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Abstract

In the Kanto basin, long-period ground motions are often generated by large earthquakes due to the
strong amplification of surface waves in thick sediments overlying a rigid basement. Such long-period
ground motions cause significant resonance with large-scale constructions such as high-rise buildings and
large oil-storage tanks. Thus, it is important to understand the generation properties of long-period ground
motions in large basins of populated cities, in order to mitigate and reduce the effects of potential disasters
such as from future Nankai Trough earthquakes.

The generation and propagation properties of long-period ground motions in central Tokyo from
earthquakes at different locations are examined. For this purpose, ground motions generated by the 2004
Mid-Niigata (M 6.8) and the 2011 Fukushima-Hamadori (M 7.0) earthquakes are compared using data
obtained by a strong motion network and finite-difference method simulations of seismic wave prop-
agation with a heterogeneous subsurface structural model of the Kanto basin.

It is shown that radiation of Rayleigh waves from the source and amplification of ground motions in
the 3D heterogeneous structure of the Kanto basin produce strong directional variations of the developing
strength of long-period ground motions as observed during the Mid-Niigata and Fukushima-Hamadori
earthquakes. The results of simulations and their visualized wavefields based on particle motion and wave
gradiometry analyses demonstrate the peculiar multi-path and focusing effects of long-period ground
motions at central Tokyo interacting with a heterogeneous subsurface structure. Such phenomena are
associated with earthquakes occurring north and southwest of Tokyo. On the other hand, such
propagation of long-period ground motions do not occur with earthquakes northeastern of Tokyo. These
results support weaker long-period ground motions observed in Tokyo during the 2011 Off the Pacific
Coast of Tohoku (Mw 9.0) earthquake relative to those of larger and lengthy long-period ground motions
developed by the 1944 Tonankai (M 7.9) earthquake.

Keywords: long-period ground motions, Kanto Basin, Nankai-trough earthquake, 2004 Mid-Niigata
earthquake, 2011 Fukushima-Hamadori earthquake
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Fig.1. Basement topography of Kanto Basin obtained by JIVSM (Koketsu et al., 2012) illustrating the top of the Vs=2400
m/s layer. Iso-depth contours (yellow lines) are drawn at 500 m intervals.
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Fig. 2. Record section of radial-component ground velocity from source to Kanto Basin during (a) 2004 Mid-Niigata
earthquake and (b) Fukushima-Hamadori earthquake. Bottom panels show cross sections of the subsurface structure
along the profile and star indicates hypocenter. Red squares indicate long-period ground motions developed in the
Kanto Basin. (c) Velocity response spectrum of horizontal ground motions at SIT009 station for the 2004 Mid-Niigata
earthquake (red) and the 2011 Fukushima-Hamadori earthquake (blue) assuming damping coefficient of 2=0.05.
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Fig. 3. (a) Topography showing simulation area and source models of 2004 Mid-Niigata earthquake and 2011 Fukushima
Hamadori earthquake. (b) Vertical cross sections of subsurface velocity structure (Vs) cutting across A-A.

(b)

Fig. 4. Snapshots of seismic wave propagation at 48s, 68s, and 90s from the earthquake origin time derived with the
FDM simulation for (a) the 2004 Mid-Niigata earthquake and (b) the 2011 Fukushima-Hamadori earthquake. Ground
motions with purple and green colors indicate horizontal and vertical motions, respectively, superposed on the

basement (top of Vs=2400m/s layer) topography map. Hypocenter is shown with the yellow star.
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Fig. 5. Radial-component ground motions of observed and synthesized waveforms of (a-1) 2004 Mid-Niigata earthquake
and (b-1) 2011 Fukushima-Hamadori earthquake. The top trace is of observed ground motions at SIT009 stations, and
bottom traces are synthesized waveforms using the source model of each earthquake (labeled “simulation”) and strike-
rotated source models (labeled “Strike +deg.”). Left beach balls indicate focal model of these earthquakes. (a-2) Velocity
response spectrum of observed (black line) and synthesized (color lines) ground motions of 2004 Mid-Niigata

earthquake and (b-2) 2011 Fukushima-Hamadori earthquake.

Fig. 6. Snapshots of particle motions at 48, 68s, and 98 s from the earthquake origin time. Red trajectories indicate
oscillations of long-period ground motions (T =7s) at each vertical station with a 5km interval.
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Fig. 7. Record section of N-S component ground velocity along (a) path 1 and (b) path 2, demonstrating fast traveling
surface wave packet (shaded blue) along path 1 and lately traveling surface wave packet (shaded red) along path 2.
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BAGh5. T, FHLHIORE RO U © R
R S N2 RIRIHOEHPIE, XD HIBEGAIAHRE
JE (1-2km/s 1) CTHEFHRIBOE VR (3000 m
BE) 2fmb b, #ONEFLETZRT IR TE .
COEHZ, KREFEOSIVFNRAEREE, TRENEL
PARIRRIEIC X 1, RO KIRIE 2D RIFFRIIE R %

R R AR T 2 MRS R T &

B, WOB~NORMKR D7 +—H ¥ ¥ ZHRIL,
2004 AEFE IR EZ IR 53, Appendix A ISR &
IS 2011 AERBPIRALT I E 2 &, BRFE oW G % &
BT HrHBEDOWEEHEY I 2L —2 3 VEEEDS BT
A CT&7 (Fig A3). F 72, Koketsu and Kikuchi (2000)
i, PR OMEO PM AT & PGB S b RO
TA =T FHROFAZHTLTEY, BHETFHO
ACAC R~ 1 P8 5 1 CTHE A3 2 MRIA W il R o0 Hh 32 L2 o
LTHONZBRTHDLEEZ NS,

2.2.2 2011 £ESERAY OHE

WIS, 2011 4EAR B IGE ) O HE o PM AT & WG
FRATICHEE DWW, BHCERTFOILR G O EEIC X 240
T O R W) o A R 2 e L 72 (Fig. 9, Fig.
B3). Z OBWCTEOALHS A THA L 72 M58 0 K
&, FEOILHIBOFLIE L O LD S FE NN & A5
5. PM NSRRI, FENTORIMIEOIRE) T I0AE
OIEFH I EFIF—HLTVWBEIEZRLTWAS. L7z
Ao T, MHCEFIN TR 2 BREMERE, =L
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Fig. 9. Snapshots of (a) particle motions and (b) the propagation direction and phase velocity obtained with the wave
gradiometry analysis for the 2011 Fukushima-Hamadori earthquake, at 40s and 80s after the earthquake.

TLA)—Wh S SNE T L0 o7z (Fig 9a).

PM f#NT D532 1%, LM AS BT B A A ST
LB, FEILOAMINS [ 2> o T IHAEREE D3R 2 A2 1
T BHE/ITBWT, BREHP B L RMEO(aiFH
AHENFWIAS D S, HERETE AR ARFEHE D £V F
SEBIZ) A o TREPE AR 2 2§ & 5 1WA T
TA—NAL, TOMRE, KMPEOMWIEAGF LI &8
R T &2, FrRRhBIETR SN X518, Tk
TR OFCROHERR R E TCORMMPEOWMIFIREX DD
@ (Fig.9a,80s), MlE S N7 RmMPUITG I~ &m0 72
DIZ, FBOEBORWHBEEIIIHFE LW LG
7z.

WG fENT D% R (Fig. 9b, Fig. B4) 25 b, Fik L
POMHHTERANEASL, T7 4= A RAERI LK@
WS, WL EHSH CIRIET 2T, il
WETHONZE ) BN FRABGZ RIS L
DHEFET & 7.

3. B W
Db okater s, BACPE 5 BT 5745 5 Hik
2B B RMW O RS & HERTEOE AR SR

2004 EFHB I ARIBEZ I B VT, BERAAOmVE
WP (LAY =) ORGTIRE & BCFEF N T OERRTHK
DT F—H Y Y TBEB L O IVF SRS, 2011 4F
EBIEIEE ) DR IZB VT, BHETHADIHNL A
) —oREHE, BMREFRNTORMEOT 7+ —h >
YIBIRY, ENENRIRIEA D BRE BRI 5 B
WisEs oA, REMMEEObo I 722 KK T
H5H T EDHER SN,

ARETTIE, ABFZETHAM L7z 2 DDOMFEICH T 5 BH
SEEFC O KR E B 0 A AR RIS DT, 2011 4EH
Jest i ASE A, & U ORI A0 & 5 R i
kS 7V OBEKRMEICB T 4800 R YRR oL
BAEE 2 MG .

3.1 2011 SFRAMAKRFEFMEICH T 2 RALMEE)

2011 AEFCLH G AR R (M 9.0) DBRIC, #RLo
BEBELVIKELSELENR, BRAT) V7 5-%0
FMWEIRS CHE S hTwa (B 213, BEELnrser,
2012). LA L, Bl SN0 o ERHER L, HH
6-8 B DHEIREANRYZ M IEIZB VT 30cm/s FEE
(REEE 5% OYfy) TH Y, oML, 2003 4F+ b
HE (M8.0) OBICE/NE TR AW v o3 Aay ¥
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YK DR R ELZZHSOIBEA RS BV (>100
cm/s) O 1/3 LTFIC#EE RV (), 2014).

F72, COWFEITBIT HHB.00 KSR E) O #EE S
BLANVAE, BIREEESTIZS L, MEREIVNS W
(M7.9) 1994 4FHrE{E IR DO BRAEFLSR D HHELE SN D B
I B OREIRE LNV ERBETH L5 (I,
2014; Furumura, 2014). Ay (2012) 3B REOME
BT — & fERT 25, #LTO RN M FER 2
JAW 6-8 B D MEIE AT MV ¥ — 7 35t iR
M EICIZ R ST, Mo KR & IZRH I ED)
DERFFEAH L PICHE L L2 L 2L T 5.

29 L7z, WOToRBMMEEE) D L <OV 2S /N
SooBiRE LT, WAL A M E O REIE X 4
ZALDS, SFEIZEHM U 7oA S U ) o0 3 o0 W R E 1)
% 45-90 FEREEMR X272 b OIS L, BT ~O
LA ) = ORSAEg 0 - 72 2 &R, S ILE L TR
%75 Defocusing #2242 & TIRES S SI1I285F - 72
L THWTES., T, HILHTREENHED X 9
WCRFEHET L — b RIEcle X 2 TlE, WEESEEEO
WEL 7 4V E VT L — T+ FHOHEIZ TR
W, RIMPEABEK LI W R, KFEDERERER
2BV, WEEHERT S ORI X D KO 5 H L
EPRENZ LD RHAGMERZ /NS Lamhetkd %
Abhb,

3.2 MBI 7RAVOMETEE SN2 REALHMEE)

Mg NI 7V OMETIE, 72k 2IE, 1944 SR
WEE (Mw7.9) % 2004 AL B HEMHE (Mw 7.6)
DB, RIRIE 2> ke ] o R R JE1 T3t 52 B A B B
PEFTBI S 22 &A%, BN RsIC L VRS
N Tw% (Miyake and Koketsu, 2005; Furumura and
Hayakawa, 2007; Furumura ef af., 2008). F7z, HENR
ZikIalb—Yarhod, MHilELT 7HEEORIC
JESHERE L7 D WHERT) (RINER) 23219 % 5 <

"
N
2
4

R

BEL, SSITIMARICHEESIND X9 ISR L
RIAUMEBAFE SN RHREBEPHERI N TN D
(Furumura and Hayakawa, 2007; Furumura et al., 2008).
Vb oriE b7 7 Wi o RSB b 5 5% %
BROREIZET 5 BAOMEITINZ, B S ORI
OBHFEE, ZOMBEOTINL (FH) H 5 DKMEHEA
I BT 2 BARCTE C o RS R B) O £ IC o v
T, WEBEHE Y I 2L —Ya VICEIEFiLZ. A
MR CIE, SEITHRES L 729l I ol 32 & A6 S Wil )
OMELIZIZEFEAE (190km) oMM (b 34.45
B, BA% 138.3 ) (IEER 2 18 &, KWk ORI
ZEHil L7z (Fig. 10). HEOREE X 7 = X A 121% 2004
ERPEERMRNMELF U b o GEM 245 &, HRA
62 B, WD M62ME) RV, EBFIZHRE 8km & LTH
IR BHED Y I 2 L= a3 v L RBROHTENTE %
W HIERDE & O S 2.

Fig. 11 {2 PM f##T oA R (MERA 25 80 8, 1408
%) &Ry, BRCPEF ORI 2 S AS L 72 K3RiE O

I 50 km

Fig. 10. Hypocentral location and its fault mechanism of
hypothetical earthquake occurring southwest of Tokyo.

Fig. 11. Particle motions of hypothetical earthquake occurring southwest of Tokyo, at 80s and 140s from earthquake

occurrence time.
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Fig. 12. Snapshots illustrating wave oscillation direction and phase velocity obtained with the wave gradiometry
analysis for hypothetical earthquake at 115s 164 s, and 235s from earthquake occurrence time.

RIMPAFE TR BMREL, ABLEBN LT 2703
AT E L. FORMPIL, RE A HEST ST MR L
TEETHALI LML T THREHAMTE 2. POk
B SEONEAED BT, LAY —EANOEHRDTE
L, LAY =WRE T 7TWAIRE L7 KIRTEO K5 0
BOPEETA2HTPHERTE S, 29 L7z, EHmT
DT TEPH LAY —=Eh H~DZHIL, Boue et al
(2016) A% MeSO-net &% EBINIHE CRLEk S N IRE) D
FENT 5 DI L T 5.

Fig. 1212 WG T o R &2 R 3. FHNTIE, #EF
DR ECFERY (S OREFHIEAHIC D> THEST
T HH, MENE LR, &2 WIERHE E B ERO
BB ClE, BN CENET 5 RIMPEATH 0 & 5HE
FHiwZEZ, BOZHD o TET LT IMHRTE 5.
L, RPEAMEIEEE OB F IR 2R § &
IR T 2L L 200 TH 5.

1944 4E SR 7 M A R 2004 AEAL R BRI O HE O
BB OIS 7z, KIRIEA D RRE R L5 ke L
ERMMER, IhE Tl SN TE L EREED
HefdRE  (fHIMAR) 12380) 2 KIRIE DD KRRk S % 3%
NAORE &, AMRIZH - 72 BB~ ORI 2,
BT O HER T HE R 2 B 1T 2 RME O <V F /38 2 B4
HHELGLTWELEEZOND.

4. £ & &

ARIFFETIE, BIHOFANC X 5 BIFCEEF o 5 J5 0] s
FOENREOEBHEN LIRS 2012, REMHMESD
iy Ialb—va ragEil, IREVELEENT (PM
f#HT) B X OF Wave Gradiometry f#NT (WG fi#T) 123
D X FAHCPEF O 3 RITANE B M M & KT ORI
P BN R L7z, 2 LC, BBCEH coRBNhE

BRSBTS, BEMAEFEORKE LT, 1) B
B 5 BRI 72 R OB X5 — v D, 2)
BT O MERE RS 1S O A BRI X 5 W O B IRk
DWED 2 HEMR L. TR0 OB RICEIY
T, 2011 AFHAL I AR IS B W C BRI T o
R MR AT, MBS S 7 1944 4 A i 22 12 I
RTHE» - 72ERE, £ LTl 7 7o RKHETIX
BIHCPFE C R B 255 < 7 2 W igtE &2 R L7z

RIFFETIX, WG N2 B EEy I 2L —va v
G LCHEH L722S, 72& 213 Maeda et al. (2016)
A% Hi-net BIIFLERICRT L CREM 25 B LL 1o KR 9k E)
WO 21T o725 912, Z DN %2 Bl a skt
LCEHTAZE S HEBAICIETETHS. LrLAeD
5, WGBHTIZIEIR ) RO —kED 72 0 ITHEHEO#
WEASLECTH 5720, K-NET, KiK-net MEEN 5D
Wb (20~25km) Tld, ARWFFECTxHE L7z 7 800
BORMEOWRE B km~F+H km) 2252 LI
FEAYICHE L. RIS, MeSO-net (238 4) 2 BillFD
SOERL, F-EMBEREHRE LY PT—2 (SK-
net) HOEREFI TSI NI HBERE T — % 2 B30k
M3 52ET, WGMICHED EEBLOFNE & b
2, YIab—Ya RO WG AR R 2 L7z i
(LAY — W OMAHEEZ L) 25 FREEET IV (S W
HPE) OBIEICETS Z Ealifisns.

KWFFETlx, WG T % MBI B o 1 F B 512
LCHAL, LAY — ORI % 3 L i L 7225,
FBE PR NS 7o RBEICBT S
PM N 20 5, BBCERICBIT2 T 7RO E L A
) —EADLEWRDPIERINTEY, 5% 7RO
DVWTHMAPRLEELEZ 5N5. W4, WG BN %K
PRI IS T B -0 DM RMIENED SN TED
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(Langston and Liang, 2008), Z 9 L 7=#1 L W#EHTHAT 2
BMIERY I 2 b—Y a VEERICEAT A2 LT, H
MEZ M T RERE IS B B RGBS OB - (ZFEREO
BRIREL PG INS.

%’I

&

ARENE, TIHERIC X 2 PR AR AR BB 22 R 0
ZeR M ER TR B B2 Lk 2017 SRS LGS TR IC
B 5 KRN MR B SR O REBUN i g ] O EB K
ReFloboTT. RBIFETI, EVHIZRRHIEEEA
B SERHFF M FEHT O K-NET, KiK-net |2 & % #@E G
L LI Fnet E— XA Y b7 UV Vh ¥ s il
LE L7 F7z, st RFEHEN R @ EIC &
FRE Y A7 & & ENIWESE B S N RIS B SRR o
ByIalb—SafALELL T KiEO—EBIC
1 H AR AR SR JE A28 (C) [TM 9B K
ORI R B - B - FHERE OB B LD
HETIVEESE, BIFEFa N FE GRER 5 17K01322) |
OB &R 2T F L7z, RBHEROERICIE, —BEE
PN H AR B 2 AT gE & > 7 —HIAT O H AL
0M 7))y FARRT—VEZMEHHLE LA ESR
i, HUMERBORH NERIK, WEZBEROST
Hi—RKIIZER 2 TEICHATHE, EEABEERE
WeREFE L, SCICRLUTEHEP L L ET.
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Appendix A : REFIEALE, WHOMERIZ & % KHIHEE
By O - BRI

FIHCTFIF O VE I CHEA: L 72 1984 4E RIFIR VG HE (M
6.8) IZBWVT, WO TREMMEZE)A R < SEL, i
DV OPDOBERBENVDIL N—F OHEr —7 IV
T 2 Fip g4 Lz (MR, 1993). F72, ZoOHE
DB ARITREB T ARG T OMFBERLERI S WhED
5 1 3 Ph BT RIRNE O R JE I 0 Y A58 2 3 5 5L
BT8R oz (I - ik, 2006).

29 L7z, BRI ERMTE ORI 2 BRI EE o
RO, I alb—va VER LY BEECET oL O
FARICIE O 7R IR (VW HER R E) 2 {ab b
W THARLI2Z EPMHERTE S, BREA I = XA,
ITH - At (2006) % 2% 12d6#E 35.82 B2, HURE 137.56 &,
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GNMO10 (FE#R) b0t CEEHN S L7250 70 R JE 0
omkkiEr RCHBR LTS (Fig Al). Wave
Gradiometry (WG) DT HF (Fig. A2) =4 5 &,
GNMO10 Hb 2 I E AN VE 1 5 5 & R 0 M E
BAEIZE L, Fhns 145 LB TEEILEE o 1A
5 KIRBOREEMEIEL TL 28T b0 5. Tz,
ARk D H T & 72 2011 4F REFIRILEHE (Mw6.2,
ek 36.99 &, WAL 138.6 i, BN 242 &, fEFHG 38 )%,
FTROALTE, ¥ baAf FES S5km ;s B EBHEHiT
e F-net CMT £ ¥ 3= a3 VRIZ & %) (D
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(a) Map showing source of 1984 Western Nagano earthquake (M 6.8) and station locations (red triangles). (b) Record

section of N-S component ground velocity at each station. The later arrival of the surface wave packet is marked with ‘X.
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Fig. A2. Snapshots illustrating wave oscillation direction and phase velocity obtained with the wave gradiometry
analysis for 1984 Western Nagano earthquake at 93s and 111s from earthquake occurrence time.
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DEVIAHEE I BV TR R RS, Zhas
HONEAZIET BT 25 HERE T & 72 (Fig. A3).

D X 91T, 2004 R B AR TRERE T & 72 B
SEHNTORMBEDO 7 +—H > v 7HG L, KiEED»D
RIS 2 REM BT o4, R oL
~THOWEIIGET 2HRTHLEEZ LN,

Phase velocity

Fig. A3. Snapshots illustrating wave oscillation direction
and phase velocity obtained with the wave gradiometry
analysis for 2011 Northern Nagano earthquake at 79 s from
earthquake occurrence time.
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