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ES

AFalx, &P 0 L —4%— (Synthetic Aperture Radar: SAR) 7 — ¥ & 7=t
BEOWIEET VOHEE & (LEK OFBEE R EICRET 2% Th 5. A %
M5 HF & L CTGPS (Global Positioning System) 733 Td o 7223, 19924 D
LandersiE (2 5 #isk 2 dh%2, SART —# % AV 72InSAR (Interferometric SAR:
THSAR) (2L VB LN 72> TLLK, SAROA RN R TR EINDS Lotz -o
7. GPSE B2 2 53, i RICBREZ0nE L T4 2 LR K< EMICI_Z bd &
WIORTH D, £z, ZOHEMZ AWK - KIKRORENREZ KDL Z &b TE 5.
KRR KT I, ZOBRERCRE SEOFANLHGBNNH LN b0 HE . A
THFRT — & % AT, JAFIFH DI 22 Bl O RFZE 2L 25 Z & 1T,
KR T 72 N WL 2 B 2 D ITIE TR0,

AWFFETIE, £ 2008 FITHE Z o o5 FENBEHTRIZ X 2 R R8s & IE
TR W T T L OEEZIT 72 (Abe et al., 2013). 7 — %% 2006 i
JAXA 2T H B = HERBLR SR A T720 5 (ALOS) J I2## & T % PALSAR
F—=HTHY, T FiET InSAR L7 vt 7y METHD. T—FRITICIX
Gamma fL®O Y 7 hU =7 2 L, #HEHFEOREIZITE -HBEPEREITO 10m A >
Vo OBEREESET NV (DEM) =MW, T K> TEONZEENS, Z oM
BITACAL R —F P B A oW R OMETH S Z L, £ L CERE ETIX
2 A— MV EBZAEERBE SN, oEMICEIW-Z EnbhoTm. Bon-
SAR HBZEEFT—Z L GPS T—4 DV a A v A = g 0280, IEFEmIE
WOWIEET VERME LT, = ARERDO T Y — B OHFEIZIE Meade (2007)
® Matlab 27 U 7" b & Hlviz, #EE L7WiEE 7 /1L GPS & SAR 7 —# & T &
SHBAL, F7#E LIZWE O EN 7 — 7 — B O8Ok L —FK Lz,

£, T ABm—a HIEO LK OFENRE 2 7 w4 7 & v MEIZ K
0 fENT L7z, T — X EATIZIZALOS/PALSAR & Terra SAR-XDFT — X i L, Hi
A KB EEEAED ) A REEEIZIZASTER GDEM Ver 2% H L7=. fEATIC L - T
Bonkrry, TUVSAETTEy M BAKEH I OFREN S M 2R E L, 3IKILITE
HWELZRD 7=, 2006~20114FEDALOS/PALSAR & Terra SAR-XD T — & Zfif# L
Tofb R, 4D DK TG — DITfE S ENEH EE DR 2SI b 2 R T& 2. 2 61T,
Z OHIE TR D H &R T Bh#E E 28 EH-9 % Winter speed-up® .52 1 %
T HKFINEHA BN, & OFIITVERMIZ 213 7 % Biannual speed-up /2 kil $
Ho7-. ZOWinter speed-up® A 7 =X A L LT, Kavanaugh (2009) O B8R 7
— X &Y T, EEHEREY DB K D stick-slipAd 72 S 1E D DSFKH B &\ HE N9
HZEWCEST, REBENEML CTWDEOREEHR L=, 0k, 77 AW/2—2
I DK — T B EATNT TRHEE D L S TE Y, T OF RIFOK
—VOREBEMOEDOMAE G2 5D TH 5.
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1. Introduction

ARETIE, FHNHEAN OLE L AR THEMA LIEMAR L —# =IO Tk 5.

1.1 Advance for space geodesy technique

AR, FEHMHEINIE R E LWBEEZ R TV 5. JIHIZEOREE, RO K& S0,
BEZRETHZETHN, BETIITORMEILE FREAES Z LI 1EHEA
EUTTCND. TORIEFIED, 1ERIT =M, Z0HEC/KYERE, O E7
i EBHICH -, BIRTIEELE LT, ALFEEZHOTFEHNOHEREZH] > TV D, K
YR B EEDBLIIOREIZIZEES D00, %%t@%%@é%@%kﬁﬁpﬁﬁ
W2 e T—ERHLND LI IThoT-DF, £SICRZOMELL V- THIR
ECAAN

wok, HIRAB) OB L = AR ECKERERTTOIL TR, IRFHIC 7z 5 A H)
NS 720120, YO NE LA BT L. £, EFRHRBIE D L, 20%
FEFEHD 2o, K OFHENIEICH W TIE, £H 2 H AMMBMTITZ 5 bR WEREIZAL
BT HKMNEE S AFET H. T T, HREEsHizks W THKRENCB VT, GPS
(Global Positioning System) M H XN TW\ 5. GPSIE, GG E STV D HSIZ
BWTC, BRFEOMRRECT — X 255 FENTE 5. HARENIZIZ12000 T dH 5 15U
Qi ST W (GEONET), HiFEKE T 2 A A 8 8his gl k%ﬁ&J%%
7L TWD. KIORETIEICBW TS, KITObEI2H D Ba I B S 2%E L, ki E

ZEH AR EorFF BN B4 ) X H 72 KGPS (Kinematic GPS)<‘:U\ 9?%75‘3@29
nNTn5s.

L LA 5, GPSITHIER UK L CTREMARET DLERHDH. WOLEITERID
DO D IR WHIERIZE S Mg BB, mR7RIAA 0 250, Lizid> T, GPSA el
EHUE CIEEE R B 2 M CX oW AlEEMEDR B 5. F 7z, IWEKFNZ DWW T, AR T
7 B ARAREZRKINZ DWW T, IRBIEHEZ RO D Z LN TE R0,

ZDE, AR THWARKR N L — & —1%, #FICBRSE2 L8 LS IZGPSIE A
BZEM R T — 2 F R TE D, £, v~ A 7 ul AT D, KEt o

B2 RECRHH OB S BT 20N 72720, BALazRid 57291
ﬁ@é2ﬁ%@?~&ﬁ%%f%étw,&mﬁ§®@ﬁﬁﬁﬁ®$%%&%@m#é:
L2, AN L— X — DR & T — 2 T TR DWW T, REILARE TR 5.



1.2 Synthetic Aperture Radar

AREITIX, AR THN AR O L —2— & 207 — 2T FIEIZ OV Tilk% . SAR
DAET = Z TR DBRBOEE Y TH L0, WYRAMHEZ T 5 Z L2 K> TEaiFE
WET—F~EEEFNEDD. FFLWT LT Y XAZHOW T EFuruya (2006) % 20 <7z
AN

1.2.1 What is SAR ?

A R%BH O L —#— (Synthetic Aperture Radar: SAR) &%, ffEICEHIN-E P —
MHHFRICANT T~ A 7 niEz2RE L, R TORN - BELUWC RV R TE e~ A 7 nikx
ZETHREBEE LY —TH D, SN L —F—D0—FORKMIL, EHAOL—F— LR
Y EANT ET T A XERES LT (B L THMELZ®EOTWHETHD. @
D= —ONRREIET T T ORE SICHEIT 5720, NLFHREICHERTL2ZLaE 2
% & ZDRREIITHIRD & 5 . & Z CRENV I TE 6 8Z(E 21T, ZELcEEE R
v 7T REEZEE LI ETARRT D Z LiICk o ThHfREEZ A EXE T 5 (Figure 1-1).
772 L, 2R OET AN (Azimuth )7 W) ~DZE M5 fERE Lo 7o oIcffibiiTing
BiiCth s, ~A 7 vl 0ikEH M (Range 5 1M)DZEM 53 ffRe 2 BiF 280k L LT, ~
AEREB DTS, 2 S OHEHIC L T, SARIZZ DT 7 F /N EWIE E ke
2725, L L, EESLL—F—0REH R EMICST 7 T34 XITERIRT HR
BRHDH720, ZNHDOIRNPENTT T A Xeikd T D,

SARDZAET — Z \ZITHFE O BGELIR O RIS U7 IRIBEHR SRS S ENTEY,
IO OEREBEUNALIET 52 & T, HROLEBELSRKETHLIZENARERTHDS.
SAR 2 X 2 HREBOMHIZIX, MAHOEHR % FH T 5 Interferometric SAR (InSAR) <2,
Efg~y T TOEMESH LY 78t 78y MERDD. AR TIEZ NSO TFIE
ZEREE L THIER DL S\ A RO TN 5.

Real @ erture Traveling direction

Beam width

I%e—zsolution of SAR
Figure 1-1: Geometry of real and synthetic aperture radar.



1.2.2 Interferometric SAR

THERB B L —#%— (Interferometoric SAR: T-¥#SAR) L, #7322 20| OSART —
ZONFT —2 T SED (HEEZED)Z LT, MEOLHEZE cmDOREE THZ 5
ZENTEDLFRIETHD.

FEARR 72 R, ﬁﬁ%@“(?&?/?@%%ﬁfﬁﬁﬁ?f% 4. 2003kt —L v FRIENR2
SOAY v FEEB LT, BEIZY -5 L OIS U CRIMA CIEiRH A > THA <
720 AR TIEEEOE > THES 725, 2 LT, BRI TN CE 5. A OF 2, InSAR
THEOLND. BFIIE2HODOSLCE B OER LR OMITE2HRILT 52 & ’C{ﬁ%ﬂé.
72720, ZOEEIIES DY Matching) EWHTEEEAK L THLTHD. T—X 2T
éﬁékbKﬁﬁ#@%L@MM@H*@%%@mm@@%m07*5%mwé@kﬂ,ﬁ
U path, frame L E->THEIZ BN LUV ETRHILCEWD DT TiERW. £ LT E
DEEDLEET 7BV LNV TITRDRNWEEZLZLTWT L TERVDTHS.
ZNO DB Z T, YIBREOTWEE RGO 5.

Ad) = ¢orbit + ¢t0po + ¢atm + ¢ion + ¢disp + ¢noise (1-1)

MERDEERD2ODT —ZNLAERIN DM THEBIZITEAY R NEEND
(ﬁ]&)i#ﬂ%E%@MQ?%égumemﬁﬁéHﬁmﬁﬁémkﬁé@ﬁ%@
ZEEMEEDICER T2 b 0T, HEER/NSVIE EHuERIT/ NS < e b, RIS, HIEE
(Dropo) ZHV BRL . T, HIED 2 RIBICEATWD 2O b E @&w9%®f%
L. ZHERV RS 72912, DEMEFEMIET —Z bR O T I =2 L— NER A 1FEK
L, #IIFSEEN 52 LG, 20V 2 b—y a3 VERIZIEEB (g TE E T
RONDT, MR TETERVRS &N TED, REIMHET 7 v 7T NI EEEZITS.
NART > T w7 L1, wrapped &7z (2 Z ClE-m~mlZ DR ENTONART — & & EEED
EEEIZORTETEVWILHTHD. @@@@%EELT HITZEAR 2SR & W E=Re
=LY ABRBWEEEI T AL F ) TR R0 RS L0 EMCR 5 ED
(Kobayashi et al., 2011a), ZNAELDOKEZRBAIIT > T v TN EFLWNHRNWZ ETH
5.

IO OB Z R T TE R FWEGRIZIE, ZEROMICKKRLEMEIC LD~ A7 ik
DFIEIZ XD =T — (Parms ¢i0n)75)§3‘25. AR IR AN L DT (Paisp) DA% Tl
THZLTHLIN,ZNHDOTTF—IZONTIE, BRICEVERS ZLi3TEhnbon, =
IV T —EHRET DO OIS < FET S (e.g., Kobayashi et al., 2009;
Kinoshita et al., 2012)



1.2.3 Pixel Offset Technique

v 7 vn4 7% v FiElidFeature tracking<°Speckle tracking & HIFEIN 223, 20FH D
F—H B EEDE LRI, THEROE 7 v LD XL (F 7 ¥ v MNAELETRE L THIH
THHETHY, WOIXInSARLHORIEY & © 5 2 5. Figurel-212 Z O FEOHEEM %
s~ L7-(Tobita et al., 2001). (L&A DHEIZL > THEHIE KD XL Z@HIE L%, Rt
WCEENR S DL ZA5METHE 0O THSD. BEMICIE, ~AX—LE AL —T
M CHRIGT 2HBEABREREL, TOMEBEEZD LT OTH LARNLEHE L, fHAMBILREN
Rbm ROMNMEERRET L2 LT, RAMKEMEZEZNT 5. 2 OFETEREGOR
iEZFH L, AAEHRIIFIA Lenwed, FEEICEEIN S 2 &R EMEZFHTE S
FlRRd 5.

IHIZ, ZOFEOENRAY v b LT, BALABOKR X 72 MIFR N 23 TE 5 R
BT H5. InSARTIE, ¥ A 7 B OAFZEZ KD H Z LIZ K-> THIEREE 25T 2
Bifich s, Lo, ZOMMENEEE XY KREWEE, MHEZEOZEME e Rk E L
TLEW, HBEERTZ5IEEZT. 2F 0, MHERKELSRDIHIELHNH L5 5,
InSARTIFHIERZM A BT E /e, —F, B A A 7y METH, st Shikey
7R NVEOX L EESEEEE L CEET D720, BAARNKE WHEEMNSSH > THE
HFRE L 72 5. Z OFETNEMEICK T 2 BRE FORBRER T — 2 B" 50157210 T
72 <, K OFERE 2RO BBV LR TV, 72721, KIREO X 5 IZ&EED
SIFIC R VM TURIENZALT D X 5 2R TIX, HEVITHENR AL TLE D LAH
LRI TERWEGAERDD.

Master Image  Slave Image

ABCD ABCD
EFGH EFGH
JKLM JgLM
NOPQ NOPQ

Image\gMatching

ABCD
EFGH
JKLM
NOPQ

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

local offsets are detected as displacements.



1.2.4 RGB composed image

SRR, 22220 DR OBELRE OB A AR T HIETH S (Tobita et
al., 2006). (LEEDEFHD2ODMEBB L HWT, v~ A X —HBRIIFTT T, AL—7
FIRICIIRERID 4TS, 2L C, AEMEIT) 2L TREDE(LE RS (Figure 1-3). b
U BCEL 3R BE 28 BEIN IR R, ATy 7 v, Benz2dniE s v —»2ng5il+ 5
(Yasuda and Furuya, 2013).

Master SAR intensity image Slave SAR intensity image

+ intensity
(R,G,B)=(Slave, Master, Master)

intensity + intensity
(R,G,B)=(0, Master, Master) (R,G,B)=(Shve, 0, 0)

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.



1.3 The purpose of this study

AT, CNETHRA LRI L—%—DF —2%InSAR: B 7L A7 v
NETHNT L, HERE R CEZ 2L 2 A< mmicmi L, 20X A7 22l b. D
2ODFHHE LT, L FD2ODIFIEEIT - 7=,

(1): 2008445 TR IR N B R (20 5 MR A B O/ & I mWiE £ 7 L OHEE

200846 H 14 H, A TR L5 {J?a“z;sMw69 (Global CMT#) D& F =i pethE
FAE LTz, RIS IR o (L Hi T, TR OHETH Y, %@f@uz@w)k
T XE/KKT 2m X, i?‘:%ﬁf’é’ﬁﬁ’%%ﬁﬁj\%ﬁ“@%égkﬁl(ﬁﬂi&%ﬁ’ﬂ%ﬂ{ﬁ (GPS, SAR)
MHDD- TS, B2 GEONET BHIAD1>Th 5 FER2E, FEFICRKE L E8h[H Iz
# 1.5m, 9 2m OBEE)ZRLTRY, MEETT VOHEICENTI>0HRTHLH 7.
ZHNETIZ GPS HAWE SAR F—Z [ZHESKBEET LIV OhERENL TSR
(Ohta et al., 2008, Takada et al., 2009), K722 2 b OHFREE T — X 22 Tl T& 72

ITHERIN TRV, £, BITHRETIIWIT N O EEET VA2 HE L TV 503, SAR
T %mf:tm*“ﬂﬁéb%“~& WX S I W8 O A EZ R LTV e, £ 2 CARIFE T
ALOS/PALSAR ¥ —% & GEONETDOGPST —# 2l T& 5 k9 fx#?ﬁﬂ%ﬁO)
Wit 7 VOHEEZRAI. £, HonizWEET VOMNEE, 77— —EHEE DN
X% L, Z OHBEOMEN RS RICHE- 2.

(2): 7T ATy a— 3 MBI IS 1T 2K — DI D FEhE EE R 22 I 25 { b D i

Dkl —< (Glacier Surge)| & i3, K[ OFRENHFE D R R THEE~ETICH |
AT 2HE T, KOKELRBINC L W KEDOZELRRK ORI T2 <, HiE o
BICHRESHBKT . LL, ZHTEREECHSZ TH Y, BHGBNOH L s bh->TH
—VORFZEMELT — Z I RICR THZ UL, TORERA T =X LG REH RGNS
VN, ARFZED R T % 7 T A H f— 2 U I O LHE KT A EE L, o
(213204 DK — VA ZJOKM P FEET 2 L Ehb T D (Post 1969). L2>L7ad b,
BGBL ST DKINED Th 7, FfET — X IC X 2B ES b HEY
HHATWARY, £ Z TARMZETIE, 2006~2011412 E&%%':é;hf:ALOS/PALSARJ: KA
MNFTH Eif7=Terra SAR-XDSART —# ZHWT, 77 A B /—a U HIIZ 1T 5 KR

TR 2 ISR U, 2 OFREIE L & — I BT BRI A b & RIS R~ 7.



2. Non-planar Fault Source Modeling of the 2008 Iwate-Miyagi Inland
Earthquake (Mw 6.9)

BN L= =25 Z LT, HERICHE D MR L8 2 IK# i 2S RIS X 5 2 &
AT E 2. ALOS/PALSAR 23416 L1 B 4u72 2006 LU, 2007 4581 W Hilk i H#i5E, 2008
FENJIHE, 2010 27 U #IFR, 2011 4EHEH7 KEFEtE 72 CEINSTE < O RHUED
4 L7z, ALOS/PALSAR [3ENZEN ORI E D i@ 2 mmicqsii L, Wriges v
DOREFZKE L HBRL - (e.g., Furuya et al., 2010a; Furuya et al., 2010b; Kobayashi et
al., 2011b). FFiZa FEIRANREMEITE E 6 FHTENEKRONEMETH Y,
ALOS/PALSAR T & > CTEDOHMIFRA B D ZE M AR 13D THRETH 72 2 L 2VHII L7
(Takada et al., 2009). HHFT — X T3 ZOHBOWIEET LILT TIZW L D3 E X
LTS (Ohta et al., 2008; Takada et al., 2009) , K7ZIC LK B TE =T /LIE72R00.
AWFFEO HJIZ, Z OHRIHE O M BB 2t L, GPS & SAR 7 —# #R<FHPITE D
Breesr Va2 ET L2 ELETHDL. B, KITROKREIEZTT AV I EFES
(Seismological Society of America) 73517 L TV 2% B F3E Bulletin of the Seismological
Society of America (BSSA) (2 CH## T\ 5 (Abe et al., 2013).

2.1 Introduction

2008 4 6 A 14 H, & FUFHZ B & 5% Mw6.9 (Global CMT fif) & F =il
B4 LTz (Figure 2-1). Z OERAHIIE, BPLARERZHIRICAIE L TR Y, NpeHiEE
EEBITAKITEB GIER 2 TH D, 2, 2 0HIBITOTAEFFICEL THY
(Miura et al., 2004), EB(<15 km)DOHIENR LN ETHLN TS, TD®H, Z O
THVEEME O MW R HE N Z 5 Z LI R U TARERZR 2 LTIy, LarL, ZoOER
B OWE 13 72 <, ZOMBORAEITTH TEr ol NERMERIZET 5 KE
FH A D TEE LAY (England and Jackson, 2011), =™ 1 S>OFH & LT, NE#MED
FEA N = ZALOFRE L TREIZROENATZ D LRI ERHITHN5.

Z ORI O MBS A BB O RIZTN < OB IHRE SN TWDA, Z OHIERZEE) D 24
A ERBEAHDRD THHETH D Z 0D, REICENDLE Lo TE S W)EE
FOTHE STV, fil 2 1E, Takada et al. (2009) 1XARBH O L — & —I2 X 5 Hiik s
7 —2ZHNT, 5 DOHBKEET VEAHEE L. 2T 4 SOWEEDETELE 1 >DOR
HKOHBIENORDET LV THY, RESMT —Z PR LTV R MEOFEE —H L T
W5 (Takada et al., 2009; Fukuyama et al., 2009; Okada et al., 2012). L7>L, Takada
et al. (2009)(Z351F 218 D ML AR Y ZGEL TRV, §EMZ S DL TV 721 . Ohta
et al. (2008) 1%, GPS 7 —# VT 2 MO PWEK DI E 2 HEE L7z, L LR b, Z0RE
PRI IDT GPS B D72 <, E2 B BIRE 21 TIESAR 238 67T U 7 BE 7 Mk 28



7 — X @I TE 2 (Abe et al., 2013). £72, WTHOWFF T L EERWIE % KE LT
WBH, SAR T LB M B A BT — & 2 L 0 ARICEI T 5121, FEFmmko
Wil &7 v OREE D NET L& 2 1=, AT, £3 GEONET @ GPS 7 —# % /-
TS 1 B DOIEEHEWEE TV OHEE 21TV, FDET /L Tld SAR OHFEEEEYT — & %31
HTERWZ AT 4. £ LT, SART—4 LGPPSOV aA v M=V a il
0, WHOTF—F ZHAT A IEFRBTETT VOMEAITH. £, #HEELZWEET L0
N L 7 —F—REONME L, ZOHEOHERN R IOV T bisnd 5.

2.2 Study area and Data processing

AWFFETIE, 2006 HIZFHMLEMFCE 5% (Japan Aerospace Exploration Agency:
JAXA) 234TH EiF7= LAy R (R 23.6 cm)&HBE 0 L — 4 —ALOS/PALSAR O F — %
AW, T2 NI, Gamma o Y 7 by =T AW, 5 —% (Level 1.0 )7 5 i
Br L7=(Wegmiiller and Werner, 1997). ffH7 —Z IZHUERTZ ICHUSG Lo T — % 2 40170
1 (Ascending) & F1T#liE (Descending) % =2 1 M >H\ 7= (Figure 2-1). ¥ —%
DFEANIL Table 2-1 IR L TH D.

(b)

ETET—— 39.50° o

=Morioka"

]

39.25°
Jsawa

Mizusawas

39.00° ¥ : Hitaizumi

srikoma2 Iwatekgwasaki

Lurikoma

38.75°

Mountain:

* GPS Station
38.50" I e — [— .
140.0° 141.0° 142.0° 140.50° 140.75° 141.00° 141.25°
e
0 1000 2000
Elevation

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
dash—dot 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.



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

direction perpendicular to the radar line of sight.

Orbit  Path Frame Dates (yyyy/mm/dd) Bperp (m)
A 402 760-770 2007/06/21-2008/06/23 -303
D 57  2830-2840  2007/08/29-2008/07/16 =774

fiftt 51k & LT, ALOS/PALSAR 2 Hf& L72 SAR 7 —#1Zxf L, InSAR L &7 B4~
Ty MEZEA L7z, InSAR (35725 2 B0 SAR 7— X DNiiiZELZ & 2 (FHEE5)
Z LT, WA EE 2~3 cm OFETHRIETE 2 FIETH L. 72, SRIHAVWEZ LAY RO
WRIX, Az T 5720, GPS mA3D 72 W [LHEHIECT b FE I3 2 by, Ll
RN, WUEROHIERR Z B BROTHE G025 InSAR B4 1305 it o mEBfERE C DB AR
WOEIEIC KD /A ARG END. AT, B EHBBERITO 10 m A v ¥ = ORI E
E£7 /L (Digital Elevation Model: DEM) % f\\C, MZIZ/HBEZ b2/ 4 XEREL, &
DRI D RBRD /A4 X%, ZHAT 4 v T 4 7 THRELZ. £, AEOSLE,
AT > T v 72BN T, BRI EFSRAHETE FICLT T — 203G oneroT.
ZAUE, BAPBOTRES AR THDLZEEZER LTS, LrL, WiEET VEHETE
T5 LT, BREDOMEREE T — X 3D CTEETHSH. £Z T, LR FHTE R
TeSEIRDEB) T — 2 255X, AU SAR 7 —Z IR L7 vt Ty M Z1To 7
(Stozzi et al., 2002). = ®TF¥EiL, Master & Slave @ SLC Hjf4 % sub-pixel L~ CHLE
Eb®E LRI, ME D cross-correlation & & 5 Z L2 L - THATAIZ: pixel D R L % A #)
ELTHREHT 2LV bDOTHD. ZOFIEOMIFEIL 10~20 cm T, 22/ fEREIL 300
m f2E TH 5 (Kobayashi et al., 2009). 1551555 RIIA R OMHEIR M (Line Of Sight:
LOS) (Zxt9 5% H) (Range Offset) &, (T AICKkIT 52 ®) (Azimuth Offset) D 2 55y
Y EISY (N

ZOHEOFRAEL IO X 9 72 IUEHUR CIE, HEORIZICK T 28207 — X BUSiiE
DEMNREN, 7L A 72y MZBWTERZEICERT 2 K& 7% artifact
(Stereoscopic effect) & L CTHIIND., Z DL 5 REEIKGFEOA 7 > M ZED RS 2D,
DEM % H\\ - i EALEE & fii L T 5 (Kobayashi et al., 2009) .



2.3 Observed results and GPS-based modeling

Figure 2-2 [T InSAR L v 7 &4 7% v MZ X2 HER OGRS M ORELNL 27~ LT
W5, (a), (b))% wrapped Hit% T, (c), (D)% Unwrapped L 7-[#E# T 5. Unwrapped [#Ei{§ D

BRJEDOT —F BRI TWDOIE, A3 Im L E T O WEICTH 5720 Th
%. InSAR OfEF 1 Global CMT #2137k LT 25 K 9 72 V6 AL V5 - B B A o0 i W7 g D )
S LR THD. Ll b, 2O X JICERELONAT —Z KT T% InSAR
DFERTZT T, EIRWE D & OALE u&)of, EDOFFNMERL LTV D 03l ¢ & 7
W FEZTC, AU SAR TXIZH L TE A Ty EEMALZ. 2L AT Y
MZ, InSAR & 872 0 BIJED O /FTHI e KN % rubust (2R T, Wilg ONLE b iR
T& 5. EBEIT 2008 0 HE )14 D HIEE T3k 200 km (2 2 Wifg ONME D © 7 1A
Ty Mo THEZREN TS (e.g., Koyabashi et al., 2009; Furuya et al., 2010b). %
7oA E O FEWNERE O X 9512, B LE#E CHEICHEAEREVED & 2 A TIEE
HIFRAE R IEFIZE LV, ZOENHRTY, B 8471y MIFERICHERERE V. L
YUA Ty b T =213 InSAR 1B H00AH Unwrapping ORI N2 (Yun et al.,
2007), AHIZEIZZOEEWBET V) 7 OBNT—2 D 1 5L LTHA L7z, (o) - (iFE
JENAT Y POMRTHD. ZHODKIFEMBREWIET TR, TOZERMIAN
BHETHLZ EHLHLNIRL TS, @IFITHLED T U~ A4 7y hORTHD
2, BEEEEILIC XD AT Lokt A E) (Azimuth Streaking) N Z# A 515
(Meyer et al., 2006; Kobayashi et al., 2009). = OFEBEREEIED / A XITHRIE I A &) &
FISREE R DT, ZOT —XFA 23— g VORBRIZIZHA VTR, Takada et al. (2009)
THIEHLTWD XL ST, Figure 2-2e, f IZTEROHEM T T/ <, FEE)L O BARE 2B
SWREMD AT v THRR G, THUTHEICEE LWE 2T TR LS > 7T 2 @5
TERWZEZRBL TS, Z2LTC, ZTRNHDOEMAT v 7D ML —R TR L TEST
CTHEHARSHHETHSL. 6T, @?‘T@LE@T“}?XZT‘7‘TZy k5 —% (Figure 2-20)133E
B 2 OFATETHLNMIEMNNKREL, F2l07 =2 XREMALFMEEEZ Lo &

Mo, ZHUIWTEOTE D HRHBEE 2 EI TREL TWSH Z AR LTWS, Lo &in
b, KR TIE, 7 LA 7y OV T FTIVEREELWEIE T TR, I 1 2HED
Wilg o v Ic X2 EB L bR TH D LR LT-.
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N . [‘:"‘1

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 and 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,

Kurikoma?2.
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Figure 2-3 |35 HJ550 12 AT GEONET & GPS 247 UK, $AH) Z2A8Enfie &b
2R LTS (EBEAD). GPS 7 — & 1 ZE L PR AR L T D F3 figa AV 2. SESAR
F— R A FEIRAREMESRRBEN 7 L — 7 L0 L TP nis, KEEAL
(Figure 2-3a) XA L2 EMEZ R L CRBY, &L L QIR y Tho7-Z &
WHIFEE LS. ZEEILFE I & 2 5 2 CIIR AT MK 150 em, $ATE EA X (249 200cm
DR T IRIPTIDN DR E I8 s B b 7z,
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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

B BN F TRy N T2 b MBRENITEMEREMOMTH L Z LA BN T
72, InSAR, ©7 A7t v &, GPST —# Z[RFFICHI T 2 IR 2 Fr o e £
TV EHEE LTz, Okada (1992)13 - IERRIGE IR DAIEIZ I\ T, AR O E fE -
DEVEWVE)N D RN 2RO DR 3K Lz, LrL, IFEFmRIBIROWEET
(2%t LT, Okada (1992) Dfigtrfik a2 % &, FHE LR L O®ELR )0, BRI FET D
(Maerten et al., 2005; Furuya and Yasuda, 2011). FEEEIROWE T T L0 5 IEME 72 H
REN AT H72D12, Meade (2007) TAB STV = AT EE % = fifdrfif % F
AV

Wi 7 v ESROACEAIEICBE L T, B2 vt Ty R0 HERIL, THIE
REDMANHEES10 kme L7z, BMOESIE 0.5 kmé L7z, =ABEE TR S LD
JEE7 L DOIIRIZGmsh (Geuzaine and Remacle, 2009)% FWTHER L7=. /EV 7L LT
L, ETIELDICWEOIIREZRD D L HICW DD EE 5 %, TNEO S % i T
fili S, ALBIZHEHERBICR B0 L 918, BiEO MimldTE 27210 EM LT 5. Bos and
Spakman (2003) 2k 5 &, Y Aﬁ‘ﬁ@/\ﬁ%@ﬁé IFRVNT EEL 72 50T, Wilgm Eo = f
FBEFZDORKE % Eigldl km, Fiiddkm &i%E L7z, GmshiE, BEIWIZETO =AE
FOFEEZFH LT LD 729, Meade (200D A2 V7 M AWTEA DEFZD 7 ) —
VBBAEET A LM TED. F LT, MR/ TIRIEIZ, B OMMEA N—T g s
TR 5 (e.g., Jonsson et al., 2002; Simons et al., 2002; Wright et al., 2003). %7z, SAR
TR, T2 ENFE IS T 729D, Quad-tree decomposition & 7> T?i(e g.,
Jénsson et al., 2002; Lohman and Simons, 2005). & Y 4y 4i # & © B 12 1%,
scale-dependent umbrella operator (Maerten et al., 2005) % VT Y 54 & 15 5 ﬁ)ﬁlﬁ‘
LIFEFEF &, ERTNEWWIEOW Y 720 258 XL 5 RIFA O E M2 Fuv .

F9, GPST— 2 ZFH T& 2 L 9 RIEFi DM fEET VA4 HE L. Figure 2-313
Figure 2-4\2& 5180 A HRDIZGPSOFHEAM (AR THV, ZOET /MEITH
RRINIRZN IR B/ NS D KO ICHEE LT, Z OOl HFE T T /WITE TR0 €
7L (Ohta et al., 2008) % JEFEHZIRIC LT b D & Bded 2 LN TE 5. Figure 2-4 (ZHF
JEE ED¥E Y A s LTz, fiET IV i3m KR ~b m, AT ArIE ~ 05 m&Ry, =
DFERIIGCMTHEE —E T 5. ZOEFT VIR EDKIEEZHRET HZ &7e,GPST —4¥ %
FLSHHATE 208, WITART L O ICSARHGRE 7 — % % EFEHHT 52 LR TE 0.
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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.

KIZ, Figure 2-4OWiE A A U L0 A& HWT, SART —# 23 T& 5008 )
DMRAE L 7=, Figure 2-5, 2-633H A & 7522 Td 5. InSARDFER T, Figure 2-4 TH. 61
HERDOBY EDEZ AT, 50 cmbl EOLOSOEENF% % (Figure 2-5b, d). X 512, &
ATy hTIEHALMRREGEN R ONS (Figure 2-6b, d). ZiLH O#ERIE, SARD

MR A BT — Z1%, 1L CIR B E oA 7eGPST — ¥ i T& aWiEE 7 L Tidt+
FCHBHATE 2NV FEEZRL TV,

Ve ATy T —FITINZ, RESHT —F b ETHEK DWE OFEZ R~
W5, Figure 2-7 [3RENH () & XD AA O F I OWEK G, A9, ET) Tb
5. A EORITHA L IEE DG 2 R T2 RESMATHY, HEDWIENH D X DI
TRZ 72V, LL, A EA TORIL, REGWEOFELZ AT X O Z2BEm s Ao,
ZDOKEALE I IFigure 2-2e, fICBIT AL VA T2y NOBNAT v 7 OE E—EH LT
W5,

Figure 2-8, 2-9, 2-101ZGPS & InSAR, V' 7 B4 7 v T —HInbHEE LT-2fc DIk
Vg e L (Figure 2-11) IC X2 FNENOT — X OFFEEEKRZETH L. THEN

DOENZIFWBET VOMESFEL TH L. 2BOWEET L O Filidl10 kmlZREL, £
ZTNOWREHIX, S5 kmD & ZATRELTWS (Figure 2-11e, f). — R Ziuidin
LWESIZHEZ L2, HE LIEREOWIEOE D &RV E ZATIEIMmO TS Wz
AMFETIIRLE Lz, ZOWEET LV HRITHRMICHEE LTz, 4 v 3—Y 3 VIcHN
727 — 23250 InSAR, LU A7y b, 12507 Vv AE 7 vy b E12BEFTOGPST
— A THDH. BT —ZDERMFTE LT, InSARIZ5 cm, LY A4 7® v ME20 cm, 7
U~ AF 78y ME25 em, GPSDO KRS IEL em, $hEK T IES em & LTz,
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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 descending 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 and Mt. Kurikoma, respectively.
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Figure 2-81XGPST — ¥ OBHIHE & Figure 2-11/0 53RO 7-3HHEEZ K L TH Y, Figure
2-3 & [FRRICHBINE & HAEEIZT LS Ao TnAD. LA L2RAY S, Figure 3& Figure 8Tl
ESNT-WEE Lo DN KE S B> Tnd. Figure 2-3 TlI% bl E 7 /L B
5 mOMET NIV IZ X > TSN TS, Figure 2-8 TIXHE HIWEE T /L ED#KI3
mOHETHIE VI E > TRHIASN TS, 2D DORERIE, 2<BR2ETLVOMRTH S
23, Figure 2-110E7 VD E N, GPST—X 7217 T/ <, SART —# L L VB TZ 5729,
CHLDHBEVBENTHS.
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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&2-101%, TN ZENInSARE B 7 A4 7y FOFEMELEEZETHD.
Figure 2-5, 2-6 & b5 &, BHODTEREN NS 2o T D, HELIWIEZ A2 7-% 7T,
FEMEIZ XL 0 BINEICOREL o e BRI L YA 7y 7 —#, Figure 2-10).
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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 fault
model in Figure 2-11 is also indicated by a black line with the thick lines representing

the top edge.
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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 for the descending track 57 from the fault model in Figure 2-11 and

() misfit residuals from the observed one in Figure 2-2h.
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Figure 2- 111328 OWifE 2> 672 5E 7 /VOIF Y 5347 Th 5. Figure 2-11a, bl T Ak sy,
¢, dITERET NI Th D, WEBEIEORET R3S DRREIRR D 2 H > ToHofm LT
%75 (Figure 2-11b), HV& HWIE OMET FURS 1ZWTE ORI L 0 JRFTAIIC /i L TH Y,
AT EL L HITEA > TRV (Figure 2-11a,c). ZiL5H DIF Y A IXRENAAIC
RO RELOWEE O/ LA TH L. RELHEBIZEIS2E—RA L h~T=F =
— R136.76, P97 HIIE T1%6.53, &L LTI36.87TH Y (MIPER: 30 GPat L TiH),
GCMT L —&7T 5. Tz, ZOHEBIZ2OOWENFIHCHEE L= L BESND.

Figure 2-121%, Figure 2-11D ) A DiAEEZ1-0 TR L TV D, iU, HuREH) DOFH
BAEIZ2RTTD T o B ) A R DRT, ZTOHER Y oAz KD D 2 & 22000 ik L,
Z OEARE R 2 L L= (Wright et al., 2003; Furuya et al., 2010; Furuya and Yasuda,
2011). Z ZCIE, ¥ 9040 23R BRI D FIROHIKIENT TW7ZR0. Z O FRZE,
EWEZADWEY EIZTESRESTVDD, BT E10-30 ecmFREDRRZENEL D Z L&
RLTWA.

2ODEBRAWED L LV F Ty N T Vv AF Ty hF—ER3HUL, 3IITEN
ZRDHZLNTED (eg., Fialko et al., 2001; Funning et al., 2005). Figure 2-13alZ,
Ando and Okuyama (2010)iZ X B3R TEEBOEMN T — X TH Y, AL THWIZSART
—Z LR LDONSHE LD THS. Figure 2-13b,clIAMFIE THEE L7-rE €7 1
(Figure 2-1D)0HRDIZFHAMEFEETH S, FHREMITIBE L ZHBAT — % Z2HH L T
DN, FEHEIEO BT R E k22N R o (Figure 2-13c). [AIEkOFREN, L
VAT hOEREIZHLHEN TS (Figure 2-10d). Figure 2-131281) 5 K& 725k E0 A
ST PEIEL & L L CA D &, B AB EITHAEMOLH R LV AKEETFE LI
XD IS/ S V., RIS HWEIC X2 HERZ 8~ % 51X, AFROETIVEE L0/
SV, ZHAUFEE LW B DEE L0 LIXDDICEERIERE L 0D I AR L
TWDR, KFFROFER AR EELMEET VORB THLHT O, AR TIIZZT
RATHEREZ A by 7 L2, & 512, Figure 2-13alT 5850 LN L 55 B & 7R AT
v T OIMINZ b REE R BB N DD Z LR LTS, 2D T REE R D
BRE TR TEZ 91272 <, HEBIZ Ko THF S HIE v 72 & O IR Z B O w]EE
YRS 5.
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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 Figure 2-12.

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

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

2.5.1 Geological Origin of the 2008 Iwate—Miyagi Inland Earthquake

AWFIE CTHEE L 7ZWi € 7 MOV CTRAITHFFE D Takada et al. (2009) & O K & 7210,
SAREREEAWEIEFRIRIC L Slox, bW AR L-2 L Th
L. ZDOZLIZEoT, B EAAE Ty T —FDOEEEZRESBWOHT I ENTE
I, FEE2OEBAFT 5 2 LN TE I, T, M ORIEETEILZ O X 5 2B
IR TeDTEA D Dy, 22T, AR CIIEEHBGERRBITL WL T = —RBE T —4
L ZOWBET VOMEDEK AT > 72, Figure 2-141%, HZROEE %22.3 glem3 & LT
O =7 —REOHMIWEET VO O EEZ 70y FLIEbDTHD. AFEH
WEEHIER I fE 5 Mg A8 23 42 Ulc il d, R4 K7 — 7 —RBEgssicMEnzm 7 —7
— R E B E NS —ET 5. RS, Bl T — 5 — R O2ABLOME D, HEE LTz
REOWEET VL —8T 5. EBRIC, HEFAICERILOMERICE T -7 —RER b
LENOIHENRDH Y, FIUTEELORE Y 2T L O RAWIET, FrAERICHELZ IV
77 DT —#+ 5 (e.g., Yoshida, 2001; Nunohara et al., 2010). Z i1 5 O HE 272
WMEEZBEZD L, IAVT T OBRENRELKIEICRELY 5 2, 2O XD BRI IRO
WiEZTZM LebD B2 BN 5. 19964RIC5EE 117515 kmPd 7 TRA L7 B EHIE T
b, EHEZHBEHNAL, TNITBEOI LT T OMEICERT S LTV
(Takada and Furuya, 2010). &KL LT, i@EDOHIVT T DEBEE/SAIZ XL 5 gD R
BRI, R e A B A 5| Xk 2. ARBFSECHEE L7 Wi 7 VX, Takada et
al. (2009) OETNVABEHEIC L DL BT I ENTE LN, 2N TH EIERIMT —%
MH ORI > TV D,
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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

R LR LT, ZAREREHWEREET VOHEIIZA Y vy FEeT AU v b
Wb, “AREEZAWD &, BEEDORENZBNT — % (RESAOE 787 '
v T =2 L, HOREWEET VOMENRRTEZD2L0)R3H 550K, EEOHE
HEZRWTE 2R 2N TE L. L, BIBETNVERRY, T A= OHMBENRIFFIC
%L B DOT, A2 Wi OIRERET S Z LN L 725, RIFFRECTHEE L= WiE T
TE, BATERRRAIC RO T2 D TH 205, FERANTIZ = AT E R 2 AW - I E £
THOMNERCIEREZDELIRDDLZENTEXLT T —F2EXHLERDHD.

2.5.3 Seismological Studies on the Fault Source Model

Suzuki et al. (2010)1%, EIRED OMEF O ET — & & AT, 1 O VE%E L WiE
BT NVEHE L. Lo, MEFTOMBRFFEN 2T T ZDBROBEMGTT—F D
R R BT A7, LENENSERBE & FRFICEES NI LERD S
(Fukuyama, 2009). Ziud, AWFFEICE T HEELEE & JEDWTEO~ /' =F 2 — KD
FBREDE—RA L h~T =Fa— ReBBLE—HTHZ L EFRNTHS.

2.6 Conclusion

AHFFE T, ALOS/PALSARD T — & i b5, 20084F-254 T 5 Sl N 2 i 5= 0 Hi S 15 s 22 ) 4
Bt L7z, InSART — # 1%, GCMTHED R L 9 1c &k & U CREEMEIRL O LB &R L7223,
BN Fd Ty b, RFTICK & el H# b 2 OB AANRD THEMETH H =
LaRFEL TV, AFFETIEET, GEONETOGPSHUE R HIFRZ ST — &% 2 VT,
AT EE 7V OHEE 21T o 7. GPSH LHEE S 2 D % B g £ 7 L7z LNCGPS
T— 2% LSHBTE 50, SART — X ICH#ffl L7e%h, IO RERkEN %KD, 22
THTICHEDWBEZRET D52 LI Lz, ZHIRESAND LI cE L THY,
FEOMNEN T =7 —EEORARLDOMMEL =L TWD. 200MEARET 52 &
WL 5T, GPSESART — 4 2 L <M CEX Al ET VEHEET 5 2 L ITkE LT,
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3. Glacier Surge Dynamics in Alaska/Yukon revealed by SAR

KT &L, FBICENEEIZL > TOKIZRY, BEICEX S THFHFIZHATWAEE EDXKD
BEVDOZETHD. FEE, F1DTHARIZH K OFEDRHER S22 (Fukui and Tida,
2012) HHRFIZIIEmRLC 7 Y — T RKRZIZ LD, TITAIRLT RNy el nwizb &

WCEBAGEETH. AETIE, AAOL—4 =TT 7 AN/[2—a U HkicE
%.’)HJJE7J<{T{;IL%D HEDORFZEMZ L &, KT — ) OFEAE A ﬁ:X‘A&C%Tééﬁﬁﬁ%ﬁi

3.1 Introduction

AR, HIERIERE(LIC K > THRRIIC20004FLARE, FEMRC 7Y — 2 T 2 ROKIRD E%ﬁ@ﬁi‘”
HXTWb (e.g. Rignot et al., 2008; van den Broeke et al., 2012). JK{A[ 7KK D Elfi Iz

LEERKT, HRAOHEKEICRE BT D, £, RSO LHEIKT Lkb\f%ﬁﬁ
OAEAN R 5TV 5. GRACE (Gravity Recovery and Climate Experiment)|Z X 2 & 7)
BN OFEF, 2003~20064FE (27T CTDT T A B KA OB B 2R13102 Gt/yr (Luthcke et
al., 2008), 2003~20094ED b ~ T ¥ ~F X h~7 T 2L LOKIA TIE4T Gtlyr TH D
(Matsuo and Heki, 2010), 7 7 A A K O/ IEE L.

KT DOFRENZ, K OE BN CTERE, JEAHIE ORI K& < B L, B> Tt
FRAHODIKIT D FEENEFE AT~ DAL T E 72, FER, K OWBNHEIIOKIZ AT —27 (Bo X
V72 HD) ERWEEERIESS ZANEZ AW CHE L2, OB 8IH <X, @&l
TWDEMEICGPSEEE R AR E L, KT ECGPSHINLAZ T2 & W5 FIENFER E 72> TV
% (e.g., Sugiyama et al,, 2011). GPSIZ L 281X, @FE CHomE R e TT — &
ZRONDbDOD, JRRRKI BICZEOZEHATRE, 1 OT DT — % OEHRYZREIX
RAVT TR E, ZRRFNEEMEZES D, Z20—J7, BUGEHIT 2 Z &7  RBh#
FEE/ohnsiiie LT, RFERCEGREA L —2—7e &, N LR TG S 7R
DERD2OOEBOMEAZ L 52 LT, KINOWRENIHELZRDD EWVoSTeFELHD.
NTHEENORET 2 2 & CUEICEBROKINEZRA D Z LR TE S720, HIRAEKOFE)
HWEO~ Yy BV I NARETH SH. T TS/ ) — 2 T v RiGEOTREEE ~ » 7 H
HEXINTEY (Rignot et al., 2011; Rignot and Mouginot 2012), A THEIC X 28U R
ODTHAATHRAMEREWZ LD, £, FoETIEAKA N L —% —Z Hu\ o bEk
BT 2 MENEE ©EEMI _pHA%;}/LOO&)Z)(Yasuda and Furuya, 2013; Muto and
Furuya, submitted).

AIFFROXNRHIL T DT 7 A B FEHRE, BT Z/2—=a N & OEBEHTIC S 8o
WHFEART AT D, Z ORI Ll & & Rk g 23872 1 | if:’—:\@f)%iﬁ%ﬁﬁ
WZ Lnh, BUGBIA R S TW LK 2. £z, ATHET — 212 X 258
< T ZIVE TEEDRRIRY T, FHIEa S CO®REITRD. S 6T, AIf‘IE
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2 X DR, BRI RENEHEOEBIC OV Tikam LTV D 2 R\, RIFZET
1%, ALOS/PALSAR & TerraSAR-X723Htf% L 722006~20114EDSART — % % vy, JKiafDF
iR Z2RENE A B L7e. F5IC, IRETTIR D DK — ) OFAERX T = X LD %
HIE L, K — I pE S R e B B O RE 22 A kIs & B L7z,

o
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Figure 3-1: Ice velocity map of Antarctica 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)

30



3.2 Glacier surface velocity observed with satellite

T ITE, ATHEEIC L - TR S 2 B E ORERRER IC W TR T 5. 2D
OB S LD TRENEREE LI, K ORI TOME REEE THDH. RmdEulE, BBE

MW TE EI D (Cuffey and Paterson, 2010).

24
Us = up + — T H (3.1

FERD XS, K OEKEREIZ2DODHEOF TR I NS, FHIHIL, KIWERIZK T DK

Y OFEEF L TN D. FAHEIKITNOERIZ L 55 (Internal flow) TH 5. Al
TE, T (FEE TOWIS ), nidokK oY% RTRECT, KINE—KAICHE=2— h ik
KELTESEDEOIDT, n=83LTD5ZENL. HIDKIETH D, KHEIEY &1, KD el
LK HEHERY O &5 Basel sliding &, KHEHERY OLE (Till deformation)
2ODMPERILTCND. DF D, K OEREHREL, DKOEWHELETE (Ice deformation),
)Y (Basal sliding), 3)EEH#EFEY DA (Till deformation) D3 >DFITH XD
(Figure 3-3). 2D 5L, KEDH DN —HFRMOREM A 7r—/VTCERERT L L1, ¥
BINICE 2TV, LIER» T, FEHABOER E LTL, KR EFT 28N LEICNT T

KA RE S IEEICEL, W) §2Z2 & TMHET S L0 ) ZEN—RIICmbNT
WD,

Surface velocity

it

Internal flow

:
l

Basal sliding

| Till deformation
;z:‘)*: g«?ﬁg‘&ﬁﬁfﬁ s .‘#.. ‘&“&1;,{:‘ ;.}ﬂ .
AT B SRR SRR, 3".-'2’}}._-':.-;3"~-;3:-:‘31’

-l! .nf

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

HKITH—2 (Glacier surge) & 13, JENEE D EHIAICIE T OBE~EE I AT 58
BCTT TAN 2= L RAR— )LV B PR ORE O THE SN TE z(e.g.,
Harrison and Post, 2003; Cuffey and Paterson, 2010). Z @G OR L LT, JiEhHE
DB AT T T2 <, KIEDZEAL (Ice thickness change), Kuit D (Terminus
advance) 72 ERH VY, T HIREOEYMEEZFFOZ LR o TS (Figure 3-4). &
BT, T I AR 2— a3 CHIBIZ B W T, KT — DTN LIZNT THRED Z L%
WZ ETHHNTWS (e.g., Raymond, 1987, Eisen et al., 2001, 2005). K iA] 7> % i jiit @
O EZ[Figure 3-3)D 55, KEFDHL DN 1FERED X A LA — LV THERKELE
B3 2 Z LI3WENICE 2 bRy, LN - T, SR EREE 2 L5342 k¥ —
VOAH=ALE LT, EHEY LIEERHEEYOLEREEL TS EEbTnd (eg.,
Harrison and Post, 2003; Cuffey and Paterson, 2010). ZiHIC K& <BEGETHERE L
T, KEKCREDOZALN S D, KN KEIEETIES & X%, Ki/KE (Basal water
pressure) & <, K & EHEHEFEY & DB/ S <, BE ER DT VREIZR STV D
LEZHNDS (e.g., Kamb et al., 1985, Raymond, 1987). Kl Ji [ oD /K SCEREECHERE M) D
B2 2 &1L, KIOFET DRESCEORE INOEZX THIEFIZEH LY. 20
T2 O =T D A T = X DIRIRRTH 5.

L L7e b, K COBRROZEITOK OREHE OB 22k e LTEHND. £
ZCARMFIETIE, T T A [2— a3 UHIRIZ BT, K — Y ORI 1T B B o
RF2E 2B b 282 2 2 2 & C, ZOBIEIZ 0L, K — 2 OF A ORI ST
HZEEHME L.

Reservoir /—\
T —

~ o Ice thickness
N change

\~-1--

N Receiver

'_—_

Basal slip
Terminus advance

Long quiescent phase Cyclic Short active phase

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

AHFFETIX, TAVAERET 7 ABMEDFH « 2—a YN L OEBEHTT Y 7 %%t
HLLTWS., ZOMIEITZNE TIC2040 KA TR —V2 I LIZEESNTEY
(Post, 1969), K TIEIEFITIER SN TWAHHIKTH 5. £7-F HBINH L GRACEIC
X077 ABERBTITREMIZENOBL R RLONTEY, Ziidiike/f s LK
DOKEMNHEL 7o TNDHZ &R LTWD (e.g., Luthcke et al., 2008).

AHFFEClE, ALOS/PALSAR LS Lt2006~2011£ﬁ0)7 4 & Terra SAR-X2VEUS L
7220104207 — & #fH L7z (Figure 3-5). 7 —# O lidLTable 3-1IZENNL TN D,
BrFiEIZ1.2.3 Tkt 78y MEEZHWE., 787y FERD 5 EOWindow
Sizelx 3= & L T64x192 pixel (i.e. ~500%500 m) (ZF%E L TV 5 A3, #%I2#719 5 Hubbard
Glacier!ZBI LTI, FEFICRKREZKFITHY, L7 Fantinngd X oI iTesrR ok
R, Window Size($128x384 pixel (~1 kmx1 km)IZF%E L7-.

61.0°

59.0° § i u
-142.0° -141.0° -140.0° -139.0° -138.0° -137.0°

m m
0 1000 2000 3000
Elevation

Figure 3-5: Location of the studied 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 line indicates the border between the
Alaska (United States) and Yukon (Canada).
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Table 3-1: Data list of ALOS/PALSAR 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

35



3.5 Conversion from range and azimuth offset to 3D velocity field

v At 7y MEFTIZ L - T, Range offset & Azimuth offset &\ 9 22D %y 1345
b, LaL, 202008z, i, ENEM OB mA~OFE R0
T (Furuya, 2006), I#lO 7 v/ 47 & v b OFER CTIIMBR 3R T BN A T E 720,
L723o T, BT D7D SO RGFUENMETH 5. 3IRTTENAT LT 5 1k
ELT, UFD200FENRSD. 121%, Bie28EOE 7 A7y FOFREHAWD
5 TH D (e.g., Fialko et al., 2001; Funning et al., 2005). Z DO FEIIE 7 A4 7& v
NORERTET TIRICENLZ RO D Z LN TEDH10, thoT —2 A In—7, [F
CHF OB 2B DT — % & v b0 E IEMARAE Z#Em CE VR AZ b2, Il
2l%, DEMM2 G b a7 %E R, KFNZDREITHND ERETDHENI DO TH
% (Joughin et al., 1996; Yasuda and Furuya, 2013). Z DO HiET LS B LW IEENEE 25K
HHNDEN, HEHTEDEMOTT —%5|0ioTLE D EWVWIRENRH L. RIFFLORS:
g & 71 3 —F 5 DEMIZAster GDEM L2\ D723, Asterid30 mA v =2 CZEIZE T
EWEM S REEA T OT — 2 Th b, L, 1X1° TEIEEsNTNWAEE A LT E DD
REENPAREFGLTHY, ETKFREDZ LAREDT TRAETHENERT —F & LT
RSN TWD. ZAUTIE, HEHA 7R 22 M /54 & R DBl 2 Rk 2 7o I3 5 1
IR T DH. £ 2T, AR TITLL T O L S KM OB G I 2 EST 2 Z & T,
RAE AW D L, ST BHE ARk 5 Z LIz L.

v st T7v y MENT B DD Range offset (ra) & Azimuth offset (az)iX33.2C
KIND., Z2TOE~A 7 ailio A, oiFfaENETAE JumE 2 bREFEHRID)TH
B Ug, Un, U (X CGERANIE), Bt (L3 1E), BT GhiE EmE N IE)OEMERL TND.
CTOFFETEHRABNE LB FENTERVOT, HE#HEDOKE X U), REIOKTES
Flgp (AL & 22 HIFEHEIY ), ABLO D3 I EEAE B A i L (X 8.8), 2 oUi8h ikl &K
ETHZETEREZWO L, SIRTEEMERDDZ L& LT,

ra=u,cos®Psin® —u, sSinPsin® — u_cosO

az = u, sin® + u, cosd (3.2)

Up North .
4 u, =U cos@sin ¢
u, =Ucosfcos¢  (33)

u. =Usmé@
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OBV G AR D XD ITHEE Lz, RIZ E R )35 &, 321280
Ly DIT R AT Ty R BIAKEF RO U, uy D3RO HALD T2, b
M HEE C& 5. AWFEO KRG HIE O (LHEKITIER D TR TH Y (]91~2° ), k
TR R T o/ EnE Bz b5, £, 22 TRODDLDITHTH-
TEM TV, BEORB FR L1320 R 508, #lE LTI +HoThY, 20 0ENT
FERICRESEL RN E B R T2, ROTMEN T M2 N T, WBIO KMy & B TRy
EHELE. 28t 78y MECE > TROLNDENIX, T— X MO A0 RFEE
MTHY, ZhEBETEHL ZETIEOHZ Y OBNEE & LT,
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3.6 Results

Figure 3-6 (2, ALOS/PALSARD 32> DH#IEN L5 6 N - fitlhif i~ v 7 % F B2 K O
ARt IR LT, IERICZ L OKFIRH Y, El-ZOREBEELZHETHL ZEn—R
L2 Thhd. REITHE, s RE b LI, 7—2HIHN (2006-2011F)I2H—T %
& Z L72Surging, Fk2> HAITH T TIE I & 4172 Winter speed-up, Z&ZEDAH L &
N, EEO®HE EANR SN 7-Summer speed-up, = DM othersiZHMEL7-. 2 Z T3
9 Surging & (%, Surge-type &\ 9 BTl <, 2006-2011D[IZSurgex it = Lz &)
BEHTHD.

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/PALSART — % MMFAET %2006~20114F- D 64ERIZ, Z OBFFEHIKIZIBWVT4oD
ki (Hubbard, Lowell, Tweedsmuir, Chitina) (Z 3\ T —U N A L. Wiho
A — T HIEENIIE » H TH Y, F7-Lowell, Tweedsmuir Glacier CiXHIfE 72 KimD
ATEDS B & A7z,

AWFGE TN xR & LTk 23 Hubbard Glacier Th 5. Z OK[IE2EN120km b
5 ZDOEEN TR KRE K TH D, F DO RuIIDisenchantmentiZ (213 KiAA, @2

ZIEARIEORIEIZ L > TRossel Fiord#ZEW/2Z & &5 (Motyka and Truffer, 2007). Z @
7J<¥ﬂ@3|@ﬁﬁ’72§%b BT DRI D05 H 5 H DD (e.g., Ritiche et al., 2008),

e BIREOWRENRE RS2 VNI 52T 728> TW7RW. 72, 20091 H~3 17T T
KA — O35 LTz & 9 s (NPOKI Z5OK Bl BR A 785 O BB IR O H) & AF
L, Z DOHitk DIENEE ORFZEFZ AT EL O & LIZORKRIFFRORI Th -7z,

Figure 3-7(ZHubbard Glacier? it Bhik B D RFZE 25 2 BERFINEIZ A 7=, F 9K
— UM LI LW iGN B o - i E, Figure 3-84 O T O#RF10 X 10 km2 2
DEMTHD. fMRL LT, MENH I, LEICRIVATIADI{TH Y,
B CBIT 2132 A — 3o/ h & <, ETEEZ LS EWDRWEIT R o TR E D
INFBE R — U Th ol Z E BNtz 72721, Z ORI O KI A (K 0 FiE8h s 4 fth
FIRFOT — & LT 5 &, Bt% REWZ ER3bhotz. 2D &b, 20094 DK
P —=VITHRE D B o Tl 721 T <, K RIRICE > TR Z o 7o wgEtEnd 5. Ll
RIRG, ZOREEAIT—MRANTEE~ ST LA T 2K — 2 L kT 5 &, ZOBUR
3D T/,

Vk I, TNENOET, 8~10A EOHEEL1-2A (K)OEEL LKLz, HOT—4

BRANHBEMELS, EOEVIRENEET — 2 R CE ol ZRThH, 7—4
753% ONTE oy H 3 5 &, PR LT, POELLAOWEREE N E OPREIEE &
EESTWD Z &ALz, FRIZ, 2009 D8 H 72 H2010FE D2 A 1T AT T, i (2N
LTV EEFDDOND. BALTEHINLIZ AR ENDVEDLDNERES TV, 20
I8 LMK E Tk X % Winter speed-up DIFAE & R T IRAI O KT E 7277,
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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 GlacieriZfgE#J4 km, £2EMNT0kmIZEH D, HLRT—V X A TOKITHS.
Z OKIEXYGS (Yukon Geological Survey) & USGS (United States Geological Survey)
LFEBLA 72 S TOT, 1940FERN HH A D LD —T 2 Z L T2 (YGS). —
BT DY — PIF2009F % - AR E V|, 20104E % E The V2 L W O siENH - 72
(YGS Web site: http://www.geology.gov.yk.ca/821.html). %= Z T, Z DOK{H—I2fEH
BN OREZE M2l SARRE IR IZI 1T 2 KR E DL L, & L TRmOE R Z i~
7z

Figure 3-8, Lowell Glacier DK {i[H— ¥ Oy £ O EM A 2R LT DO TH 5.
T — A BFAET 52007470 5 20094E £ T, ~1 m/dayfefE Tdh 7=, L L, 20106ED1H &
BHDOSTIZE SRR TIE, b maz @A D MENEE S RH S, 202 Lnb, K —
IX2009F IR E o 7o L HEE S, THUXYGSOHE &b —ET 5. D%, 20104:-7~9H
BB L TN, ZDHEOT —Z BN, WO T L0 L
V. 2O — Y DR E LT, KO (h~ TR 72T TR BN EE O S e HEn s
ROoNTZZENbITonsd. 2k, FEMAICEL UL, T—F8»brn s e, —v
HOT—ZNEENTNDED, [ToX D LaZ ElTbbeu,

A — DI - T, KIATREIZBIT D~ A 7 ORISR T 5 Z Enmbi
TW5 (Yasuda and Furuya, 2013). Figure 3-912, (@) /K{i]¥-— I fE 5 AKIAT R UL & O HE
B L, (bo) —EIRAIC L D RBRE DA AR Uiz, K —UhhE - 7= & b 52009
R & RIS HIE LARD, 20104E9 FITITRIAE & Hl 3 5 & 36 K24 kAR OHED
MR TE . £ 2OV — VIt o THBRZR S BREE DAL KM ORKIZIZ > & 0 & /L5
nie, ZOEBRIZENAL RDIFEFBRENRES R>TWNH I EARLTND. =
BB DOFERN G, KT — V0 E D & SAFRENHIRK L (Figure 3-9b), #0125 <
LW T B Z b 72(Figure 3-9¢). Z DR & LT, FRIEHEE DRI E- T,
KRN 7 LRI ED T TR ANRE LB I, ENDHIC~A 7 mlEn L < KHT 5
Z & CRHEEN T 5. —J7, REEENRED LTL % &, —VRMGRFICER Sz
7 LRI EOERVE N U TL 272012, BllAke & 2 & RTREITRAD 325 L& %
D,
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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 image 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 image obtained on
March 3, 2010 and a new image obtained on September 10, 2010. Cyan-colored area

indicates a reduction in the scattering intensity.
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Tweedsmuir GlacieriZLowell Glacier®F50 km(ZNLE T B Y — % A T OKFTHD.
Z DK E£72USGS 12L& o THMN S TE Y, WEITIT19T0FER DK — 2 03 iR
STV, —BRITOKATY— 1320074 ZEHIZFEA L, 2008 ISR E LI Z &3P
Mo 7= (USGS: http://ak.water.usgs.gov/Projects/Tweedsmuir/index.php). Z DIK{A[IZD
Wb [FRRIZ DB B DRFZE 281l BURREE D2 AL, Rin(iE DL &) 2 5~ 7.

Figure 3-10/3¥Tweedsmuir D it sl & DR ZEM AL 2R~ L7 b D TH 5. 200748 £ 10
A ORT TiX, £ 6 m/dayDiREREEE A R Sz, £ D%, 200841 H L2H D7 ThH
IR0 F—=Z KENRZNE OO, RISEOHERBEL SNz, ZDOROT—2 1320094 TH
L3, 1H & 3 HDOXT T, MEEHEIIRR CImBE ThH o7z, 2D &0 b, KH—
TR E ST DIF200TF8 A HIE TH D, 2008FEFITK T LcbDEEx bb. Tl
USGSO#HE & b —F7 5. £iz, 2010FIITEFORHE EAMN AL

Figure 3-1112Tweesmuir/Kii (2351 2 Y— I EE 9 KRR E OHERS &, —IRAIC
K ORSREOEALE R LT, K — U hE -7 & éhéZOO%ﬁE# O AR S FITE L
a8, 2009 F-HICIXIEE o 72 Z E 3o Tz, KO RIGIXFEREEE N HIXIE->Z D L2
WS, KO KEBINZ LY, KD E miREIL KT 287 R T 7o, 72 Z oK
—VIZBI L TH, Lowell Glacier & [RIERIZ SCH R E OB 72 2L A 5 7= (Figure 3-11b,
o).
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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 an old image obtained
on August 29, 2007 and a new image obtained on January 14, 2008. Red-colored area
indicates an increase in the scattering intensity. (c) The composite image of an old
1image obtained on February 29, 2008 and a new image obtained on January 16, 2009.

Cyan-colored area indicates a reduction in the scattering intensity.
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% (ZChitina GlacierDfE R A 779, Z ORI LTI, 197081t D Landsatiz & % )¢
FHAG S, WEIOKA Y — VN34 L2 Z LV BH L7= (Clarke and Holdsworth, 2002).
L L7 b, TAUBEOFMRT — 21370 <, EBGEH L EZ N MHRVITHONT
A 3N

ALOS/PALSARD 7 — % Z fEMT L7245 5, 20094FFK 2> & 33t & A & DA it s D i i)
BB S TN L Tz (Figure 3-12). & L CZ ORI, SCEHRE N 5 )M HE
RKLTWDZ Enbnolz (Figure 3-13). LLEDZ End, Z ZTHRKH—URRAEL
7o LWE L. 2oV — 3Bl B O R 2228 b & SO TREE DIRFEIZE (L2 &, 20104 6
~TAHZAICKRE LT EZ A bND. FRERN D, KT —I 23384 L7z SR ONE 349 1km
FREEC, FTHEORRLHITICH 5 Z L0 6, FE DBIIT 2 ITIXZER A 7 — L H3)
S, EFHEENRRBCE RN oTT =200 5. LLARNRD, KEMEDENE, X
Wit & ARPROBVEHLR T ORELL S K — U OB & TR EFdoim » CRlE
WRUN, 2D D 2K — IS O BURREE DB 72 2 KIFOKI Y — 2 D BR AR IS RE
OFFEICKE < HIikT 5 (Yasuda and Furuya, 2013).

ZIT, K= U LTSGR TR R S RIRICIER 775 &, K — U358 A+ 25/
L72WICED 6, MEIEHEDS DT HOEBHNDLAITHT TER LTS Z L3I L
7=. Figure 3-14(Z(a) iR ENEE D22 M /346 L 3R E LTe 7 v — T A L OALE, (b) L E & %
DIEWRZE, (7 n—TF 4 VlihoTeiEmT — &, (A7 1 —F 4 Zipo Bl E 7 1 7
7AN, @FDBMEER LT, 70 —F4 v EPDEEZR T BRI, 742 O
DJEFTX 7 pixel G.e. ~350X350 m) D)% Z DR OMEE L L, & OIEHERZEZRE L
L 7z. Figure 3-15121%, Figure 3-14d @ BHE CTH E 728k 31T 5 T 1 EE & 2 DfREvE
W7E% 7' 1 v b L7=. Figure 3-14d, 1575, Z O THBHBERATFTONEN R LS.

Z AUiZHubbard Glacier & [FI#k D55 FWV AR LTWAD. ZOHIBIZISWT, IR —U N
N DNZINT THRE D Z EDPERF HIVTW D, K —UZ R LT enk T
BB KTT THREEE D AR Z > T0D Z 1%, FEHEDOMBIRY P10 TOFRA
Thd. £ T, TOHIOEEZRIK ZFEICTHN TR D &, £ < OKATWinter
speed-upD .5l FWNETHZENHALE. ZD55FWNET 5K (Winter speed-up
Glaciers) Ot OFFHTHRERITIK O TR T 5.
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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.
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Figure 3-13: (a) RGB composite intensity image of an old image obtained on December 23, 2008 and a new image obtained on December
26, 2009. Red-colored area indicates an increase in the scattering intensity. (b) The composite image of an old image obtained on

December 26, 2009 and a new image obtained on December 29, 2010. Cyan-colored area indicates a reduction in the scattering intensity.
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Figure 3-14: Surface velocity evolution at Chitina Glacier. (a) Spatial surface velocity

and the flow line. Horizontal and vertical axes are UTM coordinates. (b) Mean-velocity

profile of the data and the standard deviation along the chosen flow line at (a). (c) The

elevation profile along the chosen flow line at (a). (d) Spatial-temporal evolution of the

surface velocities recorded from 2007 to 2011. The black square expresses the range of

the data used in Figure 3-15. (e) Error estimates of (d).
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Figure 3-15: The average surface velocity evolution and the errors of Chitina Glacier derived from the data in the black square at Figure

3-14d. Orange-colored and blue squares indicate the spring-summer and autumn-winter season, respectively.
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3.6.2 Winter speed-up glaciers

AIEC, =V %I L7420k D 95, 220K (Hubbard, Chitina) TRk 5%
DT THEN ERAT 255 F0RA LT, SART —F Zfi#HT Ui R, 5918 o okin]
(Hubbard, Chitina, Donjek, Anderson, Barnard, Logan, Walsh, Agassiz, Malaspina)lZ}
WT, I DAINT THED EANRA OGN, 61T, 2SS T 2 KT TRE
Y=V EEILIEZERHLIY =X A TOKFTH-T-. ZNN BT D Figure 3-16
~ 3-29F TOMEEE S DK (Figure 3-16, 18, 20, 22, 24, 26, 28) X\ 1L, (a) iRENHFE D
ZEMNARERE LI 7 v —F A4 » OfiE, (b) P OEE & OIEHERZE, (o) F&, (d 7
0—J4 R T-MERE a7 7 A1, () TORETHD. wiE 5D (Figure
3-17, 19, 21, 23, 25, 27, 29)1%, 7B —TF 1 > FOREIN-XKH (REHE 727 7 A L
DI D RFROFEI) O IR E & Z OIEERAETH 5.

Figure 3-16(ZDonjek Glacier®fii R4 /R L7z, (QDOFHENEE 7 107 7 A LIZBWT,
1215~25 kmDFEIRIZIB W T, EOFELKNOLLITNT THEN EF L TND 2 Enbns.
Flo, £~EMDOT —ZIX2010F L2072V D70, mAWEIL, ZMENTHLLDOOD
EMDH, TLTENEHEHENBD LT ZERbholz. BE~EOMBEOT — 40372
WOTEZIWHED E— 27 RNENDNTENTIERWD, D & b1~2H 0EADRH
D bHEPELS 220FTERL, DLAMNLELZLIT TIMEL TV DRETH D &
W9 ZERbo 7z, Figure 3-17121%, Figure 3-16di231F 5 X [E]18~22 km @ -1y i L
TOREMERZEZ R LIz, EOFEL, K DAITHT TN L, BENSEEHT 5 (20104F) .

Donjek Glacier!d, AWF5E CHubbard Glacier® ¥R IZ4 DEE RN LK TH Y,
Z OFERIT K o TAKHINZ Z ORIE O FE Aokl &2 2 CTHHRD Z LIZE o 7.

51



Donjek Glacier

(d ) Donjek Glacier

(a ) 2011
. = = —
2010.5
| —— .
_— g — (mjd]
= 2010 LLL -—— e
3 f— — —
<
8’ 2009.5 1
E 6 770 E LI | e—— e —
5 S 2009
z —— - 0.9
2008.5
2008 - — sem—— — ¢ 08
- — — e
- - - —
2007.5
550 560 570 580 o 0.7
Easting (k Q07" R m— s [ —
b asling (k) 207 10 20 30
( ) Donjek Glacier Distance (km) - 10.6
1| =— Mean-velocity (E) Donjek Glacier
B —— Standard deviati
S anaart eviation 2011 L B O 5
E .
2 0.5+ 20105
38 [ITTPE TR TR S5 S iLH L 10.4
o L)
> 2010 o :
o —
() 5 10 15 20 25 30 35 2009.5 0.3
(C) Distance (km) 5
@ -
> 2009
2500 - ——n——— - . 0.2
- 2008.5
£
£ 2000}
s 2008 " 0.1
E=1 SIS S EEENSESEENEE NN S N E—
s s
g 1500 2007.5 0
1000 2007* .
0 5 10 15 20 25 30 35 0 10 20 30
Distance (km) Distance (km)

Figure 3-16: Surface velocity evolution at Donjek Glacier. (a) Spatial surface velocity
map and the flow line. Horizontal and vertical axes are UTM coordinates. (b)
Mean-velocity profile of the data and the standard deviation along the chosen flow line
at (a). (c) The elevation profile along the chosen flow line at (a). (d) Spatial-temporal
evolution of the surface velocities recorded from 2006 to 2010. The black square

expresses the range of the data used in Figure 3-17. (e) Error estimates of (d).
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Figure 3-17: The average surface velocity evolution and the errors of Donjek Glacier derived from the data in the black square at Figure

3-16d. Orange and blue-colored squares indicate the spring — summer (Mar - Aug) and autumn- winter (Sep - Feb), respectively.
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Figure 3-18/ZAnderson GlacierDfE R4 /R L7, (D DEEE 7' 0 7 7 4 MIZBWT,

Z ONMIF R DT - THRENEEZ OFH L A 5Tz, 2007~2011FEDO N TR OED,
BN D ZTNT THBRICIE L TR Y, ZOHMEITR K CTEREICELTWS. £72,
20094FFK 2> H 201 14R T NT CTOMEZE L E KL< LD &, K B AIE Uik, F4E3
AEIZW oA L, £72ET 5. £ L TED%, 720 L, B0 6 OV % 450
5. ZOzF#ENT, 5k SN T E 7=Summer speed-up & AHFFETH 5 222 72 - 72 Winter
speed-upDZEHZL DO FHIIREE (intermediate state) THHEEZTWND. 2D XK IHIZIE
Mom<T, HEOE—27 N2OF7ET 5 X 9 7K %, A#F%E Tl Biannual speed-up
Glaciers E FESZ L1295, ZD X 9755 F WL, Anderson Glacier® PEH#I30 km (2L
&9 % Barnard Glacier T & 5417z, Figure 3-19Tl%, X ¥ B 5 2 IZBilannual 2261230
1% (2009~20104F).
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Figure 3-18: Surface velocity evolution at Anderson Glacier. (a) Spatial surface velocity
map and the flow line. Horizontal and vertical axes are UTM coordinates. (b)
Mean-velocity profile of the data and the standard deviation along the chosen flow line
at (a). (c) The elevation profile along the chosen flow line at (a). (d) Spatial-temporal
evolution of the surface velocities recorded from 2007 to 2011. The black square

expresses the range of the data used in Figure 3-19. (e) Error estimates of (d).
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Figure 3-19: The average surface velocity evolution and the errors of Anderson Glacier derived from the data in the black square at

Figure 3-18d. Orange and blue-colored squares indicate the spring — summer (Mar - Aug) and autumn- winter (Sep - Feb), respectively.
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Figure 3-20i%Barnard GlacierDfi##T#E R TH 5. Z OIK{IFPALSAR data Path245(2
BT DY = DURIAFET D72, KINBEZ A= L TE LT, T/ RSO 5340 D
HERATND., ETixIl, T—ZBOBMHEREIC LY KB L TWLRHIBNFAEST 2. iE)
WE T 17 7 A0 (DIZEWT, 2007, 2008FITIZIEZE(LA RS, 2009~20114F 2 K5 R 51
NEIZ LD &, 20094FAK> & & 20T TENRB BN L, BESHEICW > T2 AR L, F
TemET 5. 2L TEDORK, FEL, MPAOLHOMELZIKD 5. ZEOHREIX
Anderson Glacier|ZHE~_0 72 D /NS W, ZOEEHINNZ — IR THDH. Lo T, ZDK
{7l $ Biannual speed-up Glaciers & 77335 Z & & L7z, [F U123, Figure 3-21 CTHHH L
MNTH5H.
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Figure 3-20: Surface velocity evolution at Barnard Glacier. (a) Spatial surface velocity
map and the flow line. Horizontal and vertical axes are UTM coordinates. (b)
Mean-velocity profile of the data and the standard deviation along the chosen flow line
at (a). (c) The elevation profile along the chosen flow line at (a). (d) Spatial-temporal
evolution of the surface velocities recorded from 2007 to 2011. The black square

expresses the range of the data used in Figure 3-21. (e) Error estimates of (d).
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Figure 3-21: The average surface velocity evolution and the errors of Barnard Glacier derived from the data in the black square at

Figure 3-20d. Orange and blue-colored squares indicate the spring — summer (Mar - Aug) and autumn- winter (Sep - Feb), respectively.
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Figure 3-22(ZLogan Glacier®f R % R~ L7z, (DOWERHEE 7' 1 7 7 A4 VIZBWT, T0
HANEARRAERTANE LT D 2 EAVHIBA L7, 2007T4E4016) & 201140 A 2 i 3% &, &
KTR2EREICR>TBY, Y —VDBE Y OREERH D, /220K TH,
EDEH D BATONT THRENEE OINED R BTz, £ ORRF1E, 2007~2008F %1% & A
EBAEDB RN L D ITH 2 573, 20094, 201013 E TH 5. F72, 20094F~20114F D24k,
R L, RCIT VKD EKFIBNE LR, ZOF FHEN EH L, BES~6HEHICE—7
MIZD., FO%RBGEL, KO E-ET 5. ZOZFEEE, JBlE L DAnderson Glaciers®
Barnard Glacier® & 5 72, 20D E v — 27 R Ob I TlEl, L LAZFDOE—7 BIE
Wz 5 &) mTE, kD Summer speed-upERIC L DI 25, LivL, FDOE—
JICELMBENRE SRR D, ERIE, 1FH TR OEENBEWVRHIN4(12~2H) T, K[UR
O EFIC X 0K FE LR 285G U~5H) ozt s LEZEx Tz, &2
AB, ZTOKFD X HITHE N b BV ODBEE T, KB E E D ek & 1Tk
ELERY, RFETHOLNI R >TRBATH D

Figure 3-2312, 70— A > ED17~23 km®D XI5 1T 5 V345 FE 00 R 51 & A HE(R
R LT, MEORFEENN—HIFERTHY, HLFOMELIZ-ZV A6ND.
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Figure 3-22: Surface velocity evolution at Logan Glacier (center). The upper right on (a)
is Walsh Glacier (Figure 3-18). (a) Spatial surface velocity map and the flow line.
Horizontal and vertical axes are UTM coordinates. (b) Mean-velocity profile of the data
and the standard deviation along the chosen flow line at (a). (c) The elevation profile
along the chosen flow line at (a). (d) Spatial-temporal evolution of the surface velocities
recorded from 2007 to 2011. The black square expresses the range of the data used in
Figure 3-23. (e) Error estimates of (d).
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Figure 3-23: The average surface velocity evolution and the errors of Logan Glacier derived from the data in the black square at Figure

3-22d. Orange and blue-colored squares indicate the spring — summer (Mar - Aug) and autumn- winter (Sep - Feb), respectively.
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Figure 3-24/ZWalsh GlacierDfE Rz~ L=, (A)DWRELRRE 0 7 7 A4 MZBWT, 20D
JKillXLogan Glacier®dt, HkmiZALE L TWAIZH DL LT, BREMLREILIZR LR
Mol WIZ, ZOKITS, WTNOE SR B AT DT THENEE OIED /L 5T,
F7o, TOKFNZBEA LTI, BKBAIZAT TR L72t%, ToEEOEEREZ2AZ, &
(I3 THOE, & LT DO LTV 5 2 & 2V L 72(2009~20104F). Z Dt %
lZLogan Glacier® &£ 512, B — 27 BPIEITH 2 501 T/ <, ZOHED £ FY)E £ THE
FFg 0 o087 5. Figure 3-25% [ C 6, LGRS0 03, AZF0#EILE D
ETHRLND.
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Figure 3-24: Surface velocity evolution at Walsh Glacier. (a) Spatial surface velocity
map and the flow line. Horizontal and vertical axes are UTM coordinates. (b)
Mean-velocity profile of the data and the standard deviation along the chosen flow line
at (a). (c) The elevation profile along the chosen flow line at (a). (d) Spatial-temporal
evolution of the surface velocities recorded from 2007 to 2011. The black square

expresses the range of the data used in Figure 3-25. (e) Error estimates of (d).
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Figure 3-25: The average surface velocity evolution and the errors of Walsh Glacier derived from the data in the black square at Figure

3-24d. Orange and blue-colored squares indicate the spring — summer (Mar - Aug) and autumn- winter (Sep - Feb), respectively.
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Figure 3-26, 27, 28, 29/ZMalaspina Glacier & Agassiz Glacier®DfEFR 2~ L7z, ZiIH D
JKiffiZMalaspina Glacier System(ZJg L TH Y, #IHEKDpiedmont’Kiff THBH. ZiH
DT TIE, K — N2 X 2KOBENIZ LY, BEVWOKIEIZEET 5 (Muskett et al.,
2008).

Figure 3-26/XMalaspina GlacierDfEHT#ER T 5. (DDOWRENEE 7' 7 7 7 A M2
T, 2OKIIWTNOT—F BN HE Y B 2L, T—FRENL V. ZhFEZ oK
T 73 A OARV M AL E L (), Ao (LHE KRN HE -~ A FEA LV, E 7o iREh R
ERREFTELZLEHAMEHEDLI DL LTEZILND. ZNLThH, T —F BT D5 %
e L CHD &, WTIOFE S LAIZMIT TR L7k, TOHEDOEEFHRILEZIZ,
2o CTRGH, 2 LT LHOIEL TWD Z &b 5. Figure 3-274 /o &, 7
—ENRRNEZARDLHOD, AFIIMEL TWD K IITR A 5.
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Figure 3-26: Surface velocity evolution at Malaspina Glacier. (a) Spatial surface velocity
and the flow line. Horizontal and vertical axes are UTM coordinates. (b) Mean-velocity
profile of the data and the standard deviation along the chosen flow line at (a). (c) The
elevation profile along the chosen flow line at (a). (d) Spatial-temporal evolution of the
surface velocities recorded from 2007 to 2011. The black square expresses the range of

the data used in Figure 3-27. (e) Error estimates of (d).
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Figure 3-27: The average surface velocity evolution and the errors of Malaspina Glacier derived from the data in the black square at

Figure 3-26d. Orange and blue-colored squares indicate the spring — summer (Mar - Aug) and autumn- winter (Sep - Feb), respectively.
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—7, Agassiz Glacier Cli&(Figure 3-28,29), k2> HAIZENT TR L TWD H 0D, B —
J1I5~6HIZE T\ 5 (20104F). Z#uidLlogan Glacier S 72K H 725D £ E L TWVDHNR,
Malaspina Glacier, Agassiz Glacier & & |[ZFRFR) 72 EZE LI HiL72 . Figure 3-29%
.2 L, 2007, 2009, 201042 IE-H B RAFONMEN R 655,

Agassiz Glacier
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Figure 3-28: Surface velocity evolution at Agassiz Glacier. (a) Spatial surface velocity
and the flow line. Horizontal and vertical axes are UTM coordinates. (b) Mean-velocity
profile of the data and the standard deviation along the chosen flow line at (a). (c) The
elevation profile along the chosen flow line at (a). (d) Spatial-temporal evolution of the
surface velocities recorded from 2007 to 2011. The black square expresses the range of

the data used in Figure 3-29. (e) Error estimates of (d).
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Figure: 3-29: The average surface velocity evolution and the errors of Agassiz Glacier derived from the data in the black square at

Figure 3-28d. Orange and blue-colored squares indicate the spring — summer (Mar - Aug) and autumn- winter (Sep - Feb), respectively.
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3.6.3 Summer speed-up glaciers

Z DO HIEE D 42T DK 7N Winter speed-up .55 £ Va9 5K TlIR V. BFZEHIE oIk
312 & 5 Klutlan Glacier & B2 & 5 Kaskawulsh Glacier TiXBA 72 Summer speed-up
DBl S Tz, —MRAYIZH STV DOKIRBI O F A ENT, 6 B2 CHRED k
AT 5. TV KO FERE, [ UHBEN T HOKIOZFE N2 5 2 &, % L OKY
— URRIMIROETOKI TIER L, FFEDKMTHRET LI 2R LTV 5.

Figure 3-30iZKlutlan Glacier Dy EHE DR ZELEZFK LT2 b D TH D, T DKL
1T & DO Winter speed-up DKl & F72 0 | KL ZITHT CTOBWE EHABR R 570 (). —
520100 0FT — X & f5 L, BENGIME LAY, 5-6 I —27 212 5. £ L TE D%
B35, HEOE—I 1L 5 EEDNDE-6H DT — XL O LIMFEIE L2V, o
FETHEN DT TORE DR I THER T E 72,

Figure 3-31/%Kaskawulsh Glacier D i@l E DRFHZL AR L7 b D TH D, Z DK
% 71 3= 5 ALOS/PALSARDPath24 LFAFET 27 — Z Hh3 b 70 <, 6/ D~T L DRk
THIENTERNoTZ. LAL, 2007-2008FE0F —Z &+ 5 &, HOLRALY R
W ERD. £, ZOKFNFEGEIRS S TWDHKFITH Y, Copland and
Darling (2011) TiZ, 200948 H 7> 5201047 H £ TGPSIZ L 2B STz, Z 0k
R, B ENTHNT THENBAD L, BESHENOINEZ MDD K 9 T — 2B /m o,
D DOfER) B, Kaskawulsh GlacierlZ—#%#972 Summer speed-up glacier Céh 5 = &
WOND.
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Figure 3-30: Surface velocity evolution at Klutlan Glacier. (a) Spatial surface velocity
and the flow line. Horizontal and vertical axes are UTM coordinates. (b) Mean-velocity
profile of the data and the standard deviation along the chosen flow line at (a). (c) The
elevation profile along the chosen flow line at (a). (d) Spatial-temporal evolution of the

surface velocities recorded from 2007 to 2011. (e) Error estimates of (d).

68



Kaskawulsh Glacier
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Figure 3-31: Surface velocity evolution at Kaskawulsh Glacier. (a) Spatial surface

velocity and the flow line. Horizontal and vertical axes are UTM coordinates. (b)

Mean-velocity profile of the data and the standard deviation along the chosen flow line

at (a). (¢) The elevation profile along the chosen flow line at (a). (d) Spatial-temporal

evolution of the surface velocities recorded from 2007 to 2010. (e) Error estimates of (d).
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3.6.4 Others Glaciers

Z DMK & LT, Kluane Glacier Dfi#fT# % #8175 (Figure 3-32). Z DKL,
FRICARAG 2> 5 15 km O #H CRAFISIHBIEE A L TWD Z &bz (d). KfEER
BE L TUIMhoK EZIZER L THLDIZHEEAD LT, KFIZL > TEDSD EVNLER
THDLIOIFIEFICHBIBNZ EBHY, TEAREERILETLHD.
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Figure 3-32: Surface velocity evolution at Kluane Glacier. (a) Spatial surface velocity
and the flow line. Horizontal and vertical axes are UTM coordinates. (b) Mean-velocity
profile of the data and the standard deviation along the chosen flow line at (a). (c) The
elevation profile along the chosen flow line at (a). (d) Spatial-temporal evolution of the

surface velocities recorded from 2006 to 2010. (e) Error estimates of (d).
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3.7 Discussion

AEITIE, KFARENCB T D2 FHEEHD A D =X LIZHONT, R mEN TN
Spring/Summer speed-up® A 1 = X LEPINT H & & HIT, RFFETHL MR -T2
Winter speed-up® A 71 = X L& FEMRINC G M T 5. £ LT, K — TV OR AR & DR
RO THEE LT S,

3.7.1 Seasonal fluctuations: Winter speed-up Mechanism

PEke, KT PRENERE DFREZL & WX, KON E 2K D BT T THEN
H4 %, Wb % Spring/Summer speed-up® = & # 5 L T 7z (e.g., Zwally et al., 2002;
venke Sundai et al, 2011, Bartholomew et al., 2010). & Z A2, AHF%E CWinter
speed-up3Z% < OKFTHROND ZENHBI L7, T TEDAND=ALEREBT 5.
ZOHNZ, LB TV % Summer speed-up® A 1 = X LIZHOWTRtEHT 5.

Figure 3-331%, Summer speed-up® A 71 = X LD IX T 5. LAWIMITOKFIEREN D
JETH £ TOCLLFICZR Y, HMARMICITEER RV ITEZ S5RVWEBRD. BENROAEICHTT
RIEN EH UKOREN IR E S & (b), Ko OEEKNIEEIZHA LTS 5. 75 &, K
[l & R ORI K > CTRE 2 EAIKAEITIH - TR T~ & i, K CTOPEKRE
DIER SRS L. 20L&, JREKENBET D720, ARIETNTHRY, KINEJE K
WCEoTRbEToND LD ZRiEL 70D, 29 LTEmIE Y 234 L, JKPNIMNEE U bk
D5, ZORWTOPEKREEILE T RFEET, BMIME O L D ORI H 50k
R& (Linked-cavity, Figure 3-34b) CH 2% L& 2 Hivd. T OIRREIR, HEKZhENE N &)
5, Ineffective water drainage system & 541 5 (e.g., Cuffey and Paterson, 2010). &5
ZRRAKPSEERT D &, KN AE KREOKDZIED Z L1280, PIKREAS HITHEL, K
HED L DI RKER U RVROFE (Channel, Figure 3-34a) & 72 5(c). Z ONRILIE, mlfig
KT E S KIMNER 2 L5 2 & D, Effective water drainage system & FEIZ4L, B
HAREZTOIZEERE LS B0, 2N E O (ate summer) 234 L, FRENEE A
WA UIaD 5. 2 L TN LA TRUIRDME T L, Bl AKIIEES LD, S HITKE
D7 V=7 TRKOBEGA LT 27280, KBV IXTEATLZANESLS L. 20X 57
B2, BAMIOKNIEEOEBEZOLODOERSLHENTIEE L CTEHT, Wbwb
Hard-bed theory T& 5.
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(a) Winter (b) Spring/Early summer  (c) Late summer

Figure 3-33: The images of Summer speed-up mechanism. (a) In winter, glaciers are
frozen from surface to bed. There is no basal sliding. (b) In spring/early summer, the
surface melt-water reaches the bed through crevasses or whatever. Initially, inefficient
drainage system with higher water pressure is formed. (c) In late summer, more
melt-water reaches the bed and the drainage systems are gradually changing into more
and more efficient channel-like drainage system with lower water pressure. Thus, the

basal sliding is slowing down, and get back to winter.

(a) Channel (b) Linked-cavity

Figure 3-34: The images of two type of water drainage.
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& AN, AR TlEa— 2 o MO DO K DFK D S L2 T TR T 2% 2 & 2358
ST o Te. AR ML, EIZHA T 5 2 L IFE 2 6NRWOT, B2k
DR/PNTIEFHHEBOBANEE L. Z 2T, KIEE OHEREY (TIUDDIFIED X 550 5%
(Till Deformation) % Kavanaugh (2009) CHIB] L 72 /KE/ VA A Xk (BB 72 KED
HR) OEINZ 5% 2 TEE L, Winter speed-up® A 1 = X L ZHEH 5.

Kavanaugh (2009)/%=— = > 3|27 {& § 5 Trapridge Glacier (Figure 3-6 2HI)TD
BGBLNC BT, 2005455 H 725 20064F-3 H & TRIEH TOKEZFHHIL, K541
T TKIEZSIVAA R MEERHIML TV D Z L 2B BT Lz, 20Kz T 581
BUANZ19694-7> 5 University of British Columbiall & » THAIMIZZ2 SN TEY, 9T
KA JE T CTOTI DO FER R SN TV D, Z ORI THE, 90FR2SFT TICHEHED
BoreholeZMHHI SN THEY, TOMHEL W O0HE ST b le.g., Murray and Clarke,
1995) . Figure 3-35(ZMurray and Clarke (1995) D5 R4 7R L7=. (a) 1Z5->DBoreholelx
b\ﬁ‘ﬂ%ﬁ(ﬂé’ﬁ LT, EKEIZELTWS., ZD5>0BoreholeD/KEZALZ 78 L7z DN
(b)THH. Z Z TBorehole% Connected Hole (C) & Unconnected Hole (U)? 2 FE¥HIZ /744
L, TOT ENERBROEAEK D () & () TH 5. Connected & [TJE I O FF /2K & o
7278 5 T U T, Unconnected & X /K & 1Z A2 L CTu % Borehole TH 5. 5 &,
Connected J: ¥ Unconnected® J7 73 Floatation Value (iR#R) & # 2 5 BRI A 5 2%\ 2
LoD, Zix, Connected® 5 13K TOKEE & D72 R > TWDHT=8, ElfiEKD
BN KD IKFTNOIKALS T30, Bz 72 /KL B A& < DIZxE L, Unconnected (3K i
KNSR D 5, BUVKEZHERFT 2720 TH 5. 728, Figure 3-35¢HDAD X 5 (23
B Lo TIIAKKE Y 735 K9 Zralternating boreholet, & 5.
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Figure 3-35: In-situ observations results of Murray and Clarke (1995). (a) Study area
(Upper panel) and location map showing connected, unconnected, and alternating holes
(Lower panel). (b) Pressure records for connected (C1, C2), Unconnected (U1, U2) and
Alternating (A1) sites. Pressure is plotted as a percentage of the ice motion pressure
(red dashed lines).
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Kavanaugh (2009) TIE & DIZEHEICY > 7V o F N alae7e s & AV T, 200545 H
75200643 7 £ TD104 HIZE - T, Boreholed /K E % HIE L 7= (Figure 3-36) . 9%
L, DB EITDT TRKE SV AL XU ERHZTVD Z ERbho7o(A). £, LB
DT —4% B)ND, ZOKESIVAAL R FoEEEKE (Icequake) DEIELNIFIE—E L
TWAHZERHBALE Bd. ZDOXI7A 2y b3 #AT HEKNE LT, Kavanaugh
(2009) TIIoKINE 1 DO TULOAFAE & Stick-slipfJ 22 JEEE D IC LD b D TH A D L LTV 5.

JE T HERE ) OWRENRNIE £ 72 & < Do T 7R A3 (Clarke, 2005), JKIFJEHEIZIBWTH S
BEfRIG 71 (Yield Stress)z # x5 &, & A0l B IEFR|Z 72 % Coulomb-plastic7e 5% F 1
(Figure 3-37)% 7 % L\ 9 & X M1 H J1CTh % (Kavanaugh and Clarke, 2006). BRG]
IEABENZ T 2 0T, EHEAKED FAUL, [7 T 12303022 T T 8 FRRIG 11
THR5. ZhiasEzd e, KEULALRY FOHEIMIKRO L D ICHHTE 5. Kb L
T TS AKE DI X0 RIS TR0, 2 OREE, TIMN TG % ElA 5
Z Rz, FD=TNZCoulomb-plasticAIIZ TN A LEN< Z & THKIN D Borehole
JEME S v, BRREBICAKENEINT 5. ZOKE/SIVAAL N b ERERD S T F s g—
23k E (Icequake) THEIM STV 5 (Kavanaugh, 2009).
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Figure 3-36: Basal water pressure changes at Trapridge Glacier (After Kavanaugh,
2009). (A) Water pressure changes from July 16 2005 to March 4 2006 (a) Discrete
pressure record (b) Maximum pressure record. Red dashed lines indicate flotation value
(c) the difference (b)-(a). (B) Data from 8 to 18 December, 2005 (a) Temperature (b)
Maximum pressure record (c) the difference between (c) - Discrete pressure record. (d) A

number of icequake events.
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Figure 3-37: Stress-strain rate relations for modeled till flow laws (Kavanaugh and
Clarke, 2006). (a) Linear-viscous till. (b) Nonlinear-viscous till (c) Nonlinear-Bingham
till. Shaded region represents transition zone between elastic (r < oy) and viscous
(7 > o) behaviors. (d) Coulomb-plastic till (solid line) and hyperbolic tangent

approximation of Coulomb-plastic behavior. &, stands for the reference strain rate.

PLEOBIRFSE %2 B E 2 T, Winter speed-up® A 1 = X L &RD L HIZHEREI T 5
(Figure 3-38). EfiE/K 23083 % Late Summer!Z3 T, JKIAN O PEKRR BT 8h R 72
Channel?» 5 3203 7e Linked-cavitylZ 28k L1f® % . Linked-cavityld, ChannellZ Fb~JiE
HKEN ER L, B2EDEAD T D (Winter). 35 &, tillNIZEB W TEAIRIG I T30,
RIS THREIR L9 < 220 (o), EAEENERIZ 725 X 5 72 Coulumb-plastic/aiE 2 %
WA Z T, EORER, stick-slipAIKII A K Y 28 7. 2 2T, EEITKMOES
FE X o THIRGHER D128, HINT 2 EREEITINT VD D —E D IR T
%. Z Ostick-slipf R EHE D 2372 < S AFETIE, & HHIMICE T 2 BEOERmEN
ITZENTZTRE LD, ERRIZ, Trapridge Glacier ClEEpisodic/Z2 i © 28] L 7= 6153
7% (Fischer and Clarke, 1997). AHFIE CIIAEME D L —F —IZ X 28T — X &2~ L
e, ZAUEER B OREEMNZ 1 HHZ D OHE L LTEHLTWDHD, 2ok
) RKHEE Y BEHFEET T, REEIIRE <25, BEOKFRAIZE S TNE LT
WD L) BIIEFEIE, RO &9 RIEEE Y 23 2 OHURDZL < DX TR Z > Tnd 2
EERRIRELTND.

L2rL, 20OZFxTH< ETHROBE H2nw. 28 F S, 2 OHUE CIIBLGEIIS e S
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N T LKA 70 < KIS ENCTIOFAER RS ST aw., 7228, KE/SVAA R
> R B & L7z Trapridge GlacieriZV— 2% A 7 OXKIATH 0, GBI O FRENHE & 8]
XN T2 (Frappé and Clarke, 2007). & 7=, Winter speed-up?’ i 51U 72 K DIE & A
EPRMBIZY—VEEILTWDLIT—U XA TOKITHLZ LD, ZOHIIZE ST,
KIEE BT D HEHRESED Z &L, BRESO/FE D T— M2 v v 7 TR THE CHY
BANCHE O I &2 270, L LR 6, R\EEO X0 I 22281k & B35 O8I 5
MHZZETOHRMNTE D Z &I, KIFETICEDL ST, FEAMA S & RKWVITHE
A&, FRBGEHEDa TR L —v a3 VOREMEEZREL TV 5.

(a) Winter (b) Summer

(c)

strain rate

Ywinter O)’sunnn-'

stress

Figure 3-38: The images of Winter speed-up mechanism. (a) From autumn to winter, the
surface melt-water is deceasing and getting nearly frozen relative to summer. Then,
efficient channel-like drainage system with lower water pressure is gradually changing
into inefficient drainage system with higher water pressure. This higher water pressure
gets the yield stress to decrease (0y,inter), Which would be likely to cause the episodic
basal sliding. (b) In summer, the surface melt-water reaches the bed through crevasses.
Then, inefficient drainage system with higher water pressure is gradually changing into
more and more efficient channel-like drainage system with lower water pressure. This

makes the yield stress increase (0yg mmer)- (), the image of yield stress changes.
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3.7.2 Glaciers distribution with seasonal variability

AIFRIZ L - T, 7T A0 2—a CHUBIZ 68T 2OKRENEE ~ v 7" & & OFEHLE)H
BB 72572, ek X < BTV zSummer speed-uplZ iz, Winter speed-up® .55
FNAET LK, EHIZENGOTHIREE, Wi 2 1FIC2[EI1E S % Biannual speed-up
ORI LI, ZHODKNEZ3ODELENE S LIZHHT 5 &, Figure 3-390
KOs, mAWT 21T, KR S NEEANZE 2> T, Winter speed-up, Biannual
speed-up, Summer speed-up® X 5 [THIMENH D L 912 2T 5. £ LT, Biannual
N DO PRNLEICAAET D 2 & b I ICHIRIR .
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Figure 3-39: Summary of my study and distribution based on their behaviors. Please note the color scale is shown as logarithm. The red
squares indicate the summer speed-up glacier and blue ones do the winter speed-up glacier. The magenta ones do the biannual speed-up

glacier. The green ones do the glaciers that occurred surge events during 2006-2011.
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3.7.3 Relation between winter acceleration and surge generation mechanism

K= DA T =X L E LT, KIERIZI T D /KBKSCEREE D20 & AR5 D
BN HAEI1THS (e.g., Harrison and Post, 2003; Cuffey and Paterson, 2010). 7 7
AHpa—a3 CHIRIZIB W TS, ZNHNEE L TWD Z LITFIEVW RV, S 512, AR
TH SN2 o T2, BEOKIIZEBIT 24 OMEE, Z o Hilik oK — 2R3k 5412
T CRItET 5 &9 H3E (e.g., Raymond, 1987, Eisen et al., 2001, 2005) & %\ EFE )N
b LEZTND, BREISEE LB 2o 2T, KT —Y HETIRE N
DERTHLDOT, KINHAIIT TGS 5 2 L IE@RM S TV e, RIFFERH 58T
L7ZAZFEONEIL, BBEO/NSIOK Y — OB EEO LI ITREL TS, AR b
RETHD. ZHDHDKMITBWT, JEEAEFREY) DFELIK D B AT )T TOKEZEL % 50
BH7=00X, BGBIHIN VAR TH DN, O TEHLWERETH L ZoikicsnTEns
EEITTDHDOIIKFOREZIEZEZEZTHIEFITEHL V. o, AR N0/ 7 L
LR C O — VLT T A A [2— 2 L HIR O KIAT & 132 OTFEHIMSE S5 F VR R 5
(e.g., Murray et al., 2003). L2>L72h 5, K[ — P OFAE A T = X LZESE LT, ARif
R BINEEEZ 52 -2 IO TEETHS. 4% b, LR iEEE 0%
BZFRD 2 LA — Y ORAEBEDORINIE S LB b D, il x X, BIEER
SN TS Terra SAR-XCTAFEOEPBIRAIT O 2 & T, LV EMANCLRFHIC S &5
fREEIRT — X G D HNTE 720, KV ms REL 72 5.
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3.8 Conclusion

ALOS/PALSAR & Terra SAR-X 235 L 72 2006 475 2011 420D SAR 7T — X 2 &7 &
NAT Xy MEICK DRI LR, 77 A2 —a U HsIc BT 2 1Sk e s &
L NS L2, 20 6 BT 4 >0k (Hubbard, Lowell, Tweedsmuir, Chitina)
BV TR — U334 L, Z AT D Wi Eh B oo e 28 i) 284k & §i ~ 7= . Hubbard
Glacier (2B L TiX, R OMOIGRTHRAE Liz720, fETENT 2 123/hE <,
2 Elxb b7 ho 72, Lowell Glacier & Tweedsmuir Glacier, Chitina Glacier {22V T
(X, VRENHEEE ORFZEFIZ L OMIC, SRR EIZI51T 2 RO RE D&Mk, & L TR KNGO
ATED R T X 72,

Hubbard Glacier TiZ, 4% (1~2 )OWENHENSEF (8~10)DHE & Ll > T\ o &
WO PHIERBG AR A L, 22T, ZOERBOEELOKZHTHXTHDL L, G 9 EoY
— U A 7@K (Hubbard, Donjek, Anderson, Barnard, Chitina, Logan, Walsh,
Agassiz, Malaspina) 235\ T, K> B AT T TIE# T % Winter speed-up 23 S L7z,
F7=, BB EIIHT TINET 5 Summer speed-up DK (Klutlan, Kaskawulsh) 21z,
ZNHOHRNRRE, oF v 1 42 2 [FNEET 5 Biannual speed-up ®JK{i (Anderson,
Barnard) b o572, ZOXFEONED A =Xk E LT, Kavanaugh (2009)(Z X %55
BT — 2 035, JKIJEHE O Till OFF(E & Stick-slip B2 AV W DRI & L TRIH S
N5 &%z 7-. Kavanaugh (2009)1%, AAFZE D%t 5 il (2 f#1E 4 5 Trapridge Glacier TP
BUGBIHNZ BT, B BT TERE TORE/ SV A A X2 RBREEIIL, & 30K
W C® Episodic 72 Basal slip (2 &> TKENEMEINDZ LIk TREZ B & Lz, AWF
ZETI, DL ORI TRERO Z EMEZ > TEY, ZFik Winter speed-up &AM
TEXDHEEZTWD, DF 0, KE/SIVAAL R R Z BB T, Till NoFH
INEND TR BERIC SIS 72D Z E TRHRIRLRT < 20, Bl A2, £ O
RFHEFEDHEIN L TWD 07 & EPERITHER L 7=,

RIFFROFER A~ v ¥ 7§ % & Figure 3-37 D L 512720, KFEFEMID & NEEIZ[A1 2>
T, HIBMERH D LI b A5, ZOHIRIZEIT 2K — 13K H 41T 0NT ThR &
HEVNH ZENMBINTEY, RFFETH LMooV — UK O BRI 242
ONLEIE, RIFRT D DAY — VR =27 E2 52 526D Th 5.
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4. Summary

BB L — =G LTe T —Z 25 2 L1T XD, HURIZHE S HE A B0 L E
IR D PREIEEE &[S < AN T2 Z & TE 7o, REFZETIE, 2008 FITE Z > 724 F
EHWNEE L T I A /2—a O EKRENCE R 2 H T, £7, AT EIRNREH
EIZ OV T, ALOS/PALSAR (2 £ D GPS TIE&E B2 0o T2 EIRIE_E O ME 7 i A8 )
T 22N TE7. 2L, GPST—F L SART— XDV aAf s MM N—Vay
WZ& 0, IEFEROWEE T L2 L7 (Abe et al., 2013). Z OWiEET /WIIHERKH
N TERDoTEEE 2 OB LA TETEY, iR b L S HZ#h7 — & 23T
ETCVWOWEETNVES 2D, o, RELMIBONMEN T — 7 —RE o2 ik E —
BLTEY, BEOINT IOFENROMEZ L VBEECIE-L0REEEZLND
(Abe et al., 2013).

77 AN A=Ay OUHEKIIZOW T, R T— b I KK —2 0
FEAERE O 2 B4 U C, TENRE ORFZE 2L 2 3EMIZI~ 72, 2013 2009 4101
4 L 7= Hubbard Glacier TOXK{H— IZfE D HWEZLZTH TV, &2 AN,
2006~2011 D EDEIZB N TS, 1~2 H OB 8~10 H O EL ERl>Tno Z &
PHBA LTz, 2 2 TZOBBD DK AR, Z2< O —T X A4 TOKMZEBWT, F
BFHTHDIZHLEDL LT, ko bL&~mi TINET % Winter speed-up @ 7 /L3 &k H
EN7=. F£7=, Summer speed-up DOIKH[CZ O HEPRRE, Biannual speed-up DK & 3 A,
L7, AWFZETlE, ZOFEHEHDO A =X 2L LT, Kavanaugh (200912 X % H5ELH
F— K, KIAJE R O Till OFF(E & Stick-slip B ERIE Y NEIMEHE L L TR S5
&% % 7=. Kavanaugh (200913, AHFFEO %Gk F1E3 % Trapridge Glacier TDELY;
BANZINT, BB ATHNT TR CTOKRESIV AL N2 RBREINL, £k T
@ Episodic 72 Basal slip 12 &> CKBNEMIND Z LIZL > TR I S & Lz, KIFFET
L, D2 < OKFITREED Z LN Z -5 TER Y, Winter speed-up Tt T 5 L& 2T
W5, DFEY, KENSVAL NS SRR DK DATT T, EEHEREY T OFZESI D
T TEEARIG N N/NE L 725 DT, Basal slip N2, ZOFERELHEEENEIMLTND
DO EHERI LT, Z oMz T 2K = IMN L& E DL Z ERMLNTED,
AR L o TH B MNIT R o 1A FRONHIT, KA T 5K — 2 ORI 72
A AN N ARYA AN
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