K % 61 % (2016)
5295 311-344 B

5151:1

2

KN F6 1 2 bt Z2 B FE O el D Fé
KA

(2016 £ 2 H 8 HazfF, 2016 44 H 8 H#)

Recent Progress of Volcano Deformation Studies
Yosuke Aokr™

Pressurization, depressurization, or migration of magma or hydrothermal fluids can be measured by ground
deformation. Recent progress of space geodetic techniques drastically increased the quantity of deformation data in
active volcanoes. Recent emergence of Global Navigation Satellite System (GNSS) allows us to measure three
dimensional displacements in higher spatial density than conventional measurements with tiltmeters, strainmeters, or
leveling surveys because GNSS measurements are technically more tractable and much less costly. Recent emergence of
Synthetic Aperture Radar (SAR) enables us to measure displacement field, without any ground-based instruments, in
high spatial resolution on the order of meters if the condition allows. Tiltmeters and strainmeters, however, are still
important tools to measure ground deformation of volcanoes because of their higher sensitivity than GNSS and SAR
measurements. This article reviews recent progress and perspectives of ground deformation studies.

It is important to understand the error budget of measurements to assess the observed geodetic signals, although it
does not seem to well taken care in many cases. This article thus reviews the error budget of geodetic measurements to
demonstrate that the data from leveling surveys and SAR are spatially correlated and those from tiltmeters, strainmeters,
and GNSS are temporally correlated.

The observed ground deformation field is capable of inferring location, shape and strength of sources causing the
ground deformation. In volcanic regions, the deformation source is often pressurization or depressurization of various
shapes of sources such as spheres, ellipsoids, conduits, dikes or sills. These parameters are often inferred with an
assumption that they are embedded in an elastic, homogeneous, and isotropic halfspace because analytical solutions
exist in many cases and this simple assumption often works reasonably well. However, this simple assumption is not
always valid. To reflect more realistic features of a volcano, approximate and semi-analytical solutions have been
provided to take irregular topography or heterogeneous structure of the crust into account. Also, recent progress of
computational capability enables us to take complex material properties into account to model the deformation field
through numerical simulations. However, excessive complication of the model is often unnecessary because of
mathematical reasons and because material properties beneath volcanoes are not known in details in many volcanoes.
This article reviews the effect of topography and material heterogeneity on the surface deformation field and discusses
an appropriate complexity of the model in discussing the observed deformation field. Also this article deals with
modeling deformation field through analog experiments. This method is especially useful in dealing with spontaneous
faulting induced by magmatism.

The observed deformation field is roughly categorized by those due to 1) inflation and deflation of magma
reservoirs, 2) horizontal or vertical migration of magma, and 3) an eruption. This article reviews current progress of
observations and insights gained from them. This part of the article demonstrates that developments of both
observational techniques and modeling methodology drive the progress in understanding the mechanics of accumulation
and migration of magma.

The final part of this article discusses perspectives for the future of volcano deformation studies. Future
developments will be made both through 1) combining geodetic measurements with independent observations such as
seismic activity and with theoretical consideration of magma transport, and 2) a breakthrough of observational
techniques. This article introduces recent studies to understand geodetic observations by combining with seismicity or
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theoretical studies as a potential breakthrough in understanding the mechanics of magma transport. Also this article
introduces ground-based and airborne SAR measurements as a potential breakthrough in measuring ground deformation
in higher spatial and temporal resolution than current spaceborne SAR measurements.

Key words : Volcano deformation, Pressurization and depressurization, Accumulation of magma, Magma propagation,

Modeling geodetic data

1. 13U & I

WRILANEFAL T B2, ~ 7 <725 ) Rk b
JE, ~7=OfiEsL %) TENEn. TSR
DEEAET HBRIE, < 7Y RBUKA O S LA
TR LThHEMAZ, TNHFBEOERE LBl S
Na. KINBRIZE D74 ) MEROETIIE A % K A
=)V EFFON, RECTIE, HEERCBIE S NS B
UTOREB AT — VOBZIZOWTIIM Y FbT, Zh
L) RWVIEEB A7 — Vv OBRIZOWT, BEHIHARN R B4
DR DT DFERNZ DOV THRA S

WEKINZ BT 2 BAFT DAL Lo 7201 20 #42
VD Z L Tholz7s, Wik ZBEiiliL 4w s o EE a8l
WIEHH Td o7z, 1980 FAH N DU 4 Hb BRAL 72 7 2
¥ A7 2 (Global Navigation Satellite System; GNSS) <&
BBHIT L — % — (Synthetic Aperture Radar; SAR) 7 &0
HR AT AV 5 F Tk, REEEE - SA0E
TR & o Z I EAA R R - O F AR R W T
KIHEENC & & 2 ) HERDE 2 FHI L Tz, ok
W, BillshZm e HHT 2720010, Henlk
ROEWFIZ & & 75 9 HESLH P ORI & T I KO
DIFFEL ISR L7z 728 20F, PEERBEYE R ERINE S
5 (Anderson, 1937; [LJI1, 1955 ; Mogi, 1958) - #&MHAARE T
Uit (Yangetal, 1988) - Bi127 5 v 7 (Okada, 1985; Fialko
et al., 2001) DFEAET DG OWFTEROM 7 &3 B
THLL VSN TS,

MBI EAT 2B 3 A0, KIEEC L b 7%
) MR & BN D72 0 &g L CE v ke 43 R e TR
W22 L WEETH o 72 KA = AR E
MR Bl 217D S AR CTH L L, EEEIe O
FAHFN L 2 BRI AR BN S S DD, B
HEOH T Y ZIRERT S R 7 NOFENS, B
WMOEMLEEIHIED D 555 Th 5 (Agnew, 1986) .
O XD ML, SIS AT 4 (Global Position-
ing System; GPS) Z XL & L7z GNSS DEMFIZ L - T
RS ND Z E12% D, GNSS 12 & 2 BHINT KR £ 2
L HENI E DR E % <, 20T AE - HAEHC X
LEHNZ EOED s, SO ORI X ) bR
fERE D L CIEFHIo BHIZERICENL TV 720, Kl
WHENZ & b 7% 9~ 7 ik & B R R EE CTHI S 21
THIENRNTEDLLNII o7 (728 213 Aoki et al.,

1999). 73, MEFHEFR O3 AEHI & 28HlIE, GNSS |2
EHBINL D b REIZEMEICHEN D B b OO RERE | E
NB72DI2, HGEIZL > Td~ 7~k EEz s 201
T 27200 % FE L %25 (Aoki et al., 1999).
KINHFENZ & & 7% ) W@y, WER L2 b7k
W) & D LRCHIFHITBIN SN D 2 &A%<,
ZD72DI, W TOKINHBOHERE % 4 < BE§ 5 72
DITITZEMICE 2B T 508 H 5D, LirL, K
AT (3R 4 2 BT b A ) SREED L IANTTRE
L%, ZEMBIC B R B 2 HEEE T2 2 L3
G7e TR 20X ) WL, SAR BHINC X -
THERT AT L HTE S, Massonnet ef al. (1995) % SAR
FHANT (Synthetic Aperture Radar Interferometry ; InNSAR)
W& D KN BT 2 A 213 U o THll L TRk,
KIUNEBYIZ & b 7 ) Bea 2 AT Al ST & 72,
72 & 21E, Amelung et al. (2000) 177 /8T AFIZBT 5
KINZBWT, BROFEI»0b 5 T4 X0t
TRABDSHEIT L T\ b 2 & % InSAR fF#T % 8 L CTHH &
222 L7z, Pritchard and Simons (2002) 1&, KDL D
HOKINIBNT, EKR EORMBRD VIS e
bOFY Y ERICL 2 MREB»EITL D L%
FERL, IS ORI, HAKLOEE) Z B 512
H721) SAR B3O THHTH 5 2 & 2R3 W
HLDTHY, €Ok SAR BE % Hl v TS O
IO HFEEB ORI ATHAHIND L H 12k o7 IS
AT B 1500 OFEFKILO S B, T FETISH 620 O
KILOHRZET A SAR IZ X Y Ifgesh, 209 5 161
OKRILTHE R MR EEH»BIN S T2 (Biggs et al.,
2014). F7:, SARBHOFEHICZL D, InSAR W75
b2 B D IRE RA & $il i 3 2 WFZE AN AR B A LA T h LT
ETWw5h (72 & 212 Berardino et al., 2002 ; Schmidt and
Biirgmann, 2003 ; Sansosti ef al., 2010 ; Hooper et al., 2012).
CO &I SAR BNEKITEB & b 2 ) HAEH)
VIR RRE CTRHIT 5 2 LT E B8, R SR
REIEEOFIREMNC L >~ THES NI 28T H &
% 1), GNSS - fHFE - O3 AFHI L 2 BHNIZHS - T
L. ZOMICE, ENENOBINTFEIZERN - FiThd
B720IZ, FRA ZRIEH - 22 2 7 — )b & FE o KILTEE)IC
&) WA Z WIEICBIH LIk T Co~ /<Y B LT
HOKOBHEI IOV TR AR 218572012038, Bix 2z



KINZ BT 2 M2 B TE D it

FEEHWHNIEETH L. e eTFERTHIIS
1o T = BRI 5 720121, E 2o BilT
BETHEOLNT— ¥ OFREHEIZOWTORMSLE L
%A, 2FTIE, KNI BIT 2 AR & Bl 5 FB
[Z2WT, BMOBREREIZOWTHELE BE L5 HF
BB, 3ETIE, B S N HREEE) L T oY HLE
BELTODTL7200FF IMLIZOWTH#ERT 5. 4
BT, KNI B 2 s s BLE O fk 4 2361 % 8
T5. 5T, UEhoEwRs S>3 2T, Ktk
BT DI RDBREZIZOWTHRRS.

kB, MEOHEGICLD, F7z, KUTEHIS 2
‘%&%@@Eﬂ?ﬁl DO INHREAYIZHE 2 T 4 (Pinel et al.,
2014) 72912, AL T T S 7z shRe @i

Wfﬁ%% SIRFAIAT 2 v, RO B B FiE I,
Pinel ez al. (2014) X Acocella et al. (2015) 7 EDHITD L
Ya—i b eHIZENnizn

2. BRI OER

iRz X1, KITEEC & Mk 25 B DR
M#%ﬂ?f@%MLﬁ wamwﬂ%% 572012

P ®ﬂ&éﬁ&&ﬁ%®ﬁﬂﬁzﬁféé Fex
&Eﬂ(ﬁl PO/BONTT =Y BERT 5720120, e
NOBHENC X 2iRE% EfEIC TﬁTég&ﬁﬁﬁfé
b, BAEICHETAERIILTLIREREL-DOTIE
s, FEBERO T — & T B TR T b i O FEM
PEMEINTVIHRL VL) ITH-ZITSNEDT, &
ZC, KINTOHREBBIEN SN EeFikico
WC, TORBREMEICENEBERDVSMHHT S,

2-1 KERE

AR R, IR ERAR S o T d S B & B o Bl
HEDEHEDENEFHILTWE, 2 00BAIZBIT5
FHEOEEFHHTALOTH S, WEIZITTFHP 225
72D KR R IE B W AY, B PZ@J@EMI B
mws%i@é

RHER S X - CTEHl S 5 8T
K95 HE Ah,- 1

L DERNE -1 12

Ahi:Ahf'me"l‘E[ (1)

LEENL 2T, Al ZEBEOETH S, & 1 E5F
IR TH 0 FIPEAT 0, DD ol OB Hi% & 5
CARETE D, 2T, LB -1 & BUALE § OfEEE
THY), c BB THD. oDl RET LI LIEHEL
W, HEREHESRS LORIKTH 296100, Bllls
N7BRME#M% dh & LT

DI 313
2_[dh
G-—<L> (2)
LFELL.
A (1) kb, FEEESEBHE OE
=
EEIFS. X Q) RTHATE L
h=S\h (4)
hi
h
= (5)
hy
1 0 0
11
S=[1 1 1 =~ 0 (6)
11 1 1
Ahy
Ah
A= ()
Ahy
b, CCTNIWEKESOBTH L., WIS T 5k
IEATH S, 1
Ll Ll Ll L[
Ly Ly Ly = L,
>,=82,,8"=0%|Ly Ly Ly - Lj (8)

Ly Ly, L3 Ly

Lo
0 b

Su=00 0 I 0 9)
0 0 0 Iy

Li=3; (10)

THY, LAIKERBORLE2S i FHOBALE TO
gk, bbb, BT -1 205 0 FCOMEE L VT
X (10) X HIZEHENS.
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KIEWE X > TROSN LM i D, Bl & D
IRl DERILZEN H; 1S

(11)

cERENL»H, NER) LY, Bl S D MBI
B9 % T HATH 2y 13

Hi=hi{tz)—ht)

Ly Ly Ly = L
Ly Ly Ly = Ly

>,= XD +o* )|l Ly Ly - L (12)
Ly Ly L Ly

LTS,

K 12) WRT & 912, KENEHNOREOKE SIE
CDRESIZE>THESINS. o DRESIE, FHlC
L oTELEEHETHSHA, Yamamoto er al. (2013) Tl
6=2.0mmkm? Th b, T2, FOMOEIZHB T
b, HRREBEENCH W S N A KEREBIHTH UL
0=2.0mm/km'? & L < IZZNLUTFTH B2 NS (7=
& Z21X Murray et al., 1996).

X (12) ORTHRDEE L I, KEMEICL > TB
WS 7z B A OBENERZE DS BI T TH TIE AR <
BT CHBZ RO LW T ThH L. BillT— 4 »
5 i R L )R &\ o 7o WRVE BN O /8T A — & R YfESE
THICH), ZOBMNAMYERST L2 L2k THE
ESNLINTA=FIINATAPINLI DD DH
(Arnadottir ez al., 1992).

12 1@ERIE - 09 A5

EFET - OFARFHE, ZhEnHEROERIB LU0
AEFHINT 250 TH L. KILBHNZH W 2 ERE - O
FTHENIIEF ISHEHE T, BMHICL B 10 BEOVT A
10 rad BEEOBEF 2T HZ LN TES.

ERIEHC ISR 2 2 FEE D 5705, KELFTT, Fa—
TCHLEE ST 2 DO EFOIKIE DRI 7R S % FH
T 5 I L& o THRZ FHI 2 KEHRETO &L 5 2k
oL o, BY T2 HCCER RIS 2 8850 b
D, OKREL 221N S, F7o, BFRICEBESN
B IR O A S EA S A T A2 L b T
% % (72 & 213 Rodgers, 1968 ; Graizer, 2006 ; 5111, 2008).
O3 Aat ERIET & [0 U < Mex 2 @5i1055 2 25, Rk
EFERE, RELSHIFT, FIHRICHEEL THWONS
BT B L TSR T R — M ICRE SN b EE
Mo (KFE) 0T ARG SNE. BERO O ARG
1, [k A B BERE O~ A REICEE L, Hl
bt & 7o T Al & B E OHfiEERFHIIT A L O TH
B, ORI R 3 0B BETAILICLY, OTART Y

2NN

Zl

INERDEIENTEL, FEHROUVTAFICTRLA
%7 b D 1% Sacks-Evertson A 9" A Fl (Sacks et al.,
1971) T& %. Sacks-Evertson 1A% O &G, HEAIZAE
iz s8Nz ) a vy A A VORIHOZE L E FHIT 5
ZEIZE o T O T A%5HT 4. Sacks-Evertson &
BOTHFTEHMTELORERBOTAOALTHY, O
FTAERT Y INOERGEFNTHZLIITER V. 20
%, K7 A= VoflEx 3 HMTHIT 22 EiI2Lh O
FTART vV NVDES % EHIIT % Gladwin X O3 RG]
(Gladwin, 1984) 7 E25FASE S 7z

BRIET O3 AETC L 2 5HINEZEE IR IR 28,
FEMZEEEm < Rv, 2ozo, EHEH 0T AEHT,
HE R & oo 22 R ST X 2 ETEORHINC I
BNTWVE)S, T TOYT~YOEELR EEH B S
e LR EREFHIT S ICRERL TRV, Fhd,
EHE R O T HETOREITIL, FHE LR L ORELE R
BTN YT, BRI LD B EISERT S
V7 MR EENLNLTHL. EFE OFTARNILD
RLERDEERFN DT — AT MV Pyt rain 1, 1712 &
¥ -1 HOBRPoOY—2 202 &, Bk =M
WTC Pt sirain () ~f 2 DT B (728 21E Agnew, 1986;
Barbour and Agnew, 2011). Z Ui, BiRHINT 5 4
VoF =L o TEHENLILEZRLTVES, 208
£ BROBEHRTER) 7 MIEb R /A AN
0 EDBRIZo~T? LFEIN, ROREREZHOHSR
X, LY R 7o THRINPTVEV) Z LR
5. LoL, BEECEMOBREIZL > T2 FUED
BEATr - VOLEB*LHTE2LT2HELH 2D
(Bonaccorso et al., 2015).

2-3 GNSS

GNSS Bllli%, # L IcE L7727 ¥ 7 F TRENC X -
THHELETFONAGPS R U TIZE-oTHBELIFHN
72 GLONASS & \» 5 72 GNSS 2 7 b OB\ % 215 L,
BN OEREA 2 QN 2 RET B, T—=5 D% T >
L= ME—mz 30 Lz L W VT H Y,
THZE, & LIEE D ECIEFRMES & BUI T 0k
A PET 5. GNSS BIANIERE! - O AEHI L 581
WL S MUNEBY R 2 BB AS, EIZEs
BN, F7, K7 hR— ) - BER % ERIELLENS v
ZEDOEIN B D ISR T A NS AR L, 1990 4
&) MBREBEMNOFREE 2> TWD, ORI
1%, BUAEAY 20km R T 1200 D GNSS T AT
THHEES & o TEM STV 275 (Sagiya, 2004), 20
km BB KILBINC & > Tl o 2 BB E T 2w
DT, WL OROKIITIE S SIZZEHI B 2 BIATT
bITWD (F2& 2 IEFAK - i, 2005 ; Takeo et al., 2006;
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Aoki et al., 2013 ; Nakao et al., 2013).

GNSS il oI, GNSSHEN D<A 7 ajk
RGN L o T A2 L IC X AHELSBA T T
DOFEREOIZIER, BHEZ0 b O[T ZEH 7 & C
&% (72 % 2L Dixon, 1991 ; Hager et al., 1991 ; Segall and
Davis, 1997). KIWFEOY6, £ 3~ 7 <k &K
IR R 5 2 M A B Bk DS 4 720,
LI & B MR T OB - PUE, & MBKE 0%
LI R 3 % #7322 F) (Dong et al., 2002 ; Prawirodirdjo et
al.,2006; Tsai,2011) bREERNTH L. &B, KADOHF
TEIC X DRI SRE R 12 L ) 5 5728, GNSS i
W OREEEIACER S & 0 b R D 7 755,

GNSS Bl OERF D787 — 227 BV Panss 1, 1
HEDdEWEETIE

S

Panss (f)=A+Bf % (13)

LRINL, ZITAERAEETHY, anfiidl &2
OMOEZE & % 2 L)%\ (Zhang et al., 1997 ; Mao et al.,
1999). F72b L, GNSS Bl / 4 XL ~vidk, R
it - O FAETOBI L FERICERBIMTRE VL)
CEThDH. K (13) a=2 OHE, BRI (13) O
THUCRE T 2 HEME LB 2 TSI T 5T ¥ 5 A
V=7 DEREDETRENDL V) ZEIIHL. —
M 72 GNSS BT, HEMEE DK T 2~3 mm,
S T 5~10mm, T ¥ AT+ —27 DORE S
1~4mm/yr"? TH 505 (72& 213 Zhang et al., 1997),
VEPSBEUEOBATIES ¥ ¥ 47+ — 27 OF5H
HEMEOFGICHRNTREL DLV ZEILh 5.
Thbb, 1TEPSHEMUENTTW- L )T T 51
RAEENE, W UEMRETH, SR RIS 5 R E)
LD LHIDEEL L RD L W) T L HE®RT D,

GNSS Bl DB RHN D /8T — 27 M VI 1EENS 1
B £ CTORIRIC BT T Ty b THAHHS, 1 HH
LD BERAO/NT =27 Fvdh, 1 HELD RV
ERLEEH1EK(13) DL H12FE S (Genrich and Bock,
2006). 7272, AR FIVOIIRIZFE L TH - THins
TEE 220, 1R X ) SR OB ERIE F 2 ERO
B A XTH D (Genrich and Bock, 2006) .

2-4 SAR

SAR Billllx, WEPOKRF SN L~ A 7 afioE i
BZ 2 oY TEHNT A2 L IZXVEENLBED
=7y FETORMEZEHIIL, B SRR OO
Wi s 25250 Th b (72 L 2 1L Birgmann et
al., 2000; 152, 2006 ; Simons and Rosen, 2015). Ak ZE &)
DK E EDPFG/NE HFEOFELFEANKILIK - 0D
R ST L Th WA 121, B S n:

Fig. 1.
which a SAR satellite moves by velocity V, and trans-
mit electromagnetic waves of microwave frequency.

A schematic description of SAR observation in

This figures depicts an example of an example of a
right-looking SAR satellite. The surface projection of
the trajectory of the SAR satellite is called azimuth and
the surface projection of the direction of microwave
emission, which is perpendicular to the azimuth direc-
tion, is called range.

BROMMZEICETT A2 80X ) M % M+
%, II%TP SAR (InSAR) &\ 9. HRZEEH K &
CHEOEFIEDZAL L T A WwEIZid, Blllsh
LEFORBICERLT, HiEo [rEAbE] 0k
BRI CHREH =~ M35, 2084, InSAR £ 1) bEf
HIREEEASHE L 2 5.

SAR BUilZHy_FCOBEMBEM 250 % 7% <, Bl GF0
FATIUEE B % 5 W22 ffse TR 2 2 L ST &
LN, BE,POHMEOY =7y PO R L T
5720, ZNENOBMEICOWTEEAL LY —7 v b
T COMMIEEOZAL 2B S D . BRI
ALOS 1E, L — % — % R OMFTH I A - CTHH
WIS 2354 (Fig. 1), Zo50 - &t - E NS5
Ue, Un, Uy & HIT,

ALOS=u.cos 0 sin ¢+ u,sin Osin p+u, cos (14)

EEITL T, 0BLUpIEENEFNL—F D
IBEITIAI D SR A & O FFE B X OV AT 510 % pe e )5
A6 EEFIRI D 12l - 7-AETH L. 1ZBBLR
30 BE D 40 B, BABESBEMEY LA END, b
OEIEFI 10 (7> 71 > 7)) L <170
(FA Ly T4 7)) & 50T, SEIREEZ LIk
PR L D b EREARC X W HEUKRT, oIt B LD
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QHWEMICE VBETH L. T, TRV T 14 v 7L
WETF 1Ly T THETIE, B ORBERGICOW
TR DBEA O Z W50 5.

SAR (2 & % M Z BRI OFREEERIL, FiZ~v (70
WBEOEHREREIREIC L > TR T T 52 &, KESR
DOFEZE YA 7 aE»IEH T4 L ThHD. GNSS
WENPS S~ A 7 LB LTV D 72012 o [E
MBI I BD, 1 ODORBEHO~ A 7 1ifx ST LT
W5 SAR BIAIZXT LC, GNSS #AE 2 20D
A7 AWEERGE LTS 0, BEEEOFIEIZL D
%A 7 O ORI T AT 5 2 & 2 FH
LCHBYRETHIENTED. T2, SARHREIL
5=y bR TE Y 8 X T < DIk LT GNSS
T SRR DV RN LB L C v B 7280, KRR DIRTE
HERICEE L eV &) ER HWT, KADFAE
WL BROBEIOMPEEABMSELEHNTEDL, 2
DX 91T, SARIZ X 2 MR B EING, w2250 %R
THEIMC X % 5O, FHUKS X GNSS X ) 845, %
7o, WIBEESE TV OEEIGERNT 5EE0FEL, 2

AR L VN &5,
WCIEBRETED LW LD 5.

EHERE O, XN R (8-12GHz) % C /3N~ K (4-
8GHz) D &) RBEWEEO~ A 70 LD O LNV F
(0.5-1.5GHz) DX ) HZEEEO~YA 7 0iEDIE) 12Xk
DWREGWERG D, FTORD, LNV FOYA 70k
% Ji\v: % JERS-1, ALOS, ALOS-2 @ X 9 %2 H RO 2L,
CNYFRXNY FoxA 70z Hvwsga—ay X
HF ORI bEMEORELZITRTW. bES
A, BROFEWLNY FIREADOL VI T b BT 2T
EWAELNL L V)N EZENTIE RS2, B
NI ICIEF ISR & < (Fig. 2), BET 7200754
Tl EEBAED L Z A%\, Kobayashi e al. (2009) i,
BHEICRT 5/ A X &S GO T4 Vv
T AT X ) HEAT I L7228, ZoT5ES
ETOBEBMBERED /) A A2 EETELDIFTIELZW

KA DKFELRDHFAET X AF7E1E, SAR B2
B BRI D22/ 53 A 355412505 o T AU BRI
WIFREIZRETEDLD, SARMEND LY —7T v M i
B L T 2 HFD O TR ] 430 1B C IR ZE R D 22 [ 43 A %
B TWinwizo, FEERIIIKRERDBER w22k
FTHILRTELRV. IRFETIE, KEATOKFELE
DZEMGAT 2 FUEE T VI L o THSE L, BIHIE D5 1
FTBRADEE ATONT &7z (& ZI1ENE - TEK,
2010; Jolivet et al., 2014; Fattahi and Amelung, 2015) 75,
HAEDOAEE T VI, SAR Bl T — & 72 b KR DL
*EEIIRETE LI EOREN . KERDOBED

(

o

R FUMRAT 2 17 9 B

iy

0

ok’ ..
Lo Srection

ight
F[')'ﬂgcﬁon

) : f Azimuth Offset [m]
30°N-E7 %4 =2 =17 0 2

A‘. . . . ﬂfi/
102°E 103°E 104°E 105°E 106°E

Fig. 2.  An example of SAR pixel offset image contami-
nated by ionospheric disturbance taken around the
epicenter of the 2008 Sichuan earthquake, China. Red
and blue streaks are generated by ionospheric distur-
bance. Modified from Kobayashi ez al. (2009).

ZERI AR ISR A S 2 2 & DSRBRIGICH S T B
(72 & 213 Jolivet et al., 2011) %%, fEET IV & H\» 72
SAR Bl A DK ZES BT L, BEET IV E2HDTH
FACHIBE S 20 2 BrET 5 2 L2 X AR ENRETE L
X, BREORZOURICHAED L ZAKREE VI LD
%\ (Kinoshitaeral,, 2013). 7z, KiLo¥a, ILTHE
TICESEDSGAET Da 7% &, KINEIIE &7 )
EEAEEICHET A 2 A%, FoBA, KILE
BN T 2 MR E B # KEAOFIEIC LD /A XL L
THEELTLEIWEDIH .

PDEoimns, EHEREORED/N S WA ITIERA
HORBERDGADN LRGBS ERN L 2 5. KA DK
FRENL N T ¥ 5 L% bIlF Cld 7 < 2209 I AHRE
o TWAhD, KERDIFEIZ L DR 22
A% F>. Lohman and Simons (2005) 1, 72 E) A%
HELTWhEWEEZ 5N D SAR T4 % FAr L, &
Wi & j BT — 4 OIGT C; H

C,,Nexp(f/) (15)

LEINDE L I TL BN L oMo
HE, Lo \3U¥EY 2 B8, Lohman and Simons (2005) (&
10km BEETH S & L7, LaL, KREFLOEGHN R
WFge (72 & Z X Tatarski, 1961), GPS @il (7z& 2 1&
Emardson ef al., 2003), fio> nSAR 7 — % % i\ 721)f 78
(Goldstein, 1995 ; Zebker et al., 1997) &, K#E5E D ZEH
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MR (15) o L9 IR TIE LI REBETH
bbhah, OB ZERHED 100km L ETHL L L
Twah, ZOECOBEEYE LT, 1) InSAR W{§%1E2
B EBE OHEE 7 & OBRE TRIER O KGIEGRL AL
DEBEANTN D, 2) KREEGLOIFBUZEER - il X -
TERD, BEOHHAMPEZ LMD, WITILIIHE L, SAR
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D5 (@dP<1 EZIUEER L BV L0505
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Fig. 3. Vertical (solid line) and radial (dashed line) dis-
placements due to a pressurization of a spherical
source with a first-order approximation and Poisson’s
ratio of 0.25. Horizontal and vertical axes represent the
radial distance normalized by the source depth and
displacements normalized by the vertical displacement
above the source, respectively.
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(27
LFEEND (Segall, 2010). = ORIEFESE xS % FAT 7

1% Bonarccorso and Davis (1999) |2 & » THEMIIH-2 51t
7275, WS DORIE v=025 DIFIZOREELR LD TH D,
Segall (2010) (2 & - T, £V —MMRMEIG- 2 57z,

Fig. 4b |2 £1=20GPa B £ O’ v=0.25 OIEF O MR K
OIS, 7O E b 7% ) Bl % nd. BHssa
TOWEI b7 o THRB LU0 E %M % b
5. RIEENIE r=d) TIRRE D, KPEMITE
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(Fig. 5a). B L7zMIFEOMIEIZ L b %) #ROZALI
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ulr)=abx (2(r2+cz)1/2 B 2(r2+cz)3/2) c=d, 2
_aclx Ity c o
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(a) A schematic view of a pressurization of a closed pipe. @ and AP denote the radius and overpressure of the
pipe, respectively. d; and d, are depths of the top and bottom of the pipe, respectively. # and v represent rigidity
and Poisson’s ratio of the medium, respectively.

(b) Vertical (solid line) and radial (dashed line) displacements due to a pressurization of a closed pipe with an
infinite length (d>=° in eqs. (26) and (27)), rigidity of 20 GPa, and Poission’s ratio of 0.25. Horizontal and
vertical axes represent the radial distance normalized by the depth of the top of the pipe and displacements
normalized by the maximum vertical displacement, respectively.
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(a) A schematic view of a pressurization of an open pipe. @ and Ax denote the radius of the pipe and the

amount of opening of it, respectively. d; and d» represent the depths of the top and bottom of the pipe,
respectively. £t and v represent rigidity and Poisson’s ratio of the medium, respectively.

(b) Vertical (solid line) and radial (dashed line) displacement due to a pressurization of a open pipe with an
infinite length (d>= 9 in eqgs. (28) and (29)) and Poisson’s ratio of 0.25. Horizontal and vertical axes represent
the radial distance normalized by the depth of the top of the pipe and displacements normalized by the
subsidence right above the source, respectively.
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Fig. 6. (a) A schematic view of a shear force to a conduit wall. ¢ and r denote the radius of the conduit and the
amount of shear stress applied to the wall, respectively. d; and d> represent the depths of the top and bottom of the
pipe, respectively. # and v represent rigidity and Poisson’s ratio of the medium, respectively.

(b) Vertical (solid lines) and radial (dashed lines) displacements due to the shear force on the conduit wall. Red

and blue lines depict displacements with the bottom

depths of the conduit at d»=1.5d; and d>=4.0d,. Horizontal

and vertical axes represent the radial distance normalized by the depth of the top of the conduit and displacements
normalized by the maximum vertical displacements, respectively.
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L# &M% (Nishimura, 2009).
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SITwiz (72 & 21E Dieterich and Decker, 1975) Davis
(1986) 1%, *H%Fﬁﬁ@ﬁ%é#wéi@%+ NS
VD FE ) ESRE SRR & ET & YA IS N
@%ﬁ%%?bt‘m@ama%&i,rbﬁ@3o®
FiD ) B2 ODREEINE L, ThLBEEDNHEOEIK
MIEEAEIMECH 28612, HROKE S E2FEOILETIE
DIES) ZQW@EEWM%*&)K’. Amoruso and Crescentini
(2013) &, EEOBKOER K E & 2 FF oM HMEKET
D WTHIEREN OISR 72,

EHAREEOFENZALIZ & 7% ) HELETTLTL
DESIFRTIE R\ AS, $R1E 7% [Al#xEh % & D [lERFE A D
JETIEALIC & b 7 9 W R LS FRIZ % 5. Fig. 7
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(a) A schematic view of a pressurization of an ellipsoid. AP and AV denotes pressure and volume changes,

respectively. d, a, and b represent the depth of the pressurization and major and minor axes of the ellipsoid,
respectively. # and v are rigidity and Poisson’s ratio of the medium, respectively.

(b) Vertical (solid lines) and radial (dashed lines) displacements due to the pressurization of a ellipsoid. Red and
blue lines depict displacements by a pressurization of ellipsoids with a=0.2d, b=0.1d and a=0.1d and »=0.2d,

respectively. For reference, vertical and radial displacements due to a pressurization of a spherical source (a=b)

are also shown by black lines. These displacements are normalized their maximum vertical displacements. The

horizontal axis is the radial distance normalized by the depth of the ellipsoidal source.
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(34)
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ZICHIY), v=025 & L7234, K(32) ATAV=7.5%10°
Mplp % B OIZRF L, X (34) (X AV=2X10°Ap/n & 7%
O, 77 v 7 OENEAET B EEE(LORKER, Ik
IRETTBE O Z 1 DH) 3,000 f5 & 7 5. M A BB £
TROMRZENLE LR T 22 eTEL (2213
Davis, 1983) 7%, Z D2 & IZFEDFEOIRIHO 5 te
WIHAIIZENZAD IR TE RV E W) 2 & FERT
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<iE Y — MROEIKTH X E NS (Rubin, 1993). £
T MEETHAGE T A 7 LI, KFETH LAY
BIYNEMEND. LT, 47 - YIVE AR,
&Y DIFRE~ 7~ 2 0 KN BV TR ISR AE
5. LoL, 147 - VEAIZE D L) ERLIY
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(a) A schematic view of a pressurization of a sill. AP and AV denotes pressure and volume changes,

respectively. d and a represent the depth and radius of the sill, respectively. /¢ and v are rigidity and Poisson’s

ratio of the medium, respectively.

(b) Vertical (solid lines) and radial (dashed lines) displacements due to the pressurization of a circular sill. Red
and blue lines depict displacements by a pressurization of sills with a=d and d / a=0o°, which corresponds to a

point-source approximation, respectively. For reference, vertical and radial displacements due to a pressurization

of a spherical source are also shown by black lines. These displacements are normalized their maximum vertical
displacements. The horizontal axis is the radial distance normalized by the depth of the sill.
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Fig. 9. Displacement field due to an intrusion of a vertical dike with a length of 2d and width of d, where d represents
the depth to the top of the dike. Horizontal and vertical axes are normalized by the depth to the top of the dike.

Displacements are normalized by the amount of opening. (a) Horizontal displacement. (b) Vertical displacement.
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DEE) ACyy XT3/ NS VHEIZIE, BEEZ KDL 2
EDTEDL. 2RITEEIZDOWTOEEIL Du er al
(1994) |2 & o THEA L, Cervelli et al. (1999) 12 & - Tl
IE&Nh7z. 20k, 3 RIEWEIZOWTOEE)EDH Du et
al. (1997) 12 & > TRd b7z, A OBk ER D KF
HENOZEACZRE S HANOZEAL L ) /s wizo, k
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TIRARZ AR @R 2D W T DL O IR S
L CTEMRELE 2 D0EEN R TETH L.
Mmmmad(mm)i HHOIFNEE SR
&%xé%@%ﬁﬁ%&ﬁﬂt,¥/7$®k$mg
%W%Lf?bt;Dﬂ?%fﬂﬁﬁﬁ%#%ﬂﬁ*ﬁ
FREEVEAR 2 A8 L CIE IR O S LR L2 iEET 5
&, BEE RREEALE DICHE/NEMT S 2 L AR L.
SN, OB v SEOWEDOHELI LY, KERE
Wt 2 A L - FA T, 39 E 2 M BRI AR 2 R L
ToHIFELRRICR L ORI N Cns 2 LIicX b, HUL
7 BEEAIZ X Y, Long and Grosfils (2009) X° de Zeeuw-
van Dalsen ez al. (2012) b [FFEDFERICE-> T D, 2O
ZEiE, bR O X S, BEHER EIEY
WEHMOY v 7LDy M T A MPFREVEAICE,
Bip & BT HEEOR SRFEIEE T 2 LESDH S

v
Ro

Ry
AP, AV,

Fig. 10. A schematic view of a pressurization of a sphere
of radius R; with a viscoelastic shell of a thickness of
R>—R,. Here the shell is assumed to possess Maxwell
rheology.

(a) Reference elevation model

iy

Z L ERLTWAD. Masterlark (2007) &, HITFTOEAD
AFEE 72T TR, VT TNEBOHEREY 70 S 1R
55 B L ACEAN O MR ISR & g e 52
HT LERLT

3-2-2 YUREEYEDOEE OREMEDF

HER Z AT B MBI E IR TIE 2w, & U b
VHEE T, IREOERIC X o THEA TR IZ 5

¥ 5 KHEIZ & b 7% ) HENZ B postglacial rebound

&b 7 ) WFATE B TR~ >~ Lokt %
ﬂ@b%ﬁﬂ‘ AT T & 72 (72 & 21X Biirgmann
and Dresen, 2008) 7%, Z Z Tl FEfibike~ » ML OKE
FBPEIZ OV T, v/~ 2 E ) L OBE 0K
GEVERPEE SR A B IS B LI TR EIC O W THER T 5.
Dragoni and Magnanensi (1989) (&, 55 -85 [R5 14
DR DTS d 4 Ry DERRIETTIED LI Ry-Ry DR
EDX Y 7 AT 2 VIR DA DOV T B ERE
(Fig. 10) %% 2 72, ERIREDE 2 S OB L > THU
DERADVIO HNDL I EEEZLE, ZOMBEHREILE
YThobeEZONE., 22T, t=0IZENEIHE
THYGE, DF DALY A FREE VT Ap=H@)p &
REDLGETEZ LD . R<r<Ry \ZHAET % AhoHEMK
i, =0 TR LTHbE9. LD ->T, =0
B HFEEMIE, d>R BHGET LR, K(22) & (23)

Za=R ERALZIETERENS., ZNIKLT, 1=
7?!i*£9$l¢f$ WFEEITRER T 5 72012, HFREAI,
d>R, AET UL, X (22), (23) IZa=R, ZRALT:
JEcEEING. OF ), HMFRAEOIIFER & & HIE
b, BRELZIIEDL>THL, ZoZEid, 20
R E T, #HERETB OB S 720 TIIETJRE DK
JEBREIZOWTOFEREEON R nE W) T L E2ERT

(b)Varying-depth model

Topography Topography
Reference height _~~_ /"\
Sea level Sea level
Depth Depth Depth Depth

Pressure sources

Fig. 11.

Pressure sources

A schematic representation of simple assumptions to take topography into account. (a) Reference elevation

model in which the depth of the pressure source is defined as the depth with respect to the prescribed reference height.
(b) Varying depth model in which the depth of the pressure source is defined as the depth from the altitude right above
the source. In this case, different depths are defined for two sources with the same distance from sea level.
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L. B, RN SRR (X, R PEAR ORI &
n& LT

_ 3p(0—w)R3

= AR (37)

IR
L #F4 % (Dragoni and Magnanensi, 1989). v<0.5 8 X
RI<Ry TH D5, tp \ZHEHAEIR E RO RN 7 ARA
Ma/vihdbEn

3-2-3 WEOPE

WTFOMEICHANS &, WIEOFMITE  GhoTw
A AAREMNIZB W TIE 10m O 55 R g % # O Digital
Elevation Model (DEM) 23fFE5 % L, b 60 £ 57
# 60 FEZ TOMTHIUL, 57fE 3 (HAMFZThHIL
3% 90m) @ Shuttle Radar Topography Mission (SRTM)
DEM A 545§ % (Farreral,2007). %72, SRTM (EK[E
EINIZ DWW TId 5 Ee 1 7 (9 30m) @ DEM ZFifit L
TWb, L7eds> T, @m4rf#ied DEM 2 L) Ans 2
CIIHWAEFOF AL L D BENL S DIIT 5A5, B
M AR EZ B L, PERFR A RET S L) b
DNIEIHESEMEC e A, L72ho T, BENLIEZ L
HHl 72 2R 2 6 L 72 A D EREF 0@ &
DORED, DL BHEICHENLWIEE EET 540
BB LD EFHITH I LIEEROH LI ETH 5.

WIEOFE A LR T H b - & bHHMATEL HbH—
EDE S AP MELE L CHEEITI L TH D
(Fig. 11a). ZOFEE, WESEETR VIS IZIER)
R JETH L0, ENRMEOBE) 2 EEX, H
ERENBORERS 2% EIKIE L, H—WAikHo X%
b D7\, 2% 21X, Cayol and Cornet (1998) (%, 4%
6d OBzt FR % I % B0 KIS 1 d OFRIRIE IR A
EE SAIIAIET 5 2 L2 X A EET 2 A REHZ
o TEE L, WWTEOS SRR 72 K P2 2 e §
LIEICIVENEOESEb oL I HEETES S
EERLZZ. LaL, 1S FERIC, 2ok 28N
B FEFET H 2 &1 & O R % BRI
5T EHRL, BENLGEREHER S EOEEELIR
L 7-. UKL, Williams and Wadge (2000) 1, T
THEATER W E A I ARIE R 7 135 % LR O3 i FE 20
INTHORIZEE L, ENEFFEVEAIZIT L K REE
T5 L) AR AR LT 5.

I D%hH & HIE S 5 WICHA 7 5L, O
W 23S %, ZOHLEOMEDNSDRFRS L amakk
2, CPEREMEAE B2 EIRET S22 TH D (Fig
11b). 2F Y, RIS 2% SAE LENFETH > T
b INTHE TIFAET 234 LIS T 2356 Tl
COMERETORNT LEORSPELRDL L V) Z L2

7% . Williams and Wadge (1998) (£, ZOHETERDH
N B MFLY & AREFZFETRO SN L T LK
L, &0 DIFHMEEMRHERHIOWT, 2 200K ETEK

DOENTEGNEIL —RTHZ %2R L LaL,
W o OBGEOHPBTIL, APFEMICE L T, 2ok

L0 BRI ARTH 2 —EOE S IR T E ET
DHEDIT ) PAREFEIC L - TRO SN L
I—=#L7 Z20n, Hod, WEOFREEINS
OFETERT 5 2 12 X DETTFEOMRIELAL % B AET
filis™ % T hEME % 7~ L7z

Williams and Wadge (2000) 1, 2% E 2 JHEAE 2 O fr
BEOME Ay, y, z) TERINDHEIZ, HKEIZIHET HH
R N VHS n=(—0h/0x, —0Oh/Oy, 1) L P TE 5 &
WSO DL &, TEOMIZIIOWT, JJIRISHIE L7z
WREFRZBITHICROONL 2 E2R L. T,
2 KICRIEIZ DWW THUD #L A 72 McTigue and Stein (1984)
B £ U McTigue and Segall (1988) DT % 3 RICHELZ
WHRL72bDTH L. BB, KO OHmILLIIRDOZEAL
FHRFMIC LR, ©F 0 ¥4 7 ORHELERIRE D
BORREEAR & G2 B ICORK ) L H, EIED
JENZEACZ BRGNS L 72RO L e W 2 B ISR
SNz,

Tk, WEOEELZEZ R TEELRVOEFED L
I REETES 9 H 2 FESROBR S S L ORI 7 7K
FEAT =V LD S ARGERZIE, EIEDSSHIERIC S 72
5 IR D ZEBEALD A A — VASHITEZSAL O BB 72 7K
TR = LD RS, IBHEE, HIEELOEHY
BIKFATr =V CEHEE AL TIENTEDL. 20
&, WIEPERCB LITTHEBIINS ., ENEORE
95, WIRZALORBAI KA — L &) &
FRICIE, HiFERICB X2 SN DI B IR A Lo
MK AT =N &) L, WIHELDFEAEL T b
OB AR EZ LTS L2 ENTE L.
ZOWE DL, WESEELICB L IZT RIS
TEAEHC B LT TIENER TE L VOEMED &
LELTHRWEE, 2%, EHEOBRES L EE Lo
B KFEATr - VORBECHLIHBETH S
(Segall, 2010, 259-260p).

William and Wadge (2000) O F-#:1%, LD K
HOREHAr —vx L & LIESEILOREN AT —
Ve HELZE (HIL?K1 ZELTWA, 20720
IS0 7% ) B L\ IGETdh > T IEMERZ B 25K
HIENTELL, HRERL L ECEFL RO L &
D OEHEREI AN L W) MTHRAZFETH LS,
DT3B THILEVH)ELEH TS 2D,
FIZEWEPEONLE V) DIFTERW (&2
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Lungarini et al., 2005; Meo et al., 2008). Ronchin et al.
(2015) 1%, fARAY 2 BB X EEOKILO#IE & Fk
PR SNIRE L2ERIRIE IR %2 VT, HIE2S 3R )
W52 % e A REE R 2 W CHRUE M IS RGE L
Too EHE, EIRE BT S OEEZ T TlE R, H
D R 2 R ZAL DS RTINS K & i e 52
LI EERRLE O kL, BROERMSTH HIE
FIROT AP LN HIEOEELZITRT VI L ERLT
w5,

3-2-4 BENFRICKHHRE

FUSIRART X9 BB R M e P R DR R T
GO TEI S N2 AR ORI 217 ) 6, BT
FEIZHS &5 % 273\, kR 7 HER # THE & & hoE
L72BEY I 2L —2a i3 2o ftbilCELD
(72 & 21X Dieterich and Decker, 1975), ¥T4EDFIEHO M
REDEICE D, 22 10 BAEDORIZ 3 RITOHIE R
THEE 2 UE L CHRERERERER L H Y
Iab—2a YMRIELAThbND L)1k odz (72 z
I¥ Cayol and Cornet, 1997, 1998 ; Bonaccorso et al., 2005).
HOIE R ANIE B 2 B SE B D 53 RO R B R R I L D
FAEDS ML ZR TR & 1L 5 HRE BN T OIS )12 5
R BB OFNICET 5 % Cfrbhtwa (72
& 713 Manconi et al., 2007, 2010; Hickey and Gottsmann,
2015). %P, I TITHBNHEEREIEEHAOY 7 b x
T TiTbiLA T L B %S, IT4E PyLith (Aagaard e al.,
2013) HEDEHEDOV T T 2T HERLTnDE. 20
L9 BB XL, COGHOWMIEEDIEANDKE L2 EE)
WX B7259.

C D& BEAEE LTRSS B &) hA L
HACEHRRER A 22 2 2%, RAEOFHERMERED I _FIC
L0, #WFICE 2 7 ETTROTEIRR AL E 7 & HhF B
ZEHET Z A2 T <, Bl & 7o =2 B 0
% N Al KEW N b o VA= R e IR U i Kl R
ZEb 4TI A L9 I27% o T E72. Beauducel and Cornet
(1999) 1%, BN S N7-HEER)T— 5 95, HIEZEE
L CENFEDONE R IR % e L 72, Fukushima et al.
(2005) 1%, ENHROBMERZREZRTFL, T2, #Hohb
ETNINT A= 5 ORERGHHRD DL L, L1 Pk
SNFEEMIE L FMEFEIOVTIRRE
(2006) b ZH S 72\,

T OFHEREREDFEEDE L\ &3z, ML
TER B % ERE L 7= BUERT R, FRIS R & 5 <
Ba 3L Ol 2 NEE LT 5. 202012, BKitEt
HBLokkx % TRAITHON TS, Trasatti e al. (2008,
2009) &, 52 LOUELETOHEIIOVTEHL
ThBwizr ) — yE%xE v T E L §Ew 7

iy

Masterlark et al. (2012) &, JJIHEOAEIZIEG U CHEIYIC
HREEFIIOLE LAy L a %Y TTERHEL, Ay
TV TN B R & 454 L 72, Charco and Galan del
Sastre (2014) 1&, JJIICEM R A2 525 2 &1
o, IEMEL M OEMFE R -7, LaL, B
D& Z A S % H R L 728 M O JLE Y 7 iR
525N TBHT, SBROWGEOEEIES N,

3-2-5 F7FOTERICE IR

KUK & D 7% ) IO~ 7 EHAIZE D R IE
DAL, B ol EEh 25| 2R T L 03d 5.
72 & Z1E, 2005 4E 12384 L 72 Dabbahu K1l (ZFF ¥ 7)
TONKFEY A 7 BEADBIZ IR OREAL O IEWTE O
AL S 4172 (Rowland ez al., 2007). %72, 2007 4F Piton
de la Forunaise NIUMEKIZE b 7% 9 BV T I ORI
X, VT IS E b ) IRIIZEALIC & b v L TER
NS HOBE) 54 L7z (Michon er al., 2009). 12
AT & A RETE B R % E O BERT RIS
L D MRAETOET) v R WICAEN R HETH D
A, OO BB ENIEOERREOREYD &
CWEHEECH L. ED L) hE, Tu YA Hw
TYIYEARHABL AT A2 L10X ), WA
BGx €T MET A ENTE DL (72& 213 Acocella,
2007 ; Abdelmalak et al., 2012 ; Galland, 2012 ; Trippanera et
al., 2015).

7 a rWERTOEMHIL —F— A F v FRh A
FIZE > TRHAIL, 2 2B S 2 m %%
Particle Image Velocimetry & F-(Xi % HiET~ v F o 7
L, 2 ODEEZIM D% % 514 % (Fig. 12; Ruch et al.,
2012; Trippanera et al., 2015). Z DT, SAR BT IC
B 7N F 7y MENNICHET 250 TH S,
ZoMIZ, LT E TN % FHIlT 5 SAR T
VAT 12 R R L 72 Fik (Galland, 2012) 72 &, Hf 4 72
FHEIC L D MBREMLFRNES NS, 7FaswEE v
REBROYE, EBREFEIERE I L-oCartu—)
TEHLDT, WAFTRL—HF—2F ¥ F2WHHET S
IR DR OMFEEM A FHNT 5 2 EATES
L, ¥/~YHEALoTHEEI SN LM T TORED
e TDORBERBIZT S5 L b TE 5. Trippaera et
al. 2015) 1%, 7Fa7WETY A 7 DY RLEA%
BT L2 E12L), HT 7V ARTA AT Y RARET
DTV — N OFEEEROME THILE S L iEC IERTE
ODFAEX BB L2720 T% , R THE I NS IEWE
WEA 7 FTIIEAEMP TR W E W) EIHBIZ)
SELNDHA (72 & 21X Paquet et al., 2007) % FFI
HZEIZOI L7,

TSR X912, T u S ERIIEHAND YA 7 E



KINZ BT % MR BT D il D FE I 327
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Fig. 12.  An example of experimental setup to assess vol-
canic deformation through an analog experiment. (top)
A schematic view of the setup. In this case, dike intru-
sion is mimicked by inserting iron plates. A laser scan-
ner and two cameras measure not only the surface defor-
mation but also internal deformation. (bottom) Vertical
cross section of the experiment in which sand mimics
the upper crust. Modified from Trippanera et al. (2015).

ARANVT TN L b % ) A B % T MET 5D
WZHEIL DN TEZA, BfEoL A, BIZL bR
Y IMEEARLIC & B EEEORME - B LT 5 2 L
T D (Acocella, 2007). ZD728, £ DT Fa s
FEBRITFRA 248 L 723k &~ 77~ BB L 7ok iR o
2 B CRER S LS.

3-3 W DhDEES

3-3-1 SREZEH & KFER

Fig. 8 [2A 5 £ 912, WL ODENE, 72L& 2132k
REFBE Vv, ML 228 EG 2 AR M. =
DT L, KERERER S SEEEMICKED D 5
W72 TEINFEOTIRE KFIT & ViR H 5 &
I LERT. COMBEIREVHERINALTAYT,
Dieterich and Decker (1975) (& REHR W THRE 5
TIEAFL L 72BN & E AT e TE L2 &

%7~ L7z (Fig. 13). Dieterich and Decker (1975) ([ I
2, LU 2SR N E R AT SIS O F R A AL
W LACFEN AR EART I L 2R, MEAB L
FEICRPABS OB OEZEZ @R L7z, o2 &g,
IPEMOFHIAST & B GNSS %, $HEZEN 721 Tk <
KRN D EIE DB % InSAR 7 & O I O &
A5, KINMEHFRZET % b 72 5 T RO FEMO IR &
GEBEE L TWAZ L2 ERT 5.

3-3-2 EREREMFLEENEREHE

M O IFAERIB TG 2 5- 2 7Yy 5 D MR AL B O RE
HiZ, WEICBUILERFMELHIZER D LEHI L
SEEREEICB I A2ERS % 41— 752108 o
TH 2515 (Davies,2003) 729, HHVDEHTH LD
WL, EABEREMFEILVHEN TR L bOD, %
FEHORHIZ L VEMTH D, b L, HMEREHZ L0
L7z DB ORRENL 2RO DL ZENHTH D% 5L,
BB R LM EHWTEIHEEZIT o THELELR 2.
Davis (1983) (&, [l UIEIRD IR G- 2 72 R 225 T
CTHIUL, BEREMENELELTHoTHHEMS N H
TR\ S I AV ERR L. I RA:
POBRZE KDDL Z ENFNFIEHM TRV LD
EZDE, ZOZ i, NREOEEZEIE R BB
POHREBENL (IR TELZLERZRLTVS,

3-3-3 FEIE
EBEOXKILTIE, RRO= /=BT ps <7 ~ny
A7RICBEATEZ DL, TOBE, ~7/=7EZEho
BEWA LA 7 TORERMINZELW. LarL, v7
<2 FE ) OERERA & F A 7 ORFERIINEEE L < v,
— M, ¥ Y OB EIIRGET 205, BRIRE L .
WE | ISR p OBEEICHE N, WE o, A Y, #
FILE Ap, EFIE B T/2EAIMER u=1/pn D< 7= T
72 SNTEMRE LA L OBHICAMOE SO I~
PHEAT LI %% 2 5. 2T, Rivalta and Segall
(2008) 2 L7225y, v /<Y OEEEAL G EICE B ) H
JEQZALRB ORI 2 &% % 2 L EREE %
5. MLoV ThHHE, I EAIE S %) K
AL AV, BEEZEAL Do & AM DBIRIZ

AM=NV)=pAV+ Vo (38)

LT A, TR EEBOEMREI

_1loo
&_paP (39)
_lov
B=72p (40)
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Fig. 13. Vertical (Ah) and horizontal (Ad) displacements due to pressurization of various shapes denoted by A, D, and F.
These pressure sources cannot be distinguished solely from vertical displacements because they can generate similar
displacement fields, but the associated horizontal displacements are significantly different. This points to an importance of
measuring both vertical and horizontal deformation to infer the geometry of pressure sources. Taken from Dieterich and
Decker (1975).

LIERINDLNS, ThHER (38) ITRRALT A
M

o(1+Ap/y) (43)

AVgn=
AM

RE(ET ) 1)

AV
b, Np B MPad —%—, uHhGPad—4—Th
2155, @41 &, I PHUERTH B H) f=c0Th W HT DD Ap/ukl £ LTEL
WEY, AV<MM/p & DT ERRLTWS.

T2 ZT, A MOER >~ 7~ Ekik~ 7~
FEVDPOFAUESDOYIVICBEIT 254842 E2 L.
IR~ 7= 725 ) OIEMET Bopn (& Bpn=3/4u LTS, EB D p=um DA TV TORFERINEERIRE S HO
FIHCIR O 2V D JEAEEE Ban (& Bau= 1/ Ap £ R EN D KEIRD D 7/3 #5127 275, FEBIIIFW % L 0BT
(Sneddon, 1951; Rivalta and Segall, 2008) 72&%, Bk~ ~ 7 <oz EHOMMER L ) LW EH% L,
2 E ) OUREAL AV & ¥ VOEREL AV 13F 2 VORI EARE IR O BRI LT E 5 IS
neEn KE&LAHRDH A, FERIZ, Kilavea K111, Afar (BT 7

#1), 2000 E=EEY A T HAANRY MIBWT, BHA
(42) &b 7%9 54 7 OFEREIINE, BRIRIE 05 O A4
DR S FEICB LR LA L D RENT

AV A B 4u
—Mn L o (44)

AM

AV o= 0T a0 Al3)
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w5 (Segall et al., 2001 ; Irwan et al., 2006; Wright et al.,
2006; Rivalta, 2010). Rivalta (2010) i&, 2000 fE=FE 5
A 7BEAANRNY NORAD 12 FEIZEOMIE, ¥4 7
BEAMBEF=ZRBETO~Y 7 <72% 0 55 of bk
BLZF357THTLEEL TS (Irwaneral., 2006) = & %
fRiEL, CoZ LIEREE LD bRVEEREZ RO~ 7~
NEZEBEPSHBL T2 8 ERMWTHL EL
7z.

nB, XTIPEKLESEEIA=0THL00, KX
(41) LB OEREE AV &~ 772 F ) OIRFEZE
1t AVyes & DEIRIZ

A Vcrupl /Bm
=1+
—A Vies Bres

(45)

EEEND, I TR XY EETNOEMETH
5. bL=xr<72E ) oRRSERIRTHIVUE, v~
) OBRFEIANS LT IARE I REC 2505, ~ 7
<ZFEYDDOIIRDE T A 7 LLE Y VIRTHIUE, 7
<72FE ) TORFEEAL L IR RS S 2
PEIfEE NS,

CDEHI, MTICBIFA2~Y I~k EZ HIIHT
D, EDERS L AZETIIR &Y o o AR E 2T
LOMELAV. & LB &L > THRREDRIE L 2 wE
EATRIE S NIAICIE, RMOENREOFEYEZ 5
DOTIR%EL, FTEERREDED L9 BIEMEO/NS %
JEEOHFAED T REME X BIET L NETH 5.

3-3-4 BBOHEOHEER

B S - R B A ORI L Db 0L L
THZDHILFLWD, FEICIE, EEONFICL 5%
% ENENOIFEIC L 2B OERQELE L LT
Ky LdTELRV. FhU, BEEOTEOMILIERIZ
LY, ENBEROHFEOL 72T ERGOEREDET
BRI B 2 BER G ENTERVPLT
BhH. 1oL ZNE 2O0OETIEND b TR %% 2
DA, 2 ODETBED L 725 TEEHOL L b
Lo CEEH RO D4, LI 2 SETTIE 1 OFFt
DETREMITEGLZ O 726 LEREM 2730 %
5.

Pascal et al. (2014) \&, HRERLEZH AT, 200D
HFEO L 7255 MRERY L ENENDOIENFEDO S 725
FTHELERLGORL LD b LEOEZFMLL. W51,
A 7RV OFERIER I ERIRIE IR 8 2 5412
X, 200 NERRLEDEDLZ EIZL > TERY 2K
DTLEMEE 5% UNTHLZ ERRLA HibidFE
7z, ERIRETTED S A 7 OB R F1CH Y, 2
22 DOOITIRH OHEEAERIRIL R OLED 45X D b

NIV EITIE, BENRECRDLZEERL €5
2518, 2 DOFIREEDZ DOF1ED 8 LI DR
HECIEA TV BB EITIERENRE S R DA, D2
N ETHL56120%, 2 2DEITHED S 726 T4
DR LEDEDPEBEOLEROBVEEII2 5 & L7z,

4. RUGEENCE S % >4 LHHBLEE
WHRILOIEENE, KREPICEZITEEY - ~ 7/~ EE
B AT 5N A EESIN (A B S B
NoLZ iz, v 7~HFEEINE, ~7~EE)~0
TR OFENIE S B IMERS, EiNo~v s~ E
A& D %) WREEB DB SN S (72 & 213 Dzurisin,
2003). FEIHAOYTTEHAILE D vy, KIS H
BOFEAER, KIWET A DN E R 2 O O LA
bbb dsb (72& 213 Sparks, 2003). FEHADO~
TYEAILT LSS OO0 T, BHACREIZKD
5 b8\ (F2& ZI1E Moran et al., 2011). EHEE~ND~
TREADERIGFE D) eIy 5 EHEE
ST BT L, BHEEMICEREWZ T TR, A
FICHEETH S, BRI, v 7/ ~EHIcEdb %9
HHENGHZ TR, T TOY 7 <kl & b 2K
JEEHE - ERA Ty 7 KL A R R s 0 2k
REMASENS (72% 213 Anderson et al., 2010; Takeo et
al., 2013 ; Kazahaya et al., 2015; Wi - 1L, 2016). 241
SOBINE, MAGEAEHFT S L TEETH S,
FTHARZ LD, KEENI K E 2 I2iEn o0
BB B 2 LT E LD, RO - v i
KT BDIKREZBFTENTH D0 - KO &0
SRS E Y, B SN A MRREE L o4 TH D,
ZITE, INE TICEBIN S 7B A 7 i A B &
L, MBS 5 5 N5 AL & RO W Tk
5.

4-1 FEEARBEEOMHEH
RURPEENVIIYTIIONEASINDL L, <D
PSHEE L IMEIZEIET 2. Z OB TILBEZ 7% HifZ i E)
BB SN WIGEDH L. HEIFEEIC BT E
ENTVRWIHKINZBWTIE, FEBRIZIZEELTWS
WEFSHI BN S Z2VWEGLH57259. £/,
GNSS - @#FIEF - O3 ARG S L 282K T
BENTOARWEAIZIE, WREgzBlllcxrwvy. £
DL BREGAETYH, W TOBBEIBEM 2TLE 22 SAR
EHWSZ LK o THiE A B & 4. Pritchard
and Simons (2002) DJGERRY 2 BEFE LK, H REAS 2 S
NTWARWIHRILZ BT B~ 7~ #Ef 2 i 53808
B AN TN T &7 (72 & Z2 13 Philibosian and Simons,
2011; Chaussard and Amelung, 2012; Chaussard et al.,
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2013). HKILDE L IET 7 L ADHEETH 720 A >~
T T OES TR WHIFIZH Y, b ETOBIIINEE S
T5I i%%a%ﬁ%%Tékwiﬁ?%%zét Ed
T SAR 12 & o> TV 7Y EBREAMEA TV B AL % FFE
L, DM LEE T 5 KINEEEL THE LT
OBFHMEAEBEST S, L) FEREHENZLON L)
B2 5.

Chaussard and Amelung (2014) (&, SAR |2 X » THIHI &
N7 MREHBOBIMAILO~ Z < BRI E b %D WA
AL, WA~ <72 F ) OFR ST EMREDE
WIE SRS, RIS DERETH 5139 DR E V)
CEERIRLI. IO EE, HRANTOS <A
BHORDER BB SN T WD &) 2 & EEE

L, 2N COEGHWIIZE L MM TH 57213 Tldze <,
BB H B A E B A W S N E K~ 7/~ 72F ) o
WSEIFETELWVAILICBWTY, ¥/~ 7EF ) o
KEHLBEMHNTE DL L V) T EEFERT S,

LICHBR7FI 2T Lo e LT, WAIERIZE b 2wt
RSB LSRN O R AR IS B 2 ERIRD L < I3 Al

HEMEEDBEOWEIC X - THI SN DA% VAT,
XA OBIRIENE 14D L RZNRUT 255
10FEDL LLIEZENLUEICO2Z DY, THFEHT
D, 72k 21E, 2004, 2008, 2009 F B LA 257D
IR RIA I (2% - H #2) (Takeo et al., 2006 ; Aoki et al.,
2013), 2011 4F-FE BRI Se 37 D LR 5] 1 1%
1 4E13 & (Nakao et al, 2013) Td 5 DIZxf L, Campi
Flegrei ‘K111 (£ %1 7) Ti& 2005 4E LA F T 10 4F
VL EZPER DB L (Amoruso ef al., 2014 ; De Martino et
al.,2014), Long Valley %7 V75 (7 4 1) 7 45[E) T,
1978 4 LLKE 30 4E LIS A 72 0 B R LA, 3R 25 Hik e
LCw% (Feng and Newman, 2009; Liu et al., 2011) 75,
BEITISE L Twa v, IR VT I T, St
1940 FEROHAEICEL T THEZH VR L 205K
HEANMKIE L, Z DRI < DI AAFEA LT b (Iguchi,
2013). F 7z, Santorini K1 (F1) ¥ %) % Laguna del
Maule ‘K111 (F1)) @ X5 IZEIR OEFEI O #1220
X 7 ERED D OSBRSS KIIEES &
Wi (72 & 213 Parks et al., 2012; Feigl e al., 2014) b &
5.

R YERBIZE S %) WMERIEIRIC &b 2 ) FUE o)
HELIE W R b725F 2 L bdH 5. Sierra Negra
Kl (77 B - I TRE) T, E o2 VIR
<7< PEEN) OBED A IVT T NEOWEES)C XY
BENDE V) MBEFHF YR LEEL TS/
(Amelung et al., 2000 ; Jonsson et al., 2005). = O & E)
F~ 7 ~72E ) OHEZ A S AR E ST L 15%E %

iy

Ho Tz, WiEEENC &Y 7V 7 Z SN 12
olzfz®, WiEEEA~ 7 <72 F ) OKRFFHINOHL

Kzl 2 %EHH- TV E 2 515 (Chadwick
et al., 2006; Jonsson, 2009) .

T, /Y ERICE b L) LS NAIREIEE, 2
FLLTRTOYLAIZOWT, HEENO LB
FBERRDS L IR AR Ok & L CEEY
WA SIS DT CTldZe vy, Fialko and Pearse (2012) 1
F K Uturuncu K 11T 258 20 4 B2 (% & 4172 SAR
{5725, Uturuncu K1 K I IEOfT A & OB
A, W 20 ER-NEIER Tmmlyr & V) —EDEET
HREL T B LIRS, R OHE & OB EEA R
K3mmiyr (EEMELTWA I EEZBHILZ. 2hbid
FNEN, WARBER LRSS 5. ZoBliilE,
FrEPER R OB S 25 B L 08 80km (ZHIE B L UL
EBLIETHHTELD, INHDOESIIEADNE
P EPEROES L DRV L, 22007 <% D
%% CRFEIZ LN~ 7~ MG S AT B &R 2
AN I & 127 1) Uturuncu ‘KILAY#E ZE 27,000 4E [H]
AR LT anZ e IR TS 5, % EDBEHA S
Fialko and Pearse (2012) 1& 2 O & 7 )V W F I I A # L)
ThoHE LI Mo, WK 2554 % e
L, PEBHAEICAET S 16km DIESIZBWT, FEHO
FHOLY VEEE L 7R BLIETENCL A
BHTE L E L7z, 20 16km & W FESIE, HFERHE
JEREEIC L) RO 5N HEERE (Chmielowski et al.,
1999; Zandt et al., 2003) OHE_FIZH720, YHEAIZHZ
W7 ET )NV CTdH D, Fialko and Pearse (2012) NZH kI
HETFIWVEEDLZ LN TELERIC #3720 4k <
[ 72 % SAR BUIDOFE AT AL ;D B mm/yr FEO
R B 2 B R B R TRl T2 2 A TE 5 &
I korzZ b, EHEROEHEIIZ L ) BIEN L SAD
W% B AN 72 HFZEBI O T 7 OBERE AT
Elleo/zl L, DhbH. —xiC, B 5 b2 BhEl
%ﬁ%t%é%?»@@ﬁﬁ&?é@f b B VB
i - AP - BRI e & LTI T, oM
BN 2 HHATELEFTVENEL Z LN EFHEND.

KBV CIEME KRR U 5 M B (LA iR
72 TIE R, IWRIESRET A2 2L b H A, LRI
MED AN Z AL LALLM EN TS bIF T
%, TOAXANZALLHEIZ L 5 TWEDIFTIE RN
B, Buke KA A DRI & B ERIRE RO BE <
FIDEHNZ L > TELTWD EFIRENDL 2 D%
(Bartel et al., 2003; Sturkell et al, 2008; de Zeeuw-van
Dalfsen et al., 2012, 2013). EMILIZBWTD, WA IZ
EIRIUREAS L S 5. BIERLK Lo B 1L <l FiiE
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THXKUTADHMAR S NL A, et Sz Kily 2
OEH S EIF S NS~ 7~ AR LI R B L A
Wi b2 LD b EHMIZKE { (Kazahaya et al,
2015), MOV OO KILEFR L KENTY 7~ xf
it (Kazahaya ef al., 1994; Shinohara, 2008) 725%&4E L CT\»
LEEZBND.

WKINC BT, B GBI K E IS & ) &
HBEINLZERHMOENTWED (F2& 21X Hill et al.,
1993 ; Manga and Brodsky, 2006; Hill and Prejean, 2015),
AT D SAR Bl OFEIIC L0, KHELS K LIS o i
REBEFEET LI ENHSL D% 572, Ozawa and
Fujita (2013) & Takada and Fukushima (2013) X 2011 4£5
b5 AR B EE S, Pritchard et al. (2013) 13 2010 4F
Maule 178 (7)) 2SEBEOEXKINEZ LIRS E-22 L%
38 H L 72, Ozawa and Fujita (2013) (&, JCHi® GNSS ]
WEEST 2281280, 2 oAb T ACEE
HWEOIE LIZIZHERISE 72 FEL TV 5D, SAR
LB INODBINIEHEZR D DOTH LA, b0k
a5 EEI LA A Z X AZO0TIELT L OBIET
1 72 \». Ozawa and Fujita (2013) ¥ &£ U% Takada and
Fukushima (2013) 1%, ALl & & 00 Hls o Yy 1 3
WER L, WEICX D s L D okE CFIEMEE
Nz ik ikl s N L FR L2, Fhixd
L C, Pritchard et al. (2013) 1&, #IEIZ X 28090 L < 1%
BB DZAIZ L )~ <720 b LBk T Y
5 ZRRBOKDBUN SAURUE L, ZAUS X D kRS
WMENLEFEL COMBEIZREEZDIT L2012
&, MBI 7 & h S8 S AR LSRRI R IR 7
R & W2 BRI ESA T R TH A )

42 TIUYEEICEDE D WMHEEH

4-2-1 SREHEADY T X

Y TRIEE DICBIT L EEEAYEA O IREEE & L
Hl, ¥TREZENEIHIEL, v/ EWMENBEDL (72
& z21 Caiion-Tapia, 2014; Browning et al., 2015). ~ 7'~
WEDPE HAIIE~ I~ IIEE IR I NS
< 7 ORI A E ORISR E WA, <o
x5 A 7 RICEE SN D (Rubin, 1993). A 7 %
FIZET D EBKICE L. 1983 4E LK Kilauea K1l (7
A ) HEFEINT A ) D East Rift Zone THERE L T\
LW KIS —BITdH 5 (72 & z21F Lundgren et al., 2013).
LorL, &0~ EAPRELZE LT YT~
BENERD, RHEOBIEREL )M T~ 7~k
WD D, R EOTEATY A 7RI HEIZE
LMK ZFEE RS EH S\ (728 Z21E Moran et al.,
2011). V7V EADKM A — ) VidkE4 TdH 5. Mauna
Loa ‘KIlI (7 X)) #GHENT AIN) T, 2002 4FE205

Bl b 10 HEBREICh7Z2> CTINEE T TS A 7 B A
WHE 72D (72 & 21E Amelung ef al., 2007), MEKIZ1E
FEoTwAwv, ZIUIR L CERBILTIE, s Hrod
EREOT A 7 EAODLIZHEKDFEAEL T D (F
A - 4B, 2005; Takeo et al., 2006; Aoki et al., 2013). 1E
Tld, 20154 8 HIZE K ol L K& MR E = & b
) AT EAA NS NHFE LA, BH CTE AN
TL, BAKIZIZES h o7z (Hottaetal,2016). ZDE
AA XY ME, 74 7 EAORED S E THIRT
LB ENTOuLKILODEDTRELZLDT
HY, TOANRY ML R MRS - WEEE)E I
THILIZED, ¥4 7 EAD AN =X L OHEIK
EHELTREMD D 5.

FA 7 HADIET DB, A 7 OTHICH B~
TRIZEFDOWEDN L b %) XT TH LA, HWAZEs)H
5547 DHEEAIE bRV <2 ) OREL KR
HaEhrZbidbiewv, 2, 1) v r/~xEEh s
I DEREICEA TS ENO T~ 2F ) OYHEIC &
D% ) WA YA 7 EHAZE S %) Wt AR) & E
HoTLEHTE, 2) 3-3-38IRT LI, ~r~72
T ICBIAEEELIE S A 2 B E b %) R
OGOV RETHL L, PEETH .

4-2-2 KEFBRADT J X

K~ 7~ E ) TOWEDE A OF BRMMEEZ 1Al b
RTRIEFE N DR LR, < I FEI M R
AlE, X7 YERPICEREND. KEAN~NDO~Y T
~EADWRE, ¥/ E)ONEEICE b %) Wik AH
EFA B AT E D 7D MR R B S HEIL 72 By L R
ENDB720, SREFAND Y A 7 BEADOEA L di#En
SRTREEVONHEDIZ o X ) LENT A ENTE
%, WIETIE, 2000 fE=E8, 2005-2010 4F Afar (7
7Y 71), 2014 4F Bardarbunga ‘K1l (714 27~ F) TK
BB ACFEANEEL, TovFhuiBnTd s~
EEOoE 54 7 B b %) LB - &
D EBIIENTWS (728 21F Ozawa ef al.), 2004;
Yamaoka et al., 2005; Wright et al., 2006, 2012 ; Riel et al.,
2015). Kilauea ‘XK1lI, Piton de la Fournaise ‘X111 (75 > &
L =4V B), Ema KL (A7) 7) &b, &b~
RIEENDSOKTTA 7 AL K OIERK %5
EHILTWwS (72& 23 Peltier ef al., 2009; Falsaperla
and Neri, 2015).

ENDLIRREGE~ 7~ OB ADBIIEER i 5
FA4 7 okumiiEE L CHMT LI BT LETELN
(Rubin et al., 1998; Hayashi and Morita, 2003 ; Falsaperla
and Neri, 2015), K P HANOY 7 EHAOWE, BN
AEEHRANBE T 5720, WEEBIDT5Ch { HEF
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ORIV LRESLVWEETH, BRVEZT T
&b T A TR OKTALE XS HREEHN TS 2 L
WBCTED. 547 OKFEADRKEIZSL OB EEMT
F7 L, M-l E & 4. 2000 F=EHEB IV
2014 4 Bardarbunga KILITHHE L7257 A 7 KFE ADEE
W20, BT S Ao 7254 2 BEARE DS IE- Z D
LRENTZ, A 73RN FERTIFAMICHE, 2
27N HES %5 (Nakamura, 1977) 720, BEAT 5%
4 7 OMIBRERRIE, RIS 7207 TR, #BIC L -
TOL LMD FHTMZRIG IS RS L5 (Heimisson
etal,2015). HIEIEZ OB EE\ R SHRETH 0o
TW2ZNT, TOZLiE, #EYRMMEETIVEHIUL
IEREK O % & B AEFEHEM 5 Z LS HETH S 2
LRIRL TS,

IKEZ A 7 BADBIE L % F O LR THET 255
&, FA 7 IZITITHEE 2 H TS décollement ASTEHK & L
LGEDNH H. FEE, Kilauea X LI X Etna XL Tl
décollement AL &4, EHWT Y - #i5E - WD
TR L o TUED LB TT AR E) T % B &AM
NCTWw3 (72& 21F Owen ef al,, 1995; 2000a; Cervelli et
al., 2002a; Montgomery-Brown ez al., 2009 ; Bonaccorso et
al., 2013). = O décollement 2SfF7E L 72 V4 137K 4
A4 7 BADEENE~Y 7 ~72% ) TOHIEIZ X 28880
b DTHDENFETE B, décollement DSFAET 5 5
A&, décollement DI RV IZX 2B 5 A 7 DIREN~ T~
LREYVDPOLTA 7O 7l ZET 255605
%. FB, Kilavea ‘K111 1997 435 & U 1999 4EE A5
VHINEROBRIIEN SN TE ST, Z5 0K
décollement D TR |[ZEREH & N7 DTHDHEEZ D
1% (Owen et al., 2000b, Cervelli et al., 2002b) . Z ALIZXS
L, 2007 fEBEXIZ IITHE T OHIJE & décollement T3
N OWHABR SN L) pT, REEIY - B YA
2 BAOHHNZR Y 4 T ThHEFERSND (Brooks et
al., 2008 ; Montgomery-Brown et al., 201 1).

KFET A4 7 BEATRYI<EL ) o0~ r~<iitic
b A L A 7 BRI &b 7 ) M) AR
NG TR SN A 720, WREEI 5843 2 BEH 72
MO TYORMHEELHENT LI LLTES
Cervelli and Miklius (2003) 3 & % Anderson er al. (2015)
1, Kilauea XL ILTAAS¥T & East Rift Zone |2k {E S 1
TRV G e S B, £ k12 Ko $ThT
BET 5T a5 L7z TS ILTEA & East Rift
Zone “NDOX T DOHMICL LD THLETDHE, *
7= L 10~20km/hre & B D 5, East Rift
Zone IZBIFZHEMBE~Y 7Y HAMEL D K Z <, East
Rift Zone (2T S N7 E T 2 — TN RN L EED

iy

Jiti (72 & 213 Kauahikaua et al., 1998) & [MFEETH 5.
ZAid 1983 4E LI @ East Rift Zone 123815 4 {FEHIC &
D, w7 ~O@ ) EREREDS > TND I ERRIET .

4-3 BRIZEDHEOHHBEH

KWMLK LA A S O B0 TH 5 DT,
FEARIZIE, BAIZE D BV KINZIE T 5. FEBIZ,
WA &b 72 ILRIGHE 2 I o KL GRS AT
% (728 ZEEk - i, 2013). Lo L, WT4FE O MRS
BUOSERIZE Y, He BBl sh, £ <ok
LN TEz, KILEAIZE b 7)) KEOEE TOmE
FEf A 7 — )V COMEFVES) 72 & O EEZ O TUE
- (2016) 12FEY, S 2Tl L ) BRI EENICD
Wi 5.

2011 SEDZEBPIREIE X TIE, 3 AO#ET ) = — g
RDFEE L7206, G F— 22T 2 IRBIEImE A
NEBIT L. ZoklEENC E b v, HREHIE S
Jo—REKIZE LR D) ATy TR ERES & AS
F—=ATERICE b )@k @RZR % BUI L 72,
Ozawa and Kozono (2013) 1, &% F— ATRHI £ 12315
ENT=LHO SAR BEOHEE G4 6, )2 45E %
AT K — 2 OB O HZ(LEZ KD, 1.5%X107m’
DEE K= A2 E— R ETH 2 B2 TER S
722 & %78 L 72, Kozono et al. (2013) 1%, Ozawa and
Kozono (2013) 12 & o TR & N7z ik it AR & st
BENOFR HHET ) = — XA & b 7 ) EEm =R
R, WFIEA LT ==K B L OEE F—
LIERIZ L b 7% ) AR L R L T 5 2 L
L, BEEEBEROE T O T AR OK & 224l
ELH L2 ERL. IO OWZEIX, SO
WEHAEDESL I LIZL ) KLUEKD X =X LI1ZD
WTEWBAZMAEZSLZENTELBITHL. &
B, WTHOES F— AT, ALl s 274
D5 2013 4E T A F THkHE L 72, Miyagi e al. (2014) 13,
InSAR fAATIZ & 0 8 B — & ORGIE & ARk s,
EH~ /<~ ro0xrviBicdsbnTHhs
ERRLI. ToX) BRI, SARICXZ2BIINIZ X 5
THOTHRETH 5.

Ozawa and Kozono (2013) TIZMEH L 7ziAE OFRFE % L
D BDIZH LFEOEH 7255, TanDEM-X {2 72
EQROBHE TR SN TV ABEY AT LADOT =5
5IEDEM #1522 ASTE L7280 (728 21X Farr
etal,2007), 2 BRI OMIZZEAL O E A 5 Y O KT %
IEHEIZRD A 2 EHTE L. Ebimeier e al. (2012), Albino
etal (2015), 3 & UF Kubanek et al. (2015a) 1%, Santiaguito
Xl (777 5= F) 2000-2009 EMEK, Nyamulagira ‘X 111
(3> TRFEIAE) 2011-2012 48K, B X U Tolbachik
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K (T2 7) 2012~2013 4EMKIZ & b 720 ) B E 4
ZFNZEN 4310.6x10°m?, 3.052£0.36 X 10°m®,
5320.7X108m® LHEE L7, SOTHIE 105m® A
HREKRIZF TR, ID/ANSREIZE D %) ET =
XEMHE T 52 L b TE %, Kubanek et al. (2015b) (£
Merapi KILI (£ ¥ K42 7) 2010 SERKIZ E & 7% 9 1ITH
WA OEHEOEEL 1.9x107 £HEE L7z, 2t
OFEIZ X DHEEE BTN TH L. KIIEAIZE B 2%
) MR Z LK EE 2 B LTl b AR /8T A —
ED—DThDH7-%0, HEF %L TR % B
HELLZLIIEETHL. HAEDSAREEI v 3
VE1ODWRIZE DB DOVERTH LA, 2D LI
VR L2 2 HOBRZIID Z 12X B KINFEADFHE
BFREVDOT, BROWEI v a v 32 OBEET
BRI B L GERT A 2 L2 RELZ

5. SHROEBE
5-1 ML AESHRERAVEY T VEX - BAOERRD
EFROFE

Z 2 F TRz LD, KIS BT B b Bh LN L,
YT REHEDERIZOVWTE L OFERE G2 5. Lh
L, WREBBIICL->TL s snb BRI~ <7
FVDOENE, T4 7 DORKREERESRBEFEL V-
TETFHEROATH Y, Fo, HRLHEL26T
FEEOTIR Z RERE & < SRked 2 Z & 13— ki 12 KT
HhH. S5, WBREBBIM»SRKOENDDIE~Y T~
DIENRERD [ THY, 72 E~vr~72EY
DEFEZ DL ODFEREFE L. LArL, T0k)
BIEHRIEKILFIZBWTIFRICEE R /AT XA =5 Th b
DT, BHZBELTINSDNTA—F 2WET L L
3, KIEBOMER L O FHNCEETH L. 22T,
SROKIHE B BIIFE DR RICESR 27—~ & L
T, HSAZ BB & BB R R E R L A G b
HZLIZED INSOREICHD) ATV 72ODRE
RIkRD,

5-1-1 HRZTENEA & HEFEEEA S ORE

HFRA BN, BT OENFEOMERCIER, BLO
NSO ERD D Z EDTE LD, BMOMEE
F IS ERHEBNCB U 2 BEIGED L O RFET
Ko Z LIFTES, T2, EHBERIKRERHBE L HE
T5Z LD —MRWICIZHEETDH %, Dieterich (1994) 13,
WEFBHSZOBFRCONENDIBE L LTHRELT
W5 ELT, MIEREHRIZY —0 VB c DB~
BEE LT

d<%>=%(dt—%) (46)
EREINDEEFNMLLZ. 22T, o BEBISH, a
I ERITCOWERE ST A= TH 1), 0.0052°5 0.015
OOz L % (72& 21X Scholz, 1998). F 72, CII%E
BTHAH. Kilauea KINIZ B 5 HEGEH K (46) 12
Lo TELLEFTNVLEN A Z & % Dieterich er al. (2000)
AR L7132, K46) OAFHEIZE  DIfFETRENT
W5 (7% 213 Cayol et al.,, 2000; Toda et al., 2002).
Segall et al. (2013) 1%, Z 4% HIv>C Kilauea ‘XKILI East
Rift Zone T? 2007 £ 54 7 EHAIZ L & 72 ) WA BB
L OHEIEE) & MRS 5 2 L 2l a7z S I,
¥ A 7 EAA N N % East Rift Zone ~NDKFE A
72V CHBHT 5 Z L IX R EEC, East Rift Zone N TOERE
A EAGE LD BB AL TnWioZ L AR
W7z, 155 OB L-FEIEBZ5 CHlEoBIED
FHIEH LS00, KILBGIIH L TERL 2 EEL D
AR BB & EREE B 2 A G HhEL I LIl o
THE O L Ol Iom ErHesns 2 L, &
72, WS EHRE BB T — 7 O Z LW EETC oKL
BN X 0 M B ELA 750 A S K LR & BR S 5
ESHEE 2 By AT D MUEBII L LA G DY S 2 LB
L) LCHFTEDUREEAS DL L, BhENPDL, ¥
RO—DODWRD KL R) ) B EEZD.

5-1-2 WRHBEEBHAEYETTIVORE

WA B EENE~ 7~ 72 F ) OFEEA, ¥4 70K
ESRESRBEL L EDOEHRE DO TH, 615
DILETFFRDOATH D, HBZTHBIIZ L > TH
726 SN~ 7 WE MRS F N Z L b DO TH D
PRaEd %2 — 5T, ¥4 R KGETC BT 2 B
1 - EERIIZEIE Z N E CTICE AT TE T 5 (72
& Z 1% Kozono and Koyaguchi, 2012; Rivalta et al., 2015;
/NEEL 2016). T b, MRREEIBIN A 2 S o Bl
1 - FEERIIZE R SO N AR LA EDbE DL Z LIS
LV, T OEEEHET 5 OICEE A A )
WMZTFHd 552 EDTELRBY IO - BE -
< IO EO G AR - v 7~ E ) OFFE L
EDINTG A=F HWES D ENTELARENDSD S
Anderson and Segall (2011,2013) 1%, HkZ BB 7 —
&b <O E LR T 2T T E 2 A HE
T, ¥UREFHYORS IR - RREER < <2 F
O DA - D) - FEES Y- O &4 = & TSRS A O
ETHE L., ~ 7= EE)ORES - IR - A2
MR ZBEN 72 2 HRD D Z e TE LD, w7~ 72
D) O - WD) - FEEMWEO S AR, A
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Bl & <~ 7~ OFEE LT 2 WHE TV E A HAE
b—&%:&b:iofbi COTHETLIENTEL®mT

. R SIEBASE L2 % St Helens ‘K1 (7 21) 7
’\’ﬁ‘ilﬁ//l\/ﬂl) 2004~2008 FHEX D T — & 12 H
L, MEETVEEETLILICL)Y I~ T YO
RS 7 EOMENEAYNT A= b L0 X CHEIT S
CEPTEBIE, II~18km IIMET A~V ~ETD
DOERFEIZ 40km> DLEH L NETHLH L, REFRRL
7o, WSO THOW WS 7 — ¥ TR EH 7 — % 72
FCTHHH, WO, WESE 7 A7 — 5
WO DOTHIHAALZ LIIBEHTHY, THIL D,
LRSS NIZETVEMET LI LN TER7259

MRS ~ 7~ OER)F /8T X — 52 LR
W7, INHET, HRAEEI T — & & H 7R
FET = ZOLDOEFHL LI LT rb0iIcLLlED
ENLL, YT OWERE Ok DY R % E R
WCHRL L9 T A2 L o72hs, S DfET
LHFEEFBETHILICLD, ¥ IYOBEERT T
A= RWETEHLI LR, YT EHED AN =X
AD L) EGELE & KINGENF M OREEE N 1A% s
LEZbNS.

5-1-3 I EEYORFEOHTE

LLY I EDNICBVTHERHEL D - 1284,

WiEEB 7 — 5 1L~ 7~ 72 F ) O E ek b %
HLREMHT L LN TEL. L )by, EhZE(L%x
S EFT L LT TEL. Lael, ¥/~ EFE ok
BZObDOERDLILIFTERY, L L, v/~
F ) ORI, XKL BIT B~ 7~k e O &
PRSI0 H7 DI EARNZETH L DD, ¥ 7
<EFVOMREEFWETHILIIEETH L. R LH
B E T A GDE T2 E ) OFE %
HEsE 3 5 F (Anderson and Segall, 2013) % E IR~/
25, 22T &Y HiliZ Gudmundsson (1987) 12 L 7228
W, YIYEE)ORBEEEKICE S D v IR
DRI NWTEEET .

Gudmundsson (1987) X, ¥ 27 ~72F ) OBFEENEH
DFEBETZBMA L~ 7< 2T )DWIEL T, <2
REF OO IR A ZIRICEAL, BAL
eI DO—HPENKT B LELT:. ZOX) BEA
BEET LT 2ZE ) OBFL KT T 575
Gudmundsson (1987) (%, B AL @EIEIL 0 LLFIZIE A
Lhwek Lz Thabb, $5YI<EENICONT,
AL ARKOT 7 EREIL, <7< F ) OMFE
ODD TILT L0 UER~Y T/ YERETH .

K (40) &0, %%nﬁ%%ovﬁvtibwuﬁiﬁ
0D 5 TIZ7 o 723 B DRFEZAL AVies 1&

iy

A V[ES Bres Vres (47>

Th5b.
X 41) XY, 2ol
By

CIT, Pues IR TIETVDIEHRTH 5.

VB~ 7~ OEm AL AMy

M1=Bres T Bu)OVresT (48)

Ll h, 22T, B lEX Y DIEMEETH L. B AMy
DRITRPTA 7 ELTEALESS, BALLEY A2
DIRFE AVgie &~ 7772 F ) ORFE Vies DBFRIZ, X
(41) &b

A V dike _ Brcs + IBm
Vres 1 +Bm/Bdikc

(49)

E7 D Brs B By 1T 1~3X107 O REEE, T3 HINY
21E 3~4MPa B, Bae ~UT TH D5, Aiie/Vies
1 12000 225 1/500 FRECTH B, 22Tk, v~ 7/ ~72%
DHPEREL 7o~ 7Tz SN Cnwb E LD, bLv
FRITZFDDEGEBL - S T TETWADTHIL
3, IV MBREORE LRI ET NPV ELELRY
AViike/ Vees (& &V /NS BABIC 2 5. WEiLICR &, BEK
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Fig. 15.

An interferogram representing the deformation
between 11: 17 GMT and 11: 28 GMT on 9 March
207 in Etna volcano obtained from a ground-based
radar. The white symbol denotes the location of the

ground-based radar. Each color cycle represents an
interferometric fringe corresponding to a line-of-sight
displacement of 8.8 mm. The maximum line-of-sight
displacement is about 55mm, corresponding to the
displacement rate of approximately 300 mm/yr. Taken
from Casagli et al. (2009).
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16. Interferograms taken in Kilauea volcano by an
airborne SAR system. Each color cycle represents line-
of-sight displacements of 100 mm. Gray and black
arrows indicate the trajectory of the aircraft and look
directions, respectively. Look angles from vertical are
also shown. Interferograms represent deformation
between 6 January 2010 and (a) 3 May 2011, (b) 9
May 2011, and (c) 7 May 2011, respectively. Taken
from Lundgren et al. (2013).
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