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2010 FEF Y « v U LHIEOBICIE, [RETHR P SN D EEOBERMZRBER LN, EEORE
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Synopsis

The discrepancy of tsunami arrival time between tsunami simulations and offshore observations
has been widely recognized since the 27 February 2010 Chile tsunami and the 11 March 2011 Japan
tsunami. More than three hours before the first tsunami attack of 2010 Chile tsunami, Japan
Meteorological Agency distributed the forecast of the tsunami arrival time. In the case, the
discrepancy reaches more than 60 minutes at some observation sites. It was pointed out that the
information might mislead some evacuees to return back too early.

The delay effect due to the compressibility of the ocean-water was derived originally by the
potential theory of compressible fluid dynamics. The theory was coupled with the Rayleigh wave
theory in a multi-layered elastic media. The dispersion relationship derived by the coupled theory is
characterized by the three effects: a normal dispersion derived by small-amplitude wave
approximation, an inverse dispersion derived by the elastic motion of a sea bottom, a phase velocity
reduction independent with the wave number. The inverse dispersion causes a reverse forerunner
wave which is characterized by the arrival before the main signal and the reversed waveform. The
existence of the reverse forerunner waveform was detected in the two tsunami events. It is thought
to be a strong support of the existence of the tsunami modification by the elastic bottom.

The proposed coupling theory was applied to the global tsunami propagation on the basis of the
Preliminary Reference Earth Model (PREM). The ocean-depth dependency of the tsunami
dispersion relationship was analyzed. Based on the dispersion analysis, we proposed a new tsunami
propagation model in which is incorporated by a maximum phase velocity function. Although the
previous model has 1.1% bias of the estimation of tsunami arrival time, the proposed model
significantly reduce the bias ten times. The error of tsunami arrival time is expected within 5
minutes even when a tsunami propagates from the opposite side of the earth. This model can be
incorporated easily into existent tsunami propagation models. A wide application for practical use

of tsunami simulations is expected.

Key Words: arrival time, delayed propagation, ocean-water compressibility, solid-earth elasticity, tsunami,

wave dispersion
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1. [FLCHIC

1.1 MEOESRELEMN

2010455 U #EE 132010452 A 27 H3W5344y (B B2 B
Ml AAREERILE A 15K83443) (2F U HECH4E L7
FAIERHE (M88) THD. ZOHIEIZ X v Kk,
AU FUCIHEEOW LA ER28mICEL, B -
1T RE 8004 e 2 DR HENE L2 (21T
Fritz etal., 2011). Z O RERITRFEERBIERE L, K91
A%ICHIEROEMANALET D HARRFICHFLEE, &
TV Co2mA M8 % 5 B OEM S S BRI TWD (5
o, 2010). KBRITIXHIEERAED2653% H b im M 12
B+ 2@ ae kL, ERENLRB I ZISHM%Z DR
28 HOF33 A0 I I I S - HEMAERL TWD. DD
VN TCORE3S M IF B BE TARREL - PRSI DEEOR
SICHT AERERF L. ERAHOTE BRI L
TR FEROFITIE, BEEERT THOE T AEBNERZ 2 0 2
ToHE, 7L EOESE TE O FE IR AN/ NE o722 & B
ST, HEERERAE L TWAIC S B S TR A%
R ST THCHB CAEICR T ERLE -T2 &
W (B, 2010). DT H BARERNIZBWTIXAMIC
Bb 2 EIT RS DD, BTG T AN AL
DT —FERIE LT & 25, EEOHE OBENS TR X
D H60LL LB S TSN B 572 (KBIT, 2012b).
BEHATEI~ORBORE IEZEADIC, 29 LETHIEA
FEREHETERVWETH D, Z OREETIIERD DBk
NIEMTOBBIRE R I, BEET LV E RV TN
D HREOEEOBENEN T EPRENTND.
Z OMEANE20114E3 A 11 BIZHEAE Uz L7 K i
EEE CHLMER I (Yamazaki et al., 2012; Grilli et al.,
2012; Kusumoto et al., 2012). LU, DRIV TIX
RIEHTH - 7=.

ARAFFE T Z OB TE OR LB R O BN & 2/ L,
FEI O T IREEE, R 1 BEREE O TG 42w B S
WHZEEFERNE Lc. ZhUL, BT O R
EWVO IR EI O R 72 5T, BRELZE L fEOR
WE WD EANREND HEERMIERETHD.

1.2 EROGHELZICEYT SBEMR

VTR, GPSHIREMVMBIE/KIERS, DARTY A 72 L O E
DEBE BRI DN A S, REEE O @B G DS 2505
BND R IR o7z, KB D EWEE OB 235 5
NDHIZHONT, EBEOHEENEIEET L TTRlsh S X
DHENTERT D Z BRI THnDL L oichkoT
(Simons et al., 2011; Watada et al., 2011; Kusumoto et al.,

2011; Yamazaki et al., 2012; Grilli et al., 2012; Kusumoto et al.,
2012).

AR FEOHEHIIE LS AL TEY (Airy, 1845;
Thomson, 1887; Takahashi, 1943, 1949; Murty, 1977), & Z C
TEHEE ORI EER O —KEOWLEICBIT 5
B WEoRBESE Lcfbil, B &K Tficd &5
WTCHRIVC X 7o, MEPEDKERIT R % BkmfE[ETH 5 D
Zxt L, BEOERIIEEkmMICK STDTHD. RET
1%, BEOERKEE, bbb HEEqdL, EIINEE
gEKBEREINT [gh EREND. ASREEE DI L L 1
BRICKIRIE T TR E D728, R ELS, 1RICOE
WA Z B A T HG T, BN Z L3Ry, —
05, B IMRIE I AL TN AR L BE AN I BUARAF L7 LT

OBEEBENND.
c= gtanhkh
k

ZORUFKBEIZH LTSNS WBEIE, BRI
—HTD. —HFTEENSKEVGS, ThbbiliENE
WA, BUIUEEWVEEERHREREN NS RD D
LERLTWD. ZOBRE, WEEIAAHEER Y,
SEMEE SO, EEERS DR EIEN D O NME
BT - THha D, RIEEEl (g, #17) 138
FFETIEARWD, BEFEOEREIROSTTHL DL S
S A BB BE R SR TV B S, FEBIGHUIE
S Tnd (20X, BEJE - JBEf#, 2007 ; Saito et al., 2010) .

HEL DI & b 78 o THRARBE 2N 3~ D FSH O 4y
BELGITEE LM b2 BRI R 6N D720,
EHDEHDVITESER EEMFENRS. X 1) 3R
DWW & AR TR AR T 2720, HEIEOEESR S %
FHALD 2b0 L HRFEN DD, BEETEOFEM A
EEEBLEWHIIESNITH B OO (ME - BER], 2007 ;
Saito et al., 2010), {SHEELEIC L DAAHOTHILHIAT S
WZIEE > Ty (IE S, 2010).

HEW OB HEC /O BERICEELZ 525008 LT,
WIZHE 72 & LT, RO EREMERHE D 2V idZ
DO FOMMEROERZBET L EBETLEND. b
1 < 2 BEGR R T DIV (I 21X Ward,
1980; Comer, 1984), H:lE OBLRIEE & OL#k &\ o 7 E
BEMRRBRTIEA L Tbh CWad o7, Bl OB
& Ward (1980) 1Z1RF S 4L 50K O BEGR O FH A5 B HE
TE SN DI E i EafR % bhis U 7= Tsai et al. (2013) (2L H
E, TS 0HGR TIIHEKOEREEEELTNDE LD
DFEMEPEIZ LY S BEAMDOEEEZZE L TWRN DI
BUAMEIC R SN2 EHFERBEE H R cE v, fl X
Okal (1982) IFJEMEMEIC & b 72 5 HFARIEH L ORI E

(1



)l

E1-gh/6v,> LN TWSH. —J7, Tsaietal. (2013) |
JEREMEICRE > BB A b OB A = R ¥ — @ﬁﬁﬁ%ﬁ
TR L, AR — gh /4y, 2B TS, firll Watada
(2013) 1ZME DRI OEND, JEREIEIZHE O Bk
OBV F R TEHZ L EZ2RLTND. LD DI
TIHHI OB BER O AR EEEH O T D Z &
FHBELTERY, BEMNRME2 OBLINEE O L~ LT
FOREERRTT S L S BRI T TR,
FleZ D& MERASRE T M O 1K ST T4 2 B
FRRAT & XB, FERESRBRAE IR I EMEL, o
DOFBEZE LI KR EfiT 2 b e E -
TW3b (Blz i, Maedaetal,2013). L L7R5, £0
AR EIRICIR S5, SERBEBEOBEREEHR S O

iﬁf@x~ﬂgzyﬁl~5?%ﬁﬁ%ﬁ%é )
L 7= Fr O ek e & SERIIE AT 2 720121, EHM
RBESBOET MERMETH D.

1.3 AHROBE L RIXDER

AWFFETITF 2T T, WK D RS B ARG E
R RIET B ERT vy VBRI IS ME 0 7k
THEH L, BRI L ORBREERTD. ZREEMEED
B O WTIIEBEEDOEN. — IS IR T M EES < EHi
IR AR L, Wi 28k U7 o Bk o5 il fe
iR b.

HIFTIL, WKOEMEECHEROMIEZE BT D 2 &
THEOEBICED X D BN ONEREL, ¥
WA X o T TRIEEREREE | &0 D AR B3 4 ©
HZ LERT.

WA T, 3EE CTHLNLMITER 2 EAN
WERET VIV AL FIEEREL, TORIMEEZHE
BROBUIETE & 32 2 & CEEMICKRAET 5. 725,
Z OBEBLAINE T b RIBE R O R EABD LD 2 &
LAY ORTIED, SHBOBEIZOW T hikmT 5.

WSEIMRTHY, MIEE TOBRLERT 5.

2. SEER

2 JE MR O O EREER IR ORI ORI DV T
BET L. LRI EREE R L 20 FICE R D
B OKFREER DI S22 0, BNOWEMIT—E
ThiHrbOET5H. £, BEELKEZIRETD. M

T 2LEET N EEEREE-2.1 [ZRT. 22T, p
TBEE ORI, v, TR O FIR, 4 & plE Lamé EL,
hWIEBORES TH 5.

i

Za X . ﬁ

2 p‘n rar _‘Ip_' ﬁ:ﬁ 1 h|;|

41

= Pi M I by

?_ Py, l hs

5 Py, ] hy
WL

7 F)n—l ;‘.Ii-l "I'n—l ] hl’l'|

7 L1" )‘rli Hﬂ

FEMmaEtsik

B-2.1 e — 2T 7L ORI

2.1 EBEAEX L —MRHE

T2 TR A FER M, EBI A IEREER L AL, K
FNARET 2B O A E2BET L0 ETH. £LT
MR EIZ VD &, KRR OEBNTHERT v
¥ EHNTRATEKIND (Nakamura, 1961).

Z¢ WW¢+g? 0 Q@)
ZIZT, A3, g FEIMEETCHDH. T TEREHLDOE
QM EMEEICBERT 2 TH Y, ZOHEERWHAIC
IRFEIEME 2 E LA 0B L —%T 5. ok
&, gOIIRADETET LN TES.
p=e” (A51nh1cz+Bcosth) lcer] 3)
2
22O 2 __ 8
x sz 7 ’ 4 2Vp2
ZIT, kI, ol 3AEE, 4L BITER, i13ER

ERT. ZoOLEEHE 2 FRMEETERERKRD LD
iR,
op _0¢ @)
ot’ 0z
PR OER FRENII T O L S IcRE 5.
6 Ux BO'L« 80',«2
61‘ =Pl ox 0z 5
AT ©)
81,‘ ox 0z

ZIT, w X i FWMOEN, f13i FCB< AT, oy
i NS EELEICEMT D j Mo heERT.
B, SNELTENREZLNDD, LLFCIEENCEL
DR B VIRIB A LD HEHEIZ L 5 2 L2 X 04k
NEEERr & L GEmaeiEDD 2 &1 5.

ST AR 2 ARE % & Hooke DIERIN B LU F DG 7)
LM OBBRANTFLND.
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Oulx Ou:
= /’L+2 +/1
o ( ,u) ox Oz
Ou: Olix
= =(A+2u)—+A—
7 ( ,u) 0z ox ©)
v = O _2 (Guz+auxj
wmonEAA ox Oz

T AR T8 o BT WS ) X A g C bk L TR T &
Rayleigh #% Z x5 & L CTi#HT 9" % . Takeuchi * Saito (1972)
WA x FIANZHEIT 3% Rayleigh IO 2L T D X 9
1ZkB<.

Ux = in exp[i(kx—a)t)]

7
u: =n exp[i(kx—a)t)] @
KONRAT B &, kAN BFELNS.
0
O =(—k(/1+2,u)n +/Ia—2)exp[i(kx—a)t)]
O = Oz = in exp [z(kx —a)t)]
Cz=h exp[i(kx—a)t)] ®)

”» :(l+2,u)(2—2—k}m

on
=u| —+h
7 ,u[ n]

T, n (=1,2,3,4) 3z,ko OMETHS.
i & R R RGN L CREBT 5 &, K
SERRTERR S TRERDIBIC A2 5 .

o _
Oz

IE
)
Mr

" ©)
1#3

n

7

2T, ATAIMOIELeERIUTOLEY THD.

Mu=1/(A+2u), Mis =kA/(A+2u),
M =-a’p, M2 =k,
My =~k, M3 =1/pu,
Mo =—kA/(A+2p),
Mo =k (A+2u—-2*[(A+2u))-a'p

NI BV ZENL ST RV ERHTR, BEED
BN LGS DHBIRE L 72 2 XD ICER STV D720,
BTCHRARDEMRISTCET 2R KM 2 ESH IS r D
TRZEEMR D ENTEERNTHS.

T M OEA SRS EAEZ RO S &

i\/kz—cozp/(/1+2,u),i\/kz—a)zp/,u
BELND. ZNOEAHEZNENL+a, tp B L,

ﬂﬁﬁ?é ﬁ/\y ]\/1/2[1; b 1%
a: = (k,iZk,uot,ioz,,u(k2 +a2))
b :(i,b’,y(kz +a2),k,i2k,uﬂ)

ThY,
r=Ca:e™ + Dbie™” + Ea_e™ + Fb_e™”*
ZIZTC, D, E, FIZEHETHS.

L RGO —RIEIIRO L S22 D.
(10)

2.2 BR&H
KEIZBWTE, JEIREIZRREIZELL —ET
KMHEORL T NFEICERMmMTH DM, OB HKED
BEREZMITVENDD.
2
%m%:o (zzzo)
T — B & 722 2 KEERE LI KRBV T,
z JFIROHE R C, AKFEIT OIS 1058 =15
L<, $RE SRS NDEGTHD Z L NHELTFO5%M
DRI D.

an

09 o () (12)
0z ot
0= =0 (Z=21) (13)
0
0'zz+poa—f+g(p1—po)uz=0 (z=21) (14)
ER — E AR CITEN LGN 5 2 &b
r=r (15)

LW LR END. I THRFOHIERO LM &
T DB Z Y.

RO NI MR AR & U CTE Y 0y, BRI
TEMPER ERDLT O ERT.

r—0 (z—>-x)

(16)

2.3 HEEGROBEHFIE

INFECTIRARCE MR L SRS 22T
Tk o DBEREEHTIONZZ TORNTHD. il
BINCRD B Z LT TE RV, BED LIZHL, o %
BALESET, BEREMEEZ®I-TEERET D, BERSM
DF = v 7138 FIEOFMmPEEMEEN S Lo
TLUTFOFIETIT .

O T & O MR RN OB T (10) & > TF
wTE, FEREMA6ND E=F=0%77%. {t->TLUTF
DL D.

r(z.) = Ca+e™™ + Db+e*” 17)

QKIEIZBITF DB —ISTINT MV r@z)ITEL T X



INESN T HRERN N E z FIANCHE DT 52 Lk » T
ROHINLD.

r(z1)=r(z:)+ i j %dz (18)

FELOFEST X Runge-Kutta 1572 &2 AV CEABERIIZAT
I EHTEDHN, TIEAT%1#% (Thomson-Haskel i)
ERWTITo 7. 118ETIE, B-2.1 OERED X 51
SR IEL T AN AN E 7 IR 73 YA B - e R 2 ] B oD 51 Jeg oD
BAERVICESHEZ LN, RAYDFFIIUTOL S
WZATFIDFEDTEAC

- -
— —

r(z)=P(h)-P(h)-P(h-t)rz)=Pr(z) (19

ZZTPMODOEBTLUTOLEIICHEZBND.

Ri(h)=Po(h)= 22;1 {—(k2+,3 )smh2 h+2kzsmh2 ﬁ}
o p 2 2
Pa(h) = i {—az sinh ah e sinh ﬁh}
w B

Bs(h) =—Po(h) = a];/; ~(k+ )

22k {sinh2 a—h —sinh? ﬁ}
P 2 2

{ 52 Sinh sinh ,Bh}
o

B

Ra(h)=~Pa(h)=—

2

Pi(h) = :Li [—(k2+ﬂ2)2 sinhah pEys sinhﬂh}
o’p a 5

Ps(h)=—Pu(h) =24 (k> + B ) Ra(h)
ku 2 s\sinhah o, sinh Sh
0 {(k +5°) 28 }

Pa(h)=~Pa(h) = ;

(k2 + ﬂz)sinhz %}

Po(h) = Pa(h) =142~ {21{25 nh? &
’p

Pa(h) = |:k2 sinh ah
o’

_p sinh ,Bh}

B

{4]{2 2 sinhah (k2+ﬂ2)25inhﬂh:|
’p a p

@iﬁﬁl%ﬁ:(n)~(14) ZX@3), (1), @& AT S L 4, B,
BT AL T OHEN FREREANELND.

Pa(h) =

R(4 B C D) =0 (20)
ZCROFEVORSGIITFTREOEY THDH. 28, h=h,
a:P-a+, b:Pb‘F&l/f:

Ri =gk

R =gy—o*

Rar =(ysinh (xh) -k cosh(xh))e ™
Rn = (Ksinh (xh)—y cosh (Kh))e’yh
Ry = iwae™™

Roa = icobie™”
R = ase™™"
Rss =bae™”"

)l

E X Wz 515 (Takeuchi * Saito, 1972) .

-10-

i

Rai = ipowsinh (xh)e ™
Ri2 =ipowcosh (xh)e ™
Raz = (ﬁz +g(p1 —po)ﬁl)e"’h
Ras =(f)z +g(p1 —po)f)l)e’ﬂh

L7ei3o T, B TORREM,E I TMPTFET S 50k
1%, RQO)DIEHMZ2EEZ S OLLFOLEMAIZE L.

detR=0
ZIT, RiZk, o, h, v,&p, A, uDzIRIDGAIC
THREDITITHS.
FIEO~@%EL, & DAk L TR0 E M7= T ok 4k
TEMICERRT 5 Z & THORBIEAE NS,

(21)

3. BKDEHEM & kD

3.1 BKOEHEHE
B DARIE RS 515F%@®%§%%Nétw
fﬁﬁﬁﬁﬁmﬁﬁfééﬁA DNTEE 7))

AEBER M E LT, (12)@%&%%@#& 1EE<
(13)@3’5L75:2?&f0a25 &S HBRIZRD/MTHIOTE
TUTOXE I IcERENS.

det Ru  Ro _ (22)
Ry R»
P C
2
(I—C]tanhkh
) K (23)
o =gk—Ft—
~ 7 tanh xh
K
ZIT, vooDREMRTT D L, k—k 70 THD Z

LB R23)E @ = gk tanh ki & 720 FEEAEMEZE LT
LA E NN D o HERE —BT 5. LT, K
2)THERIND HBEMRITIEREDO B E L BT L —
B2 K THD LN ZENEZD.

W BT A TRKEPD R O & 2 it 5 &,
xh>1TCtanhxh=1£ Y,

I8 :g/((l-k%j =g(k+7) (24)
KB LV« y2RALTEHT S L
o =gk (25)
b, ZHUTIEEMEEE LG IS b5 %5(
1% @” = gk tanh kh |= wr@@&*#%L%Lt
4&?6.:@_&WE%WK#L%MTiF%@®w
BTN EERD.
=7, KECHE_RTEENEVWREOHG 2HET 5
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L, xkh<1Ttanhxh~ixh £V

2 2

4 ®

-2 |xh =

> ( KZJ e R (26)
" ~gK =gh =gh

1—yh gh

1-L xch s -5

K 2Vp

R LT

1 1
c:Qz(l— gh ] 2(1+gfhz] " Jeh
v,

k 2v,° P
z[1+ffzj(]_ziilzJ@z(l_‘ii;j@
T2 Tghlv, <1 LW HIEREMNTWS. ZOflITE
WOWEEKPFFERDOLD2FTH Y, KiEE KEED
LB 7K TH 54000mE L, KFHFHZ 1450m/s & 3
L, ZOfEIZ0.019TH D Z &b ERIEEEICIS T D
WALk 2 BT 5 TRl vt 5.

KQNE Y, EMmEEEZE LGS, FFEHEORER
O Jgh IC R THBEAE T L, Z oK%=
1-gh/4v," TRDOEND ZEBbMD.

B-3. 1 (a) |2 137KIZE4000m DA Doy G 2, B
B3k co = \[gh \ T BRI TAR Lz, 2 2 CIHER
HEEEELZVLD (O) EBELEZLD (@) &b
HORLE. HEERMTHEEEET 52—, EEEM
TIXEMME ORI L W EEMER IS, KhEE s
1450m/s &% &, KBRIF047% TH D, Bl SN
P B O BT EIERE I L CI%EEDE T ThbH &
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