─ ⌐ ⇔≡│, Ⱨ◒☿ꜟ○ⱨ☿♇♩♦כ♃⅛╠ ⇔, │

⅛╠ ↕10 km≤⇔√. ─ ↕│ 0.5 km≤⇔√. ≢ ↕╣╢

⸗♦ꜟ─ │Gmsh (Geuzaine and Remacle, 2009)╩ ™≡ ⇔√. ╡ ≤⇔≡

│, ╕∆│∂╘⌐ ─ ╩ ╘╢╟℮⌐™ↄ≈⅛─ ╩ ⅎ, ∕╣∙╣─ ╩ ≢

┬. ⌐ ⌂ ⌐⌂╠⌂™╟℮⌐, ─ │≢⅝╢∞↑ ≤∆╢. Bos and 

Spakman (2003) ⌐╟╢≤, ╡ ─ │ ™╒≥ ↄ⌂╢─≢, ─

─ ⅝↕╩ │1 km, │4km≤ ⇔√. Gmsh│, ⌐ ≡─

─ ╩ ⇔≡ↄ╣╢√╘, Meade (2007)─☻◒ꜞⱪ♩╩ ™≡ ₁─ כꜞ◓─

fi ╩ ∆╢↓≤⅜≢⅝╢. ∕⇔≡, ⌐, ╡ ╩▬fiⱣכ☺ꜛfi

≢ ╘╢ (e.g., Jónsson et al., 2002; Simon s et al., 2002; Wright et al., 2003) . ╕√, SAR

♃כ♦ ,│⌐♃כ♦ ╩ ╟ↄ ╠∆√╘, Quad-tree decomposition╩⅛↑√(e.g., 

Jónsson et al., 2002; Lohman and Simons, 2005) . ╡ ─ ⌐ │ , 

scale-dependent umbrella operator (Maerten et al., 2005) ╩ ™≡ ╡ ╩ ╠⅛⌐∆

╢ ≤, ∏╣≤ ─ ╡∞↑╩ ∆╟℮⌂ ─ ╩ ™√.  

  ╕∏, GPS♦כ♃╩ ≢⅝╢╟℮⌂ ─ ⸗♦ꜟ╩ ⇔√ . Figure 2 -3│

Figure 2 -4⌐№╢ ╡ ⅛╠ ╘√GPS─  ( ) ≢№╡, ↓─⸗♦ꜟ│

⌐ ⅜ ╙ ↕ↄ⌂╢╟℮⌐ ⇔√. ↓─1 ─ ∟ ⸗♦ꜟ│ ─⸗

♦ꜟ (Ohta et al., 2008) ╩ ⌐⇔√╙─≤╖⌂∆↓≤⅜≢⅝╢. Figure 2 -4 ⌐

─ ╡ ╩ ⇔√. ∏╣ │  ~5 m, ∆╣ │ ~ 0.5 m≤⌂╡, ↓

─ │GCMT ≤ ∆╢. ↓─⸗♦ꜟ│ ∟ ╩ ∆╢↓≤⌂ↄ, GPS♦כ♃╩

╟ↄ ≢⅝╢⅜, ⌐ ∆╟℮⌐SAR ╩♃כ♦ ↄ ∆╢↓≤⅜≢⅝⌂™.  
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Figure 2 -4: Geometry and slip distribution of a west -dipping fault model inferred from 

GPS data alone. (a) Dip -slip component and (b) left -lateral slip component. Note the 

difference in the scale of the color bars.  

 

  ⌐, Figure 2 -4─ ☺○ⱷ♩ꜞ≤ ╡ ╩ ™≡, SAR♦כ♃╩ ≢⅝╢⅛≥℮

⅛ ⇔√. Figure 2 -5, 2-6⅜ ≤ ≢№╢. InSAR─ ≢│, Figure 2 -4≢ ╠╣

╢ ─ ╡ ─≤↓╤≢, 50 cm ─LOS─ ⅜ ╢ (Figure 2 -5b, d). ↕╠⌐, Ⱨ◒

☿ꜟ○ⱨ☿♇♩≢│ ╠⅛⌂ ⅜ ╠╣╢ (Figure 2 -6b, d). ↓╣╠─ │, SAR─

│≢ ,│♃כ♦ ⌂GPS♦כ♃╩ ≢⅝╢ ⸗♦ꜟ≢│

⌐ ≢⅝⌂™ ╩ ⇔≡™╢.  

  Ⱨ◒☿ꜟ○ⱨ☿♇♩♦כ♃⌐ ⅎ, ♦כ♃╙╕√ ∟ ─ ╩ ⇔≡

™╢. Figure 2 -7 │  ( )≤∕─ ─ ─  ( , , ) ≢№

╢. ─ │ ╠⅛⌐ ∟ ╩ ∆╢ ≢№╡, ∟ ⅜№╢╟℮⌐

│ ⅎ⌂™. ⇔⅛⇔, ≤ ─ │, ∟ ─ ╩ ∆╟℮⌂ ⅜ ╠╣, 

∕─ │Figure 2 -2e, f⌐⅔↑╢꜠fi☺○ⱨ☿♇♩─ ☻♥♇ⱪ─ ≤ ⇔≡

™╢. 

  Figure 2 -8, 2-9, 2-10│GPS≤InSAR, Ⱨ◒☿ꜟ○ⱨ☿♇♩♦כ♃⅛╠ ⇔√2 ─

⸗♦ꜟ (Figure 2 ─♃כ♦─╣∙╣⧵╢╟⌐ (11- ≤ ≢№╢. ∕╣∙╣

─ ⌐│ ⸗♦ꜟ─ ╙ ⇔≡№╢. 2 ─ ⸗♦ꜟ─ │10 km⌐ ⇔, ∕╣

∙╣─ │, ↕ 5 km─≤↓╤≢ ⇔≡™╢ (Figure 2 -11e, f). ↓╣│⅔⅛

⇔™╟℮⌐ ⅎ╢⅜, ⇔√ ∟ ─ ╡ │ ™≤↓╤≢│ ╘≡ ↕™√╘, 

≢│ ⇔≤⇔√. ↓─ ⸗♦ꜟ╙ ⌐ ⇔√. ▬fiⱣכ☺ꜛfi⌐ ™

InSAR, ꜠fi☺○ⱨ☿♇♩, 1≈─▪☺ⱴ☻○ⱨ☿♇♩≤12─≈2│♃כ♦√ ─GPS♦

─♃כ♦ .╢№≢♃כ ╖ ↑≤⇔≡, InSAR│5 cm, ꜠fi☺○ⱨ☿♇♩│20 cm, ▪

☺ⱴ☻○ⱨ☿♇♩│25 cm, GPS─ │1 cm, │5 cm≤⇔√. 
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Figure 2 -5: (a) Calculated InSAR data for the ascending track 402 from the fault model 

in Figure 2 -4 and (b) misfit residuals from the observed one in Figure 2 -2c. (c) 

Calculated InSAR data for the descending track 57 from the  fault model in Figure 2 -4 

and (d) misfit residuals from the observed one in Figure 2 -2d. 
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Figure 2 -6: (a) Calculated range -offset data for the ascending track 402 from the fault 

model in Figure 2 -4 and (b) misfit residuals from the observed one in Figure 2 -2e. (c) 

Calculated range -offset data for the descending track 57 from the fault model in Figure 

2-4 and (d) misfit residuals from the observed one in Figure 2 -2f. (e) Calculated azimuth 

offset data for the descen ding track 57 from the fault model in Figure 2 -4 and (f) misfit 

residuals from the observed one in Figure 2 -2h. 
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Figure 2 -7: (Left) Plan view of the aftershocks and (right) their three cross sections from 

the north to the south. The white lines indicate the location of the two -segment model 

inferred from GPS and SAR data; the geometry and slip distribution are shown in 

Figure 2 -11. The thick lines indicate the top edge of our fault model. The star and 

triangle indicate the epicenter a nd Mt. Kurikoma, respectively.  
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  Figure 2 -8│GPS♦כ♃─ ≤Figure 2 -11⅛╠ ╘√ ╩ ⇔≡⅔╡, Figure 

2-3≤ ⌐ ≤ │╟ↄ ∫≡™╢. ⇔⅛⇔⌂⅜╠, Figure 3≤Figure 8≢│

↕╣√ ─ ╡ ⅜ ⅝ↄ ⌂∫≡™╢. Figure 2 -3≢│ ∟ ⸗♦ꜟ ─

5 m─ ∏╣ ╡⌐╟∫≡ ↕╣≡™╢⅜, Figure 2 -8≢│ ∟ ⸗♦ꜟ ─ 3 

m─ ∏╣ ╡⌐╟∫≡ ↕╣≡™╢. ↓╣╠─ │, ↄ ⌂╢⸗♦ꜟ─ ≢№╢

⅜, Figure 2 -11─⸗♦ꜟ─ ⅜, GPS♦כ♃∞↑≢⌂ↄ, SAR♦כ♃╙╟╡ ≢⅝╢√╘, 

↓∟╠─ ⅜╟╡ ≢№╢. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 -8: Observed (black) and calculated (white) GPS displacement vectors for the 

(left) horizontal and (right) vertical components. The scale-bar for the vertical 

displacement at the site, Kurikoma2, is an order of magnitude greater than the others. 

The calculated GPS displacements are based on our two -segment fault model with 

distributed slip as shown in Figure 2 -11. Plan view of the fault model in Figure 2 -11 is 

also indicated by a black line with the thick lines representing the top edge. The star 

and triangle indicate the epicenter and Mt. Kurikoma, respectively. Aftershocks are 

also shown by dots for comparison.  
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   Figure 2 -9≤2-10│, ∕╣∙╣InSAR≤Ⱨ◒☿ꜟ○ⱨ☿♇♩─ ≤ ≢№╢. 

Figure 2 -5, 2-6≤ ∆╢≤, ╠⅛⌐ ⅜ ↕ↄ⌂∫≡™╢. ∟ ╩ ⅎ√ ≢, 

│╟╡ ⌐ ↄ⌂∫√ ( ⌐꜠fi☺○ⱨ☿♇♩♦כ♃, Figure 2 -10).  

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 -9: (a) Calculated InSAR data for the ascending track 402 from the fault model 

in Figure 2 -11 and (b) misfit residuals from the observed one in Figure 2 -2c. (c) 

Calculated InSAR data for the descending track 57 from the fault model in Figure 2 -11 

and (d) misfit residuals from the observed one in Figure 2 -2d. Plan view of the fa ult 

model in Figure 2 -11 is also indicated by a black line with the thick lines representing 

the top edge. 

 

 

 

 

 



20 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 -10: (a) Calculated range -offset data for the ascending track 402 from the fault 

model in Figure 2 -12 and (b) misfit residuals from the observed one in Figure 2 -2e. (c) 

Calculated range -offset data for the descending track 57 from the fault model in Figure 

2-11 and (d) misfit residuals from the observed one in Figure 2 -2f. (e) Calculated 

azimuth offset data fo r the descending track 57 from the fault model in Figure 2 -11 and 

(f) misfit residuals from the observed one in Figure 2 -2h. 
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  Figure 2 -11│2 ─ ⅛╠⌂╢⸗♦ꜟ─ ╡ ≢№╢. Figure 2 -11a,b│ ∏╣ , 

c,d│ ∏╣ ≢№╢. ∟ ─ ∏╣ │№╢ ⅜╡╩╙∫≡ ⇔≡™

╢⅜ (Figure 2 -11b), ∟ ─ ∏╣ │ ─ ≢╟╡ ⌐ ⇔≡⅔╡, 

│≥∟╠╙╒≤╪≥ ∫≡™⌂™ (Figure 2 -11a,c). ↓╣╠─ ╡ │ ⌐

╠╣╢ ∟─ ─ ≤ ≢№╢. ∟ ꜙ♅♬◓ⱷfi♩ⱴכ⸗╢╟⌐

∟ ,6.76│♪כ ≢│6.53, ≤⇔≡│6.87≢№╡ ( : 30 GPa≤⇔≡ ), 

GCMT≤ ∆╢. ∕╣╝ⅎ, ↓─ │2≈─ ⅜ ⌐ ⇔√≤ ↕╣╢.  

  Figure 2 -12│, Figure 2 -11─ ╡ ─ ╩1-Ȓ≢ ⇔≡™╢. ↓╣│, ─

⌐2 ─ꜝfi♄ⱶⱡ▬☼╩─∑≡, ∕─ ╡ ╩ ╘╢↓≤╩200 ╡ ⇔, 

∕─ ╩ ≤⇔√ (Wright et al., 2003; Furuya et al., 2010; Furuya and Yasuda, 

2011). ↓↓≢│, ╡ ╩ ╘╢ ⌐ ╡ ─ │⅛↑≡™⌂™. ↓─ ╡ │, 

™≤↓╤─ ╡ │╟ↄ ╕∫≡™╢⅜, ™╒≥10-30 cm ─ ⅜ ∂╢↓≤╩

⇔≡™╢.  

 2≈─ ⌂╢ ─꜠fi☺○ⱨ☿♇♩≤▪☺ⱴ☻○ⱨ☿♇♩♦3 ,┌╣№⅜♃כ

╩ ╘╢↓≤⅜≢⅝╢ (e.g., Fialko et al., 2001; Funning et al., 2005). Figure 2 -13a│,  

Ando and Okuyama (2010) ⌐╟╢3 ─ ≢ ,╡№≢♃כ♦ ™√SAR♦

≥♃כ ∂╙─⅛╠ ⇔√╙─≢№╢. Figure 2 -13b,c│ ≢ ⇔√ ⸗♦ꜟ 

(Figure 2 -11)⅛╠ ╘√ ≤ ≢№╢. │⅔⅔╟∕ ╩♃כ♦ ⇔≡™

╢⅜, ∟ ─ ⌐ ⅝⌂ ⅜ ╠╣╢ (Figure 2 -13c). ─ ⅜, ꜠fi

☺○ⱨ☿♇♩─ ⌐╙ ╣≡™╢ (Figure 2 -10d). Figure 2 -13⌐⅔↑╢ ⅝⌂ ⅜

╠╣√ ╩ ⇔≡╖╢≤, ─ │ ─ ╟╡ ≤╙⌐

│╢⅛⌐ ↕™. ⌐ ∟ ⌐╟╢ ┼─ │, ─⸗♦ꜟ ╟╡

↕™. ↓╣│ ∟ ⅜ ∟ ╟╡╙│╢⅛⌐ ⌂ ╩⇔≡™╢↓≤╩ ⇔

≡™╢⅜, ─ ⌂ ⌂ ∟ ⸗♦ꜟ─ ≢№╢√╘, ≢│↓↓≢

╩☻♩♇ⱪ⇔√. ↕╠⌐, Figure 2 -13a│ ⌐ ╠╣╢ ╠⅛⌂ ☻♥

♇ⱪ─ ⌐╙ ⌂ ⅜№╢↓≤╩ ⇔≡™╢. ↓╣╠│ ─

≢│ ≢⅝∕℮⌐⌂ↄ, ⌐╟∫≡ ↕╣√ ╡⌂≥─ ─

⅜№╢. 
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Figure 2 -11: Geometry and slip distribution of the east -dipping (F1) and  west-dipping 

(F2) segment model inferred from GPS and SAR data. (a) Dip -slip component for F1, (b) 

dip -slip component for F2, (c) left -lateral slip component for F1, and (d) left -lateral slip 

component for F2. Note the difference in the scale of the color  bars. (e,f) 3D perspective 

of the fault geometry viewed from (e) SSW and (f) NNE.  
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Figure 2 -12: Error estimates for the inferred slip distributions in Figure 2 -11a-d. 
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Figure 2 -13. (a) Observed 3D displacements derived from the SAR data by Ando and Okuyama (2010). Vectors represent horizontal 

displacements, and colors represent vertical displacements. (b) Calculated 3D displacements, based on the source model in Fig ure 2-12. 

(c) Misfit residuals from the observed 3D displacements. The star and triangle indicate the epicenter and Mt. Kurikoma, respe ctively. 

The black dot indicates the GPS station, Kurikoma2.  
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2.5 Discussion  

 

2.5.1 Geological Origin of the 2008 Iwate ðMiyagi Inland Earthquake  

   

  ≢ ⇔√ ⸗♦ꜟ⌐≈™≡ ─Takada et al. (2009) ≤─ ⅝⌂ ™│, 

╩ ™√ ⌐⇔√↓≤⌐ ⅎ, ∟ ╩ ⌐ ┌⇔√↓≤≢№

╢. ↓─↓≤⌐╟∫≡, Ⱨ◒☿ꜟ○ⱨ☿♇♩♦כ♃─ ╩ ⅝ↄ ╠∆↓≤⅜≢⅝√

⌐, 2─ ╩ ∆╢↓≤⅜≢⅝√. ≢│, ↓─ │↓─╟℮⌂ ⌂

⌐⌂∫√─∞╤℮⅛. ∕↓≢, ≢│ ⅜ ⇔≡™╢Ⱪכ◕כ ♃כ♦

≤↓─ ⸗♦ꜟ─ ─ ╩ ∫√. Figure 2 -14│, ─ ╩2.3 g/cm3≤⇔≡

╘√Ⱪכ◕כ ─ ⌐ ⸗♦ꜟ─ ─ ╩ⱪ꜡♇♩⇔√╙─≢№╢. 

⌐ ℮ ⅜ ∂√ │, ╩ Ⱪכ◕כ ⌐ ╕╣√ Ⱪכ◕

כ ≤⅔⅔╕⅛⌐ ∆╢. ⌐, ─Ⱪכ◕כ ─ ─ ⅜, ⇔√

∟ ⸗♦ꜟ≤ ∆╢. ⌐, ⌐ ─ ⌐ Ⱪכ◕כ ⅜№

╢≤™℮ ⅜№╡, ∕╣│ ─ ╡╩ ╗╟℮⌂ ™ ≢, ⌐ ⇔√◌ꜟ

♦ꜝ─ ≤ ∆╢(e.g., Yoshida, 2001; Nunohara et al., 2010 ). ↓╣╠─ ⌂

╩ ╕ⅎ╢≤,  ◌ꜟ♦ꜝ─ ⅜ ∟ ⌐ ╩ ⅎ, ↓─╟℮⌂ ⌂ ─

╩ ⇔√╙─≤ ⅎ╠╣╢. 1996 ⌐ ⅛╠15 km ≢ ⇔√ ≢

╙ , ⌂ ⅜ ∂ , ∕╣│ ─◌ꜟ♦ꜝ─ ⌐ ∆╢≤↕╣≡™╢ 

(Takada and Furuya, 2010 ). ≤⇔≡, ─◌ꜟ♦ꜝ─ ⌐╟╢ ─

│, ⌂ ⌂ ╩ ⅝ ↓∆. ≢ ⇔√ ⸗♦ꜟ│, Takada et 

al. (2009) ─⸗♦ꜟ╩ ⌐⇔√╙─≤╖⌂∆↓≤⅜≢⅝╢⅜, ∕╣≢╙╕∞ ♃כ♦

⅛╠─ │ ∫≡™╢.  
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Figure 2 -14: Bouguer gravity anomaly and the location of the two -segment fault model. 

The black and red lines indicate the top edge of the west - and east-dipping fault models, 

respectively. KRK stands for Mt. Kurikoma. The star indicates the epicenter.  
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2.5.2 Pros and Cons of Triangular Dislocation Elements  

 

  ≤ ⇔≡, ╩ ™√ ⸗♦ꜟ─ ⌐│ⱷꜞ♇♩≤♦ⱷꜞ♇♩

⅜№╢. ╩ ™╢≤, ─ ⅛⌂ )♃כ♦ ╛Ⱨ◒☿ꜟ○ⱨ☿

╢№ ,≤⌂♃כ♦♩♇ ⸗♦ꜟ─ ⅜ ≢⅝╢╙─)⅜№╢ ─╖, ─

⌂ ╩ ∆↓≤⅜≢⅝╢. ⇔⅛⇔, ⸗♦ꜟ≤ ⌂╡, Ɽꜝⱷכ♃─ ⅜ ⌐

ↄ⌂╢─≢, ⌂ ─ ╩ ∆╢↓≤⅜ ⇔ↄ⌂╢. ≢ ⇔√ ⸗

♦ꜟ│, ⌐ ╘√╙─≢№╢⅜, ⌐│ ╩ ™√ ⸗

♦ꜟ─ ╛ ╩ ╟ↄ ╘╢↓≤⅜≢⅝╢▪ⱪ꜡כ♅╩ ⅎ╢ ⅜№╢.  

 

2.5.3 Seismological Studies on the Fault Source Model  

   

 Suzuki et al. (2010) │, ─ ─ ╩♃כ♦ ™≡, 1 ─ ∟

⸗♦ꜟ╩ ⇔√. ⇔⅛⇔, ─ ∞↑≢⌂ↄ∕─ ─ ─♃כ♦

╙ ∆╢√╘⌐│ , ⅜ ≤ ⌐ ↕╣╢ ⅜№╢

(Fukuyama, 2009). ↓╣│, ⌐⅔↑╢ ∟ ≤ ∟ ─ⱴ◓♬♅ꜙכ♪─

⅜ ⧵╟⅔⅔≥♪כꜙ♅♬◓ⱷfi♩ⱴכ⸗─ ∆╢↓≤≤ ≢№╢.  

 

2.6 Conclusion  

  

  ≢│, ALOS/PALSAR 2008 ,╠⅛♃כ♦─ ─ ╩

⇔√. InSAR♦כ♃│, GCMT ⅜ ∆╟℮⌐ ≤⇔≡ ─ ╩ ⇔√⅜, 

Ⱨ◒☿ꜟ○ⱨ☿♇♩♦כ♃│, ⌐ ⅝⌂ ≤∕─ ⅜ ╘≡ ≢№╢↓

≤╩ ⇔≡™√. ≢│╕∏, GEONET─GPS ╩♃כ♦ ™≡, 

⸗♦ꜟ─ ╩ ∫√. GPS⅛╠ ↕╣╢1 ─ ∟ ⸗♦ꜟ│√⇔⅛⌐GPS

ↄ╟╩♃כ♦ ≢⅝╢⅜, SAR♦כ♃⌐ ⇔√ , ╠⅛⌐ ⅝⌂ ⅜ ╢. ∕↓

≢ √⌐ ∟ ╩ ∆╢↓≤⌐⇔√. ↓╣│ ⅛╠╙ ≢⅝╢↓≤≢№╡, 

╕√∕─ ⅜Ⱪכ◕כ ─ ─ ≤╙ ⇔≡™╢. 2≈─ ╩ ∆╢↓≤

⌐╟∫≡, GPS≤SAR♦כ♃╩ ⌐╟ↄ ≢⅝╢ ⸗♦ꜟ╩ ∆╢↓≤⌐ ⇔√.  
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3. Glacier Surge Dynamics in Alaska/Yukon revealed by SAR  

 

 ≤│, ⌐ ⅜ ⌐╟∫≡ ⌐⌂╡, ⌐╟∫≡ ⌐ ╣≡™╢ ─ ─

╕╡─↓≤≢№╢. , ╘≡ ⌐╙ ─ ⅜ ↕╣√⅜ (Fukui and Iida, 

2012), ⌐│ ♪fiꜝfiכꜞ◓╛ ╩│∂╘, ▪ꜝ☻◌╛♅ⱬ♇♩⌂≥™√╢≤

↓╤⌐ ≢כ♄כ꜠ ,│≢ .╢∆ ⅎ√▪ꜝ☻◌/ꜚכ◖fi ⌐⅔↑

╢ ─ ≤, ₈ ─₉☺כ◘ ⱷ◌♬☼ⱶ⌐ ∆╢ ╩ ℮.  

 

3.1 Introduction  

   

  , ⌐╟∫≡ ⌐2000 ♪fiꜝfiכꜞ◓╛ , ─ ⅜

↕╣≡™╢ (e.g. Rignot et al., 2008; van den Broeke  et al., 2012 ). ─ ⌐╟

╢ │, ─ ⌐ ⅝ↄ ∆╢. ╕√, ─ ⌐⅔™≡╙

─ ⅜ ╠╣≡™╢. GRACE (Gravity Recovery and Climate Experiment) ⌐╟╢

─ , 2003~2006 ⌐⅛↑≡─▪ꜝ☻◌ ─ │102 Gt/yr (Luthcke et 

al., 2008), 2003~2009 ─ⱥⱴꜝꜘ₩♅ⱬ♇♩₩◌ꜝ◖ꜟⱶ─ ≢│47 Gt/yr≢№╡ 

(Matsuo and Heki, 2010), ▪ꜝ☻◌ ─ │ ⇔™. 

  ─ │, ─ ╛ , ─ ⌐ ⅝ↄ ⇔, ⌐ ∫≡

─ ─ ⅜ ═╠╣≡⅝√. , ─ │ ◒כ♥☻⌐ ─╟

℮⌂╙─ ╩ ™√ ╛ ╩ ™≡ ⇔√⅜, ─ ≢│, ⇔

≡™╢ ⌐GPS ╩ ⇔, ≢GPS ╩∆╢≤™℮ ⅜ ≤⌂∫≡™

╢ (e.g., Sugiyama et al,, 2011) . GPS⌐╟╢ │, ≢⅛≈ ♃כ♦≢

╩ ╠╣╢╙──, ⌂ ⌐ ─ ╩ ─♃כ♦─⧵≈⅛ , ⌂

╛ⱷfi♥♫fi☻⌂≥, ⌂ ≤ ╩ ∆╢. ∕─ , ∆╢↓≤⌂ↄ

╩ ╠╣╢ ≤⇔≡, ╛ ≢ ,≤⌂כ♄כ꜠ ↕╣√

─ ⌂╢ ≈─ ─ ╩≤╢↓≤≢, ─ ╩ ╘╢≤™∫√ ╙№╢. 

⅛╠ ∆╢↓≤≢1 ⌐ ─ ╩ ⅎ╢↓≤⅜≢⅝╢√╘, ─

─ⱴ♇Ⱨfi◓⅜ ≢№╢. ∆≢⌐ ♪fiꜝfiכꜞ◓╛ ─ ⱴ♇ⱪ⅜

↕╣≡⅔╡ (Rignot et al., 2011 ; Rignot and Mouginot, 2012 ), ⌐╟╢ ⅜

╘≡ ≢ ⅜ ™↓≤⅜╦⅛╢. ╕√, ≢│ ╩כ♄כ꜠ ™√

⌐⅔↑╢ ╙ ⌐ ═╠╣≈≈№╢(Yasuda and Furuya, 2013; Muto and 

Furuya, submitted).  

  ─ ≢№╢▪ꜝ☻◌ fi◖כꜚ/♄♫◌ , ≤─ ⌐╙ ─

⅜ ∆╢. ↓─ │ ⇔™ ₁≤ ⌂ ⅜ ⌂╡, ╕√ ╙ ⇔

™↓≤⅛╠, ⅜⌂↕╣≡™╢ │ ╢╟⌐♃כ♦ ,√╕ .™⌂

ⱴ♇ⱪ╩↓╣╕≢ ⅜ ═√ ╡≢│, ≢─ │⌂™. ↕╠⌐│, 
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⌐╟╢ │, ⌂ ─ ⌐≈™≡ ⇔≡™╢↓≤⅜ ™. ≢

│, ALOS/PALSAR ≤TerraSAR -X⅜ ⇔√2006~2011 ─SAR♦כ♃╩ ™, ─

⌂ ⌐ ⇔√. ⌐, ≢ ═╢₈ ─₉☺כ◘ ⱷ◌♬☼ⱶ─ ╩

⌐☺כ◘ ,⇔ ℮ ⌂ ─ ⌐ ⇔√.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-1: Ice velocity map of  Ant arctica derived from  ALOS/PALSAR, Envisat/ ASAR, 

RADARSAT -2, and ERS-1/2 satellite radar interferometry  (Rignot et al., 2011)  
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Figure 3 -2: Ice velocity map of the Greenland Ice Sheet derived from satellite radar 

interferometry data from ALOS PALSAR, Envisat ASAR and RADARSAT -1 (Rignot  

and Mouginot, 2012)  
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3.2 Glacier surface velocity observed with satellite  

 

  ↓↓≢│, ⌐╟∫≡ ↕╣╢ ─ ⌐≈™≡ ∆╢. ⅛

╠ ↕╣╢ ≤│, ─ ≢─  ( )≢№╢. ό│, ⅔⅔╕

⅛⌐ ≢ ↕╣╢ (Cuffey and Paterson, 2010).  

 

                 ό  ό   † Ὄ       (3.1) 

 

 ─╟℮⌐, ─ │2≈─ ─ ≢ ↕╣╢. 1 │, ⌐⅔↑╢

╡─ ╩ ⇔≡™╢. 2 │ ─ ⌐╟╢  (Internal flow) ≢№╢. A│

, †│ ≢─ , n│ ─ ╩ ∆ ≢, │ ⌐ fi♩כꜙ♬

≤⇔≡┤╢╕℮─≢, n=3≤∆╢↓≤⅜ ™. H│ ≢№╢. ╡≤│, ⅜

╙⇔ↄ│ ─ ╩ ╢ Basel sliding ≤, ─  (Till deformation) ─

≈─ ╩ ⇔≡™╢. ≈╕╡, ─ │, 1) ─  (Ice deformation), 

2) ╡ (Basal sliding), 3) ─  (Till deformation) ─3≈─ ≢ ↕╣╢ 

(Figure 3 -3). ↓─℮∟, ∕─╙─⅜ ─ ≢ꜟכ◔☻ ∆╢↓≤│, 

⌐ ⅎ⌐ↄ™. ⇔√⅜∫≡, ─ ≤⇔≡│, ∆╢ ⅛╠ ⌐⅛↑≡

⅜ ⅛╠ ⌐ ⇔, ₈ ₉∆╢↓≤≢ ∆╢≤™℮↓≤⅜ ⌐ ╠╣≡

™╢. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 -3: The three components of the surface velocity.  
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3.3 Glacier  surge 

 

⅜ ,│≥(Glacier surge) ☺כ◘   ⌐ ─ ₩ ⌐ ∆╢

ꜟⱣꜟכfi╛☻ⱬ◖כꜚ/◌☻ꜝ▪≢ ⌂≥ ─ ─ ≢ ↕╣≡⅝√(e.g., 

Harrison and Post, 2003; Cuffey and Paterson, 2010) . ↓─ ─ ≤⇔≡, 

─ ⌂ ∞↑≢⌂ↄ, ─  (Ice thickness change) , ─  (Terminus 

advance)⌂≥⅜№╡, ╕√№╢ ─ ╩ ≈↓≤⅜╦⅛∫≡™╢ (Figure 3 -4). ↕

fi◖כꜚ/◌☻ꜝ▪ ,⌐╠ │☺כ◘ ,│≡™⅔⌐ ⅛╠ ⌐⅛↑≡ ╕╢↓≤⅜

™↓≤≢ ╠╣≡™╢ (e.g., Raymond, 1987, Eisen et al., 2001, 2005) . ─

─ (Figure 3 -3)─℮∟, ∕─╙─⅜ ─♃▬ⱶ☻◔כꜟ≢ ⅝ↄ

∆╢↓≤│ ⌐ ⅎ╠╣⌂™. ⇔√⅜∫≡, ⌐ ⅜ ∆╢ כ◘

☺─ⱷ◌♬☼ⱶ≤⇔≡, ╡≤ ─ ⅜ ⇔≡™╢≤ ╦╣≡™╢ (e.g., 

Harrison and Post, 2003; Cuffey and Paterson,  2010). ↓╣╠⌐ ⅝ↄ ∆╢ ≤⇔

≡, ─ ⅜№╢. ⅜ ⅝⌂ ≢ ╢≤⅝│,  (Basal water 

pressure)⅜ ↄ, ≤ ≤─ ⅜ ↕ↄ, ⅝ ⅜╡╛∆™ ⌐⌂∫≡™╢

≤ ⅎ╠╣╢ (e.g., Kamb et al., 1985, Raymond, 1987). ─ ╛ ─

╩ ═╢↓≤│, ─ ∆╢ ╛∕─ ⅝↕⅛╠ ⅎ≡╙ ⌐ ⇔™. ∕─

√╘ │ⱷ◌♬☼ⱶ─☺כ◘ ≢№╢.  

  ⇔⅛⇔⌂⅜╠, ≢─ ─ │ ─ ─ ⌂ ≤⇔≡ ╣╢. ∕

↓≢ fi◖כꜚ/◌☻ꜝ▪ ,│≢ ─☺כ◘ ,≡™⅔⌐ ⌐⅔↑╢ ─

╩ ⅎ╢↓≤≢, ∕─ ╩ ─☺כ◘ ,⇔╛ ─ ⌐≈⌂→

╢↓≤╩ ≤⇔√. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 -4: The images of the feature associated with Surge.  
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3.4 Study area and data sets  

   

  ≢│, ▪ⱷꜞ◌ ▪ꜝ☻◌ fi◖כꜚה♄♫◌≥ ≤─ ◄ꜞ▪╩

≤⇔≡™╢. ↓─ │↓╣╕≢⌐204─ ≢ ╩☺כ◘ ↓⇔√≤↕╣≡⅔╡ 

(Post, 1969), ≢│ ⌐ ↕╣≡™╢ ≢№╢. ╕√ GRACE⌐

╟╡▪ꜝ☻◌ ≢│ ⌐ ─ ⅜ ╠╣≡⅔╡, ↓╣│ ≤⇔≡

─ ⅜ ↄ⌂∫≡™╢↓≤╩ ⇔≡™╢ (e.g., Luthcke et al., 2008) .  

  ≢│, ALOS/PALSAR ⅜ ⇔√2006~2011 Terra SAR≥♃כ♦─ -X⅜ ⇔

√2010 ╩♃כ♦─ ⇔√ (Figure 3 ─♃כ♦ .(5- │Table 3-1⌐ ⅛╣≡™╢. 

│1.2.3≢ ═√Ⱨ◒☿ꜟ○ⱨ☿♇♩ ╩ ™√. ○ⱨ☿♇♩╩ ╘╢ ─Window 

Size│ ≤⇔≡64×192 pixel ( i.e. ~500×500 m) ⌐ ⇔≡™╢⅜, ⌐ ∆╢Hubbard 

Glacier⌐ ⇔≡│, ⌐ ⅝⌂ ≢№╡, ╟╡◦◓♫ꜟ⅜≤╣╢╟℮⌐ ─

, Window Size│128×384 pixel (~1 km×1 km) ⌐ ⇔√.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 -5: Location of the s tudied area. White squares represent the observed areas by 

ALOS/PALSAR  and Terra SAR -X. Solid and dashed boxes represent ascending and 

descending orbits, respectively. Black dashed l ine indicates the border between the 

Alaska (United States) and Yukon (Canada).  
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Table 3-1: Data list of ALOS/PALSA R and Terra SAR -X 

 

Sensor/Path Frame Master Slave Mode Bperp (m) Span (day) 

PALSAR/241 1190- 1210 20070829 20071014 FBD- FBD 597 46 

  

20080114 20080229 FBS- FBS 796 46 

  

20090116 20090303 FBS- FBS 529 46 

  

20100119 20100306 FBS- FBS 756 46 

  

20100306 20100421 FBS- FBS 353 46 

  

20100421 20100606 FBS- FBD 104 46 

  

20100606 20100722 FBD- FBD 122 46 

  

20100722 20100906 FBD- FBD 332 46 

       PALSAR/243 1200 - 1220 20061230 20070214 FBS- FBS 1342 46 

  

20070817 20071002 FBD- FBD 425 46 

  

20071002 20080102 FBD- FBS 627 92 

  

20080102 20080217 FBS- FBS 1041 46 

  

20080819 20090104 FBD- FBS 1779 138 

  

20090104 20090219 FBS- FBS 652 46 

  

20090822 20091007 FBD- FBD 566 46 

  

20091007 20100107 FBD- FBS 726 92 

 

 20100107 20100222 FBS- FBS 794 46 

  

20100825 20101010 FBD- FBD 505 46 

 

 

     PALSAR/244 1200- 1220 20070116 20070303 FBS- FBS 1554 46 

  

20070903 20071019 FBD- FBD 474 46 

  

20071019 20080119 FBD- FBS 799 92 

  

20080905 20081021 FBD- FBD 672 46 

  

20081021 20090121 FBD- FBS 874 92 

  

20090908 20091024 FBD- FBD 419 46 

  

20091024 20100124 FBD- FBS 960 92 

  

20100124 20100311 FBS- FBS 722 46 

  

20100911 20101027 FBD- FBD 504 46 
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Continued  

 

Sensor/Path Frame Master Slave Mode Bperp (m) Span (day) 

PALSAR/244 1200- 1220 20101027 20110127 FBD- FBS 997 92 

  20110127 20110314 FBS- FBS 840 46 

  

     PALSAR/245 1200- 1220 20070920 20071105 FBD- FBS 655 46 

  20071105 20071221 FBS- FBS 86 46 

  20071221 20080205 FBS- FBS 884 46 

  20080807 20080922 FBD- FBD 1027 46 

  20080922 20081223 FBD- FBS 596 92 

  20090810 20090925 FBD- FBD 671 46 

  20090925 20091226 FBD- FBS 776 92 

  20091226 20100210 FBS- FBS 690 46 

  20100210 20100328 FBS- FBS 532 46 

  20100328 20100513 FBS- FBD 169 46 

  20100513 20100628 FBD- FBD 122 46 

  20100628 20100813 FBD- FBD 486 46 

  

20100813 20100928 FBD- FBD 470 46 

  

20100928 20101229 FBD- FBS 614 92 

  

20101229 20110213 FBS- FBS 790 46 

       TerraSAR/130 -  20100411 20100422 SL- SL - 13.6 11 

  

20100422 20100503 SL- SL - 39.5 11 

       TerraSAR/39 -  20100416 20100427 SL- SL 129 11 

    20100427 20100508 SL- SL 52 11 
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3.5 Conversion from range and azim uth offset to 3D velocity field  

 

  Ⱨ◒☿ꜟ○ⱨ☿♇♩ ⌐╟∫≡, Range offset≤Azimuth  offset≤™℮2≈─ ⅜

╠╣╢. ⇔⅛⇔, ↓─2≈─ │∕╣∙╣ , , ─ ┼─ ⌂─

≢ (Furuya, 2006), 1 ─Ⱨ◒☿ꜟ○ⱨ☿♇♩─ ≢│ ⌂3 ⌐ ≢⅝⌂™. 

⇔√⅜∫≡, ∆╢√╘⌐│ ╠⅛─ ⅜ ≢№╢. 3 ⌐ ∆╢

≤⇔≡, ─2≈─ ⅜№╢. 1≈│, ⌂╢ ─Ⱨ◒☿ꜟ○ⱨ☿♇♩─ ╩ ™╢

≢№╢ (e.g., Fialko et al., 2001; Funning et al., 2005 ). ↓─ │Ⱨ◒☿ꜟ○ⱨ☿♇

♩─ ∞↑≢3 ╩ ⌐♃כ♦─ ,╘√╢⅝≢⅜≥↓╢╘ ↕╣⌂™ , 

∂ ─ ⌂╢ ≥™⌂⅜♩♇☿♃כ♦─ ⌂ ╩ ≢⅝⌂™ ╩╙≈. ╙℮1

≈│, DEM⅛╠ ╙ ⌂ ╩ ╘, ⅜∕─ ⅝⌐ ╣╢≤ ∆╢≤™℮╙─≢№

╢ (Joughin et al., 1996; Yasuda and Furuya, 2013). ↓─ │ ╙╠⇔™ ╩

╘╠╣╢⅜, ∆╢DEM─◄ꜝכ╩ ∫ ∫≡⇔╕℮≤™℮ ⅜№╢. ─

╩◌Ᵽכ∆╢DEM│Aster GDEM ⇔⅛⌂™─∞⅜, Aster│30 mⱷ♇◦ꜙ≢∕↓∕↓

™ ╩ ⌐≥↔1°×1 ,⇔⅛⇔ .╢№≢♃כ♦≈ ╠╣≡™╢♃▬ꜟ↔≤─≈

⌂⅞ ⅜ ≢№╡, ╕√ ─◒꜠Ᵽ☻ ─ꜝⱨⱠ☻╕≢╙⅜ ≡⇔≥♃כ♦

↕╣≡™╢. ↓╣≢│, ⌂ ╩ ≈ ╩ ╘╢√╘⌐ ∆╢⌐

│╛╛ ≢№╢. ∕↓≢, ≢│ ─╟℮⌐ ─ ╩ ∆╢↓≤≢, 

╩ ╠⇔, 3 ╩ ╘╢↓≤⌐⇔√. 

  Ⱨ◒☿ꜟ○ⱨ☿♇♩ ⅛╠ ╠╣╢Range offset (ra)≤Azimuth offset (az) │ 3.2≢

↕╣╢. ↓↓≢ɡ│ⱴ▬◒꜡ ─ , ɮ│ ⅜ ╗  ( ⅝⅛╠ ╡)≢№

╢. όȟόȟό│  ( ⅜ ),  ( ⅜ ),  ( ⅝⅜ )─ ╩ ⇔≡™╢. 

↓─╕╕≢│ ⅜ ↄ ↄ ⅜≢⅝⌂™─≢, ─ ⅝↕ (U), ─

‰ ( ⅝⅛╠ ╡), —─3 ⌐ ╩ ⇔ (  3.3), ⅛≈ ‰╩

∆╢↓≤≢ ╩ ╠⇔, ╩ ╘╢↓≤≤⇔√.  

 

                                    (3.2) 

 

 

                                             (3.3)  
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 ↓↓≢ │ ─╟℮⌐ ⇔√. ⌐ (ό)⅜⌂™≤∆╢≤, 3.2⌐⅔™

꜠fi☺/▪☺ⱴ☻○ⱨ☿♇♩⅛╠ ─ όȟό⅜ ╘╠╣╢√╘, ∕╣⅛╠

⅜ ≢⅝╢. ─ ─ │ ⅜ ╘≡ ╛⅛≢№╡ ( 1~2°), 

│ ⌐ ═≡ ↕™≤ ⅎ╠╣╢. ╕√, ↓↓≢ ╘╢─│ ≢№∫

≡ ≢│⌂™. ─ ≤│ ⌂╢⅜, ≤⇔≡│ ≢№╡, ─ ™≢

⌐ ⅝ↄ ⇔⌂™≤ ⅎ√. ╘√ ╩ ™≡, ─ ≤

╩ ⇔√. Ⱨ◒☿ꜟ○ⱨ☿♇♩ ⌐╟∫≡ ╘╠╣╢ ♃כ♦ ,│ ─ ─

≢№╡, ↓╣╩ ≢ ╢↓≤≢1 №√╡─ ≤⇔√. 
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3.6 Results  

 

  Figure 3 -6 ⌐, ALOS/PALSAR ─3≈─ ⅛╠ ╠╣√ ⱴ♇ⱪ╩ ⌂ ─

≤ ⌐ ⇔√. ⌐ ↄ─ ⅜№╡, ╕√∕─ ╙ ≢№╢↓≤⅜

♃כ♦ ,⌐≥╙╩ ,│≢ .╢⅛╦≢↑∞√⇔  (2006-2011 ╩☺כ◘⌐(

↓⇔√Surging, ⅛╠ ⌐⅛↑≡ ⅜ ╠╣√Winter speed-up, ─ ⅜ ╠

╣∏, ─ ⅜ ╠╣√Summer speed-up, ∕─  others⌐ ⇔√. ↓↓≢

℮Surging≤│, Surge-type≤™℮ ≢│⌂ↄ, 2006-2011─ ⌐Surge╩ ↓⇔√≤™℮

≢№╢. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 -6: Surface velocity map derived from three paths of ALOS/PALSAR. Please 

note the color scale is shown as logarithm. Red star indicates the location of Trapridge 

Glacier, whose size is too small to image from Satellite data.  
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3.6.1 Surging glacier  

  

  ALOS/PALSAR ⅜♃כ♦ ∆╢2006~2011 ─6 ⌐, ↓─ ⌐⅔™≡4≈─

 (Hubbard, Lowell, Tweedsmuir, Chitina) ⌐⅔™≡ ⅜☺כ◘ ⇔√. ™∏╣─

╙☺כ◘ │ ﬞ ≢№╡, ╕√Lowell, Tweedsmuir Glacier ≢│ ⌂ ─

⅜ ╠╣√.  

  ≢ ⌐ ≤⇔√ ⅜Hubbard Glacier ≢№╢. ↓─ │ 120km╙

№╢↓─ ≢│ ╙ ⅝⌂ ≢№╢. ∕─ │Disenchantment ⌐ ⅞ ╖, 

⌐│ ─ ⌐╟∫≡Rossel Fiord╩ ™∞↓≤╙№╢ (Motyka and Truffer, 2007). ↓─

─ ⌐ ∆╢ │™ↄ≈⅛ ⅜№╢╙── (e.g., Ritiche et al ., 2008), 

ה ─ ╛┤╢╕™│ ╠⅛⌐⌂∫≡™⌂™. ╕√, 2009 1 ~3 ⌐⅛↑≡

⅜☺כ◘ ⇔√≤™℮  (NPO ─ ─ )╙

⇔, ∕─ ─ ─ ╩ ═╟℮≤⇔√─⅜ ─ ≢№∫√.  

  Figure 3 -7⌐Hubbard Glacier ─ ─ ╩ ⌐ ═√. ╕∏ ◘

⅜☺כ ⇔√≤™℮ ⅜№∫√ │, Figure 3 -8 ─ ─ 10×10 km 2 

─ ≢№╢. ≤⇔≡, ⅜№∫√ │, ⌐ ╣ ╗3 ─ ≢№╡, 

≢ ∆╢⌐│ ╛╛⅜ꜟכ◔☻ ↕ↄ, ╕√ ╙∑™−™2 ⌐⌂∫√ ─

─↓ ,⇔∞√ .√∫⅛╦⅜≥↓√∫№≢☺כ◘⌂ ─ ─ ╩ ─

≥♃כ♦─ ∆╢≤, % ⅝™↓≤⅜╦⅛∫√. ↓─↓≤⅛╠, 2009 ─

│☺כ◘ ⅜№∫√ ∞↑≢⌂ↄ, ⌐ ∫≡ ↓∫√ ⅜№╢. ⇔⅛⇔

⌂⅜╠, ∕─ │ ⌐ ~ ∆╢ ≥☺כ◘ ∆╢≤, ∕─

│ ╘≡ ↕™. 

  ⌐, ∕╣∙╣─ ≢,  8~10  ( )─ ≤1-2  ( )─ ╩ ♃כ♦─ .√⇔

│ ⌐ ⅜ ↄ, ─ ™ ╩♃כ♦ ♃כ♦ ,╙≢╣⧵ .√∫⅛⌂⅝≢

⅜ ╠╣√ ╩ ∆╢≤, ∑⌠↓≤⌐, ≥─ ╙ ─ ⅜ ─ ╩

∫≡™╢↓≤⅜ ⇔√. ⌐, 2009 ─8 ⅛╠2010 ─2 ⌐⅛↑≡, ₁⌐

⇔≡™ↄ ⅜╦⅛╢. ⇔√ │↓╪⌂↓≤⅜№╡ ╢─⅛≤ ∫≡™√⅜, ↓─

⅜ ≢ ═╢Winter  speed-up─ ╩ ∆ ─ ↑ ≤⌂∫√.  
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Figure 3 -7: Surface velocity time -series (from left to right) at Hubbard Glacier. The red square indicates the surge reported area.  
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  Lowell Glacier │ 4 km, 70 km╒≥№╢, ⌂◘כ☺♃▬ⱪ─ ≢№╢. 

↓─ │YGS (Yukon Geological Survey) ≤USGS (United States Geological Survey) ─

⅜⌂↕╣≡™≡, 1940 ⅛╠ ⅎ╢≤5 ╩☺כ◘ ↓⇔≡™╢ (YGS). 

─ 2009│☺כ◘ ⅛╠ ╕╡, 2010 ╕≢ ™√≤™℮ ⅜№∫√ 

(YGS Web site: http://www.geology.gov.yk.ca/821.htm l). ∕↓≢, ↓─ ⌐☺כ◘ ℮

─ , SAR ⌐⅔↑╢ ─ , ∕⇔≡ ─ ╩ ═

√.  

  Figure 3 -8│, Lowell Glacier ─ ─☺כ◘ ─ ╩ ⇔√╙─≢№╢.  

⅜♃כ♦ ∆╢2007 ⅛╠2009 ╕≢, ~1 m/day ≢№∫√. ⇔⅛⇔, 2010 ─1 ≤

3 ─Ɑ▪⌐╟╢ ≢│, 5 m╩ ⅎ╢ ⅜ ☺כ◘ ,╠⅛≥↓─↓ .√╣↕

│2009 ⌐ ╕∫√≤ ↕╣, ∕╣│YGS─ ≤╙ ∆╢. ∕─ , 2010 7~9

⌐ ⅜ ⇔≡™╢⅜, ∕─ ≈™ ,╘√™⌂⅜♃כ♦─ ⇔√⅛││∫⅝╡⇔⌂

™. ↓─ ─☺כ◘ ≤⇔≡, ─  ( ₩ ) ∞↑ ─ ⌂ ⅜

╠╣√↓≤⅜№→╠╣╢. ⌂⅔, ⌐ ♃כ♦ ,│≡⇔ ⅜ ☺כ◘ ,≥≥↓™⌂

⅜♃כ♦─ ╕╣≡™╢√╘, │∫⅝╡⇔√↓≤│╦⅛╠⌂™. 

⌐☺כ◘   ∫≡, ⌐⅔↑╢ⱴ▬◒꜡ ─ ⅜ ∆╢↓≤⅜ ╠╣

≡™╢ (Yasuda and Furuya, 2013). Figure 3 -9⌐, (a) ⌐☺כ◘ ℮ ─

≤, (b,c) ⌐╟╢ ─ ╩ ⅜☺כ◘ .√⇔ ╕∫√≤ ╦╣╢2009

⅛╠ ⅜ ⇔ ╘, 2010 9 ⌐│ ≤ ∆╢≤⅔╟∕4 km ─ ⅜

⌐☺כ◘─↓√╕ .√⅝≢ ∫≡ ⌂ ─ ⅜ ─ ⌐│∫⅝╡≤ ╠

╣√. ↓─ │ ⅜ ↄ⌂╢╒≥ ⅜ ⅝ↄ⌂∫≡™╢↓≤╩ ⇔≡™╢. 

─ ⅜☺כ◘ ,╠⅛ ╕╢≤ ⅜ ⇔ (Figure 3 -9b), ╦╡⌐ ≠ↄ

≤ ∆╢↓≤⅜╦⅛∫√(Figure 3 -9c). ↓─ ≤⇔≡, ─ ⌂ ⌐ ∫≡, 

⌐◒꜠Ᵽ☻⌂≥─ꜝⱨⱠ☻⅜ ↄ ↕╣, ∕╣╠⌐ⱴ▬◒꜡ ⅜ ↄ ∆╢

↓≤≢ ⅜ ∆╢. , ⅜ ⇔≡ↄ╢≤, ◘כ☺ ⌐ ↕╣√

◒꜠Ᵽ☻⌂≥─ ╣ ⅜ ∂≡ↄ╢√╘⌐, ≤ ═╢≤ │ ∆╢≤ ⅎ

╠╣╢.   
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Figure 3 -8: Surface velocity evolution (from upper to lower) at Lowell Glacier. Please 

note the color scale is shown as logarithm.  
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Figure 3 -9: (a) Terminus advances at the Lowell  Glacier recorded from ALOS/ PALSAR 

intensity images.  (b) RGB composite intensity image of an old im age obtained on March 

3, 2009 and a new image obtained on March 6 , 2010. Red-colored area indicates an 

increase in the scattering intensity.  (c) The composite image of an old im age obtained on 

March 3, 2010  and a new i mage obtained on September 10, 2010 . Cyan-colored area 

indicates a reduc tion in the scattering intensity.  
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  Tweedsmuir Glacier │Lowell Glacier ─ 50 km⌐ ─ⱪ▬♃☺כ◘╢∆ ≢№╢.

↓─ ╙╕√USGS ⌐╟∫≡ ⅜↕╣≡⅔╡, ⌐│1970 ─ ⅜☺כ◘

↕╣≡™╢. ─ 2007│☺כ◘ ⌐ ⇔, 2008 ⌐ ⇔√↓≤⅜╦

⅛∫√ (USGS: http://ak.water.usgs.gov/Projects/Tweedsmuir/index.php ). ↓─ ⌐≈

™≡╙ ⌐ ─ , ─ , ─ ╩ ═√.  

 Figure 3 -10│Tweedsmuir─ ─ ╩ ⇔√╙─≢№╢. 2007 8 ≤10

─Ɑ▪≢│, m/day─ ⅜ ↕╣√. ∕─ , 2008 ≤2 ─Ɑ▪≢╙

♃כ♦╡⌂⅛ ⅜ ™╙──, ─ ⅜ ↕╣√. ∕─ 2009│♃כ♦─ ≢№

╢⅜, 1 ≤ ─Ɑ▪≢│, │ ≢1m כ◘ ,╠⅛≥↓─↓ .√∫№≢

☺⅜ ╕∫√─│2007 8 ≢№╡, 2008 ⌐ ⇔√╙─≤ ⅎ╠╣╢. ↓╣│

USGS─ ≤╙ ∆╢. ╕√, 2010 ⌐│ ─ ⅜ ╠╣√. 

  Figure 3 -11⌐Tweesmuir ⌐☺כ◘╢↑⅔⌐ ℮ ─ ≤, ⌐

╟╢ ─ ╩ ⅜☺כ◘ .√⇔ ╕∫√≤↕╣╢2007 ⅛╠ ⅜ ⇔

╘, 2009 ⌐│ ╕∫√↓≤⅜╦⅛∫√. ─ │ ⅛╠││∫⅝╡⇔⌂

™⅜, ─ ⌐╟╡, ⅜ m ∆╢ ⅜ ≢⅝√. ╕√↓─ ◘

⌐☺כ ⇔≡╙, Lowell Glacier ≤ ⌐ ─ ⌂ ⅜ ╠╣√ (Figure 3 -11b, 

c). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 -10: Surface velocity evolution (from upper to lower) at Tweedsmuir Glacier. 

Please note the color scale is shown as logarithm.  
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Figure 3 -11: (a) Terminus advances at the Tweedsmuir  Glacier recorded from ALOS/ 

PALSAR intensity images.  (b) RGB composite intensity image of a n old image obtained 

on August  29, 2007 and a new ima ge obtained on January 14, 2008 . Red-colored area 

indicates an increase in the scattering intensity.  (c) The composite image of an old 

im age obtained on February 29, 2008  and a new image obt ained on January 16, 2009 . 

Cyan-colored area in dicates a reduc tion in the scattering intensity.  
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  ⌐Chitina Glacier ─ ╩ ∆. ↓─ ⌐ ⇔≡│, 1970 ─Landsat⌐╟╢

⅛╠, ⌐ ⅜☺כ◘ ⇔√↓≤⅜ ⇔√ (Clarke and Holdsworth, 2002). 

⇔⅛⇔⌂⅜╠, ∕╣ ─ √╕ ,ↄ⌂│♃כ♦⌂ ╙ ⅜ ╢ ╡ ╦╣≡

™⌂™. 

  ALOS/PALSAR ╩♃כ♦─ ⇔√ , 2009 ⅛╠ ≤ ≤─ ─

⅜ ╠⅛⌐ ⇔≡™√ (Figure 3 -12). ∕⇔≡∕─ ⌐, ⅜ ╠⅛⌐

⇔≡™╢↓≤⅜╦⅛∫√ (Figure 3 -13). ─↓≤⅛╠, ↓↓≢╙ ⅜☺כ◘ ⇔

√≤ │☺כ◘─↓ .√⇔ ─ ≤ ─ ⅛╠, 2010

~7 ↓╤⌐ ⇔√≤ ⅎ╠╣╢. ⌂⅜╠, ◘כ☺⅜ ⇔√ ─ │ 1km

≢, ╕√ ─ ⌂ ⌐№╢↓≤⅛╠, ⅛╠ ∆╢⌐│ ⅜ꜟכ◔☻

↕ↄ⁸ ↄ ⅜ ─ ,╠⅜⌂⇔⅛⇔ .╢№⅜♃כ♦√∫⅛⌂⅝≢ ≤, 

≤ ─ ≢─ ─☺כ◘ ╠⅛ ≤ │ ─ ╡≢

™⌂™. ↓─╟℮⌂ ⌐☺כ◘ ℮ ─ ⌂ │ ─☺כ◘ /

─ ⌐ ⅝ↄ ∆╢ (Yasuda and Furuya, 2013).  

⅜☺כ◘ ,≢↓↓   ⇔√ ≢│⌂ↄ ⌐ ⅜☺כ◘ ,≥╢∆ ∆╢/

⇔⌂™⌐ ╦╠∏, ⅜™∏╣─ ╙ ⅛╠ ⌐⅛↑≡ ⇔≡™╢↓≤⅜ ⇔

√. Figure 3 -14⌐(a) ─ ≤ ⇔√ⱨ꜡כꜝ▬fi─ , (b) ≤∕

─ , (c)ⱨ꜡כꜝ▬fi⌐ ∫√ ⌐fi▬ꜝכ꜡ⱨ(d) ,♃כ♦ ∫√ ⱪ꜡ⱨ

□▬ꜟ, (e)∕─ ╩ ⇔√. ⱨ꜡כꜝ▬fi ⅛╠ ╩ ╡ ∆ ⌐│, ꜝ▬fi ─

─ 7×7 pixel (i.e. ₩350×350 m) ─ ╩∕─ ─ ≤⇔, ∕─ ╩ ≤

⇔√. Figure 3 -15⌐│, Figure 3 -14d ─ ≢ ╕╣√ ⌐⅔↑╢ ≤∕─

╩ⱪ꜡♇♩⇔√. Figu re 3-14d, 15⅛╠, ↓─ ≢╙ ⌂ ─ ⅜ ╠╣╢. 

↓╣│Hubbard Glacier ≤ ─┤╢╕™╩ ⇔≡™╢. ↓─ ⅜☺כ◘ ,≡™⅔⌐

⅛╠ ⌐⅛↑≡ ╕╢↓≤⅜ ╩☺כ◘ ,⅜√™≡╣╠ ↓⇔≡™⌂™≤⅝≢

╙ ⅛╠ ⌐⅛↑≡ ─ ⅜ ↓∫≡™╢↓≤│, ─ ╢ ╡ ╘≡─

≢№╢. ∕↓≢, ↓─ ─ ⌂ ╩ ⌐ ═≡╖╢≤, ↄ─ ≢Winter 

speed-up─┤╢╕™╩∆╢↓≤⅜ ⇔√. ↓─┤╢╕™╩∆╢  (Winter speed -up 

Glaciers) ─ ─ │ ─ ≢ ∆╢. 
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Figure 3 -12: Surface velocity time -series (from left to right) at Chitina Glacier. Please note the color scale is shown as logarithm. A surge 

occurred from autumn  2009 to summer 2010 at a tributary located in lower left part of each figure.  


