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TSUNAMIS

can be considered a form of ultra-long period seisnacenand
their warning could proceed through the calibration of the earth-
gualke source.

THE CHALLENGE

* Design @alution methods which will correctly retrre the
tsunami potential of an earthquake

(.e., the long-period behavior of the source)

In as little time as possible.

* Note that we want method[s] which will

WORK in EXCEPTIONAL CASES
(Giant events and Anomalous [slow] ones).

SO,... Howdo we measwarearthquakes, after all ?



THE FOUNDING  FATHERS



—

Modified Mer calli Intensity Scale, 1931
(II MMI II)

EARLY IDEAS

Describe damage inflicted by earthque

"INTENSITY Scales"

| Motfalt axcept by & very few under sspecially vl
lvorabla crcumslances.

I Fekonky ba o fow parscnrs at reat, sspacially on
vpped fioon of byldings. Delicately suspended
objects may awing.

Il Fak quite noticaably Indeors, edpecially on upper
fioors of buldings but many pecole do not
recogniza I a3 an sarthquake, Standing X
moiorcars may rock slightly. Yibration ko pagsing
of iruck, Duarstion satimated,

W During tha day lek Indoors by many, Outdoors by
few, Alnkhlsome awakened, Dishes, windows,
door disturbad, walls make cracking sound.
Sansatlon e heavy tneck sirking bullding, X
Standing mator cars rocked noflcaabdy,

V  Falt by neafy everyone, many awakensd, Some
dishes, windows, #ic., broken, & lew [nslances o
cracked plaster. Unstable obiects evertunned,
Digturbances ol trees, pales, and cther fal objects
sametimes naticed. Pendulum clocks maey stop. Xl

V1 Fal by al, many Irghtensd and rn outdoors,
Some heevy lurrdure maved, & fow instances of
fallen plaster or damaged chimneys. Damage
alight.
X

Vil Everybody une suldoors. Damage negigible In
buldings of good design and construction, slight 1o
moderaie in wellbull codinany Sirciures,
considarabla in poorly bullt or Badly designed
strecures. Some chimneys broken, Notosd by
parsone driving mabor cara.

Fr. G. Mercalli at Vesuvius

ca. 1910

Damage alight in specially designed structures,
considerable In crdinary substantlal buildings,
whh parilal collapas, grast In peorly bult
structires, Panal walls thrown out of frams
structures. Fall of chimnaya, lactory stacks,
colurnng, moraments, and walls, Heavy
furnBure overturned. Sand and mud

ajected [n small amounts. Thanges in well
veatar, Parsons driving motar cars disturbed.

Damage considarabla in specially deslgnad
piructures. Well-designed structures thrown out
of plemb, great In subsiant|al buidings, with
partial collapse. Buildings sh¥ed off
loundations. Ground cracked conapicuously,
Undarground pipes Broken,

Eame wall-bult wooden siructures destroyed,
Moat masonry and frame structuras with
leundations desireved, ground badly cracked,
Ralls bart. Landsides considerable frorm rives
banks and steap siopes. Shifted sand and mud.
YWater splashed (slopped) over banks.,

Faw, § any, [masoary] struciures remaln
standing, Bridgos destroved. Broad fissures In
ground. Undarground piplines comphataly out of
garvicea, Earth slumpe and land slips in saf
ground. Aala bant greatly,

Damage 1otal. Practica®y all warks of
consirection are damaged greathy of desircyed,
YWawes saen on ground sudace. Linas of sight
and kel mre distosiad. Objecta are throwm
upward [nio the alr,

Always written with roman numerals (IWII, XlI, etc.)
Dynamic connection: Intensighould express
ground acceleration

BUT...



Shortcomings of Intensity Scales

Not directly related to earthquak
source

Damage obiously distance-depen-
dent

Needs population to report damage

Affected by site response

0 200 400 Kilometers ‘ ‘
bireliyil

Example of Intensity maps for
1886 Charleston, USA, earthquake.



EARTHQ UAKE MAGNITUDES

An essentially empirical concept, intr — To this day,
oduced byRichter[1935], long before measurements ke
ary physical understanding of earth- remained largely

quale urces
ad hog

Bulletin of the Seismological especially at
Society of America short distances.
VOL-Z5 JANUARY, 1935 No. 1
AN INSTRUMENTAL EARTHQUAKE MAGNITUDE SCALE* TZZ‘%DE
By CuARLES F. RicHTER '\3 S\ o

mm

The procedure may be interpreted to give a definition of the magni- SP=24sec

tude scale number being used, as follows: The magnitude of any shock 500 — o B o
is taken as the logarithin of the maximum trace amplitude, expressed in 400 4o 6] L &
microns, with which the standard short-period torsion seismometer 200 T e
(To=0.8 sec., V=2800, h=10.8) would register that shock at an 200, - - 10
epicentral distance of 100 kilometers. 100 —_ 10 i .

| This definition is in part arbitrary;/an absolute scale, in which the so L2 3] i i
numbers referred directly to shock energy or intensity measured in phys- R 2 - 0.5
ical units, would be preferable. At present the data for correlating the . s - 0.2
arbitrary scale with an absolute scale are so inadequate that it appears 0.5 ? . 0.1
better to preserve the arbitrary scale for its practical convenience. Since Di:tance S-P Magnitude Amplitude

m sec mm

the scale is logarithmic, any future reduction to an absolute scale can be
accomplished by adding a constant to the scale numbers. [BO|t, 1987]



PROGRESS In the 1940s

 Apply worldwide

o Try (I") to justify theoretically

— Leads to first worldwide gquantified
catalogue of earthquakes

"Seismicity of the Earth"
Gutenbeg and Richter{1944; 1954]

oGy A: | » ‘\

€ Copyright California Institute of Technology . ATl rights reserved.

B. Gutenberg, 1958



J. VANEK, A. ZATOPEK, V. KARNIK, N. V. KONDORSKAYA, YU. V, RIZNICHENKO,
~ E. F. SAVARENSKY, S. L. SOLOV'EV AND N. V, SHEBALIN

STANDARDIZATION OF MAGNITUDE SCALES”

The authors suggest standard scales for determining magnitude from body and
surface waves,

Izv. Akad. Nauk SSSR, S€eofiz.,2,153-158, 1962.




| "MODERN" MA GNITUDES
1 Standardized at Prague meeting of the IUGG (1961

Use Body P) Waves to cefine short period magnltudmb Q(A, h)

around a period of 1 second s REVISED VALUES oF A FoR PZ, iess

A
mp = |0910f + Q4;h)

.1/

Use SurfaceRayleigh) waveto define )
"Long"-period magnitudeM,, a T =20 s.

A
Mg = Ioglo? + 1.66log,,A + 3.3

Still largely empirical; Constants not justifie@Kal, 1989]



cm

*

BODY-WAVE MAGNITUDE m
From first-arriving wa ve trains (" P" W aves)
Should be measured at period close to 1 second

SUMATRA-ANDAMAN, 26 DEC 2004

Station CRA (Charter Bbwers, Queensland, Australid);= 55°

100000 — —

—100000 (— —

: i

| | |
o) 200 400 600
Time (s)
Remove instrument response
Band-pass filter between 0.3 and 3 seconds
Select windeov of 80 s2conds duration arourféelwave

CTAZ 04 361 1 8 O

0.0006 |- | | | |

0.0004 |

0.0002 |

0

—-0.0002

—-0.0004

-0.0006 |- | | | | I U l

8 8.2 8.4 8.6 8.8 9 9.2

Time (mn)
Apply Body-waveMagnitude formula
my, = Ioglo$ + Q(A; h) (A in microns
m, = 7.2



cm

SURFACE-WAVE MAGNITUDE Mg
From later Surface-wave train (" Rayleigh" W aves)
*  Should be measured at Period of 20 seconds

SUMATRA-ANDAMAN, 26 DEC 2004

Station CRA (Charter Bbwers, Queensland, Australid);= 55°
4e+06 l l ]

2e+06

—2e+06 —

| | |
@) 1000 2000 3000 4000
Time (s)

e Remove instrument response
e Band-pass filter between 15 and 25 seconds
e Select windav of 11 minutes duration around Rayleighawe

CTAZ 04 361 1T 31 O
! ! !

0.2 -

—-0.2

| | | | | |
32 34 36 38 40 42

Time (mn)

e Apply Surface-vmveMagnitude formula

A : :
Mg = Ioglo? + 1.66log;;A + 3.3 (A in microng
M, = 8.19



mbiMS

WHY ?

Q.: Whid one should we believe ?

A.:. Neither!



EARTHQUAKES TAKE TIME T O OCCUR

« The larger the earthquake, the longer the soii&®aling Law")
e Measuring large earthquakes at small periods simply misses their true size.
e Inthe case of Sumatra, full sizeadable only from normal modes.

My I\/Is
TSUNAMI
Mega earthquake
I
Large earthquake
/
Moderate earthquake
Small earthquake
/ GPS
Reflection Slliifice Wakes Crustal
seismology Body waves Normal modes deformation
I I | I I I [ I | I |
0.001 0.01 0.1 1 10 100 1000 10* 10> 10° 10’

Period (s)



Late 1950s — Early 1960s

BRINGING IN THEORETICAL MECHANICS
TO DEVELOP A PHYSICAL FRAMEW ORK

Vvedenskayfl 956], laterBurridge and Knopoff1964]
Introduce the concept cBEISMIC MOMENT

= = - -
= ——— g

SR -

H3BECT | 1AY
i CTHA AKAXEMUN HAVE ccce, B
Ne 3 CEPfl TEOOU3NYECKAA 1956

Bulletin of the Seismological Society of America. Vol. 54, No. 6, pp. 1875-1888. December, 1964

BODY FORCE EQUIVALENTS FOR SEISMIC DISLOCATIONS
A, B. BBEJIEHCEAA
By R. BurrmGE AND L. KNOPOFF

ONPENEAEEIIE HOJIENI CMEIEANI P 3EMIETPSICERITAX

C TOMOINBIO TEOPHH ATCAORAINIL ABSTRACT

An explicit expression is derived for the body force to be applied in the absence of a dislocation,
which produces radiation identical to that of the dislocation. This equivalent force depends



EARTHQ UAKE SOURCE GEOMETRY

From Sngle Force to Double-Couple

The physical representation of an earthguskirce is a system of forces kmo as a
Double-Couplethe direction of the forces in each couple being the direction of slif
on the fault and the direction of the normal to the fault plane.

x;s Normal to the Fault

A Double-couple
forces

Ny
diic a

Single Force Direction of Slip x,

Mathematicallythe system of forces is described by a Double Couple

Second-Order Symmetric Deviatoric TENSOR

(3 angles and a scalar). [Stein and Wysessio2002]

The scalar is the commanomentof the 2 couples.
It is called theseismic momerdf the earthquak(M,)
It represents its source tinie physical units(dyn*cm or N*m).




SEISMIC MOMENT

The double-couple representing a seismic source is quanti-
fied through itsmoment, which represents the common
torque of the opposing couples.

It is a real physical quantitgalled the seismic moment and
Its expression is:

MO :IZ,UAUdS

where u is the rigidity of the mediumiu the slip between
the fault valls at each point of the fault, and the integral is
taken wer the surface of faulting.

In particular for a rectangular fault of lengthand
width W,

M, = ¢ 0L W [Au

My is measured in dyn*cm (or N*m).

Note that Kanamori [1977] has introduced a so-called

"moment magnitudeM,, given by

2 N
My, = 3 gog10 Mg — 16. 1D




The retri@al of the seismic momen¥l, from seismological
data is a relately complex procedure.

Xy
A

Double-couple
forces

Nusit
'-:”i' .|I5 i 3

While the equations relating the double-couple to the
obserable seismic wvdorms are indeed linearthey
iInvolve not only the scalar momemt,, but rather the ari-

ous elements of the double-couple, which enag he com-
ponents of a

Second-Order Symmetric Deviatoric Singular Tensor

Historically, the first measurements of
My from seismograms were performed
by forward modeling (wolving some
trial-and-error).The first My (3 x 107’
dyn*cm) was published for the 1964
Niigata earthquake by Aki[1966].

Around 1970Gilbert and Dzigvonski[1970] laid the theo-
retical ground for the directnversion of the seismic
moment from seismograms.



J.F. Gilbert

Example of Global CMT
(exHarvard) Inversion

08 JULY 2007, Aleutianislands

CENTRO D- MOVENT- TENSOR  SOLUTI ON
GCMI' EVENT: C200708020321A
DATA: Il TUCUIC G

L. P. BODY WAVES: 64S, 165C, T= 50

MANTLE WAVES: 62S, 138C, T=125
SURFACE WAVES: 64S, 172C, T= 50
TI MESTAMP: Q 20070802104412
CENTRO D LOCATI ON:

ORI G N TI ME: 03:21:51.2 0.1

LAT: 51. 11N 0. 00; LON: 179. 66W 0. 01
DEP: 32.2 0.2, TRIANG HDUR: 5.6
MOMVENT TENSCOR: SCALE 10**26 D-CM
RR= 1.010 0.006; TT=-1.050 0.005
PP= 0. 031 0.005; RT= 0.740 0.010
RP= 0.716 0.010; TP=-0.403 0.004
PRI NCI PAL AXES:

1.(T) VAL= 1.484; PLG=64; AZM=297
2. (N 0. 045; 15; 60
3. (P) -1.538; 21; 156

BEST DBLE. COUPLE: MD= 1.51*10**26
NP1: STRI KE=271; DIl P=27; SLI P= 123
NP2: STRI KE= 54; Dl P=67; SLI P= 74

----- HERAHARAAAAARAARRR - - - -
- - REHHBRARAAAAAAA A A A AR A AR AR A AR A

More than 30,000 CMT solutions V& |
been performed and catalogued under the"-

Global-CMT project.

« Algorithm canin principle run automati- |

cally.

J.H. Woodhouse

Note that intermediate
eigervalue is
not exactly zero...

Mo = 1.5x 10°° dyn*cm

G. Ekstbm

B ™
[T '




COMPILATION of SEISMIC MOMENTS
ILLUSTRATES SATURATION of m, and Mg

. HINT: Tsunami being v frequeng is generated by
longest periods in seismic source ("static monégit).

. PROBLEM:Most popular measure of seismic source Si3
surface wavemagnitudeM, , saturates for large earthquakes.

' e FAR-FIELD
l | I l'm TSUNAMI DANGER
30— - —
e?3
= 4 EXTREME
@
2 ; 1.20 | PROBABLE
32 |
= LOW
;’) 28 |- —
L NIL
= .
©
5 2f =
2 —
O
9O o¢g -
_4
25 | —-
-
24 __‘|' L |7 '
6 M . ? [Geller,1976]

> Mg SATURATES AROUND 8.2



CMT AND ITS LIMIT ATIONS

CMT inversions are n@ performed in quasi-real time

But this approach still suffers from limitations:

Needs a large database (tens of stations)

Automated algorithm isper force, hard-wired,i.e.,
universal.

It will need to be [manually] adapted to recognize
anomalous wents, either gigantic .g, Sumatra)
or slow (‘tsunami earthquakes$tay tuned).

There remains the quest for ultra-long periods to
properly assess tsunami potential.



HOW TO BEST APPROACH "STATIC" Mg ?

Need to use the Earth’mormal modes, upon
which Earth displacement isxpressed at lowest
frequencies.

High-quality digital data allows routine process

ing, taking into account splitting due to Easth’
rotation and ellipticity using code b$tein and
Geller [1977], in the frameork of Sailor and
Dahlen[1979].

BUT... Correct resolution of spectral line[s]
requires time series with dation (T [1Q), in
practice 3 weeks for most modes, 3 months
the "breathing" modgS;.

CLEARLY OUT OF QUESTION
FOR TSUNAMI WARNING

o
Spectral Amplitude (cm*s)

BEST-FITTING My, FROM MODES

At each station, the spectrum of the multiplet is obtained by FI
(black trace).

A synthetic time series is then computed for the exact same ti
window, by combining the 2+ 1 gnglets at their own frequencies
with the relatve anplitudes gven by the stick plots. The spectrum
of that synthetic is then obtained by FFT (red trace).

The seismic moment is then ded by <aling the red trace to
obtain a best fit with the observed (black) one.

BFO Os2
4000 = I I =
Moment = 0.179E+30 dyn—cm
3000 —
2000 - —
1000 —
O {\MWMW \ \ \
0.26 0.28 0.3 0.32 0.34

Frequency (Millihertz)



TIMELINE OF MOMENT DETERMIN ATIONS
SUMATRA 2004

It took up to 2 months to obtain an estimate of the full moment of th

evant form the study of the free oscillations of the E4&tein and Okal,
2005].

%)
S
S
£V %)
&
N @%
Q ®§
S
N
30 - -
=
(@]
*C
>
S 29 L |
Q . .
o= Tr ansoceanic Tsunami Threshold
o ___________________________________________________________
o
S
28 | _
. local Tsunami Threshold |
| | | | |

-2 -1 0
Log,, [ Time after H, ] (Days)

N

But the estimate available at PTWC 1 hour after thene

Mo = 8 x 10°® dyn*cm, should have been sufficient to gaga
basin-wide warning.

WHY THEN WAS NO SUCH WARNING ISSUED



M, and TREMORS
M, [Okaland Talandier]989] TREMORS

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 94, NO. B4, PAGES 4169-4193, APRIL 10, 1989 Single-Station Algorithm for AUtomated DeteCtion and
Evaluation of Far-Field Tsunami Risk

M,,: A Variable-Period Mantle Magnitude ' . o

i s Jacques TalandierEmile A. OkalDominique Reymond 991
Department of Geological Sciences, Northwestern University, Evanston, Illinois
JACQUES TALANDIER « Automatic detection of distant earthquake
Laboratoire de Géophysique, Commissariat a I' Energie Atomique, . . .
Pats. Tont Tronk Poiuc » Automatic Location of Epicenter

. DesignNEWMagnitude ScaleM. . « Automatic computation of thevent's Mantle Magnitude

using mantle Rayleigh aves, My, = 10039 X(w) + Cp + C5 - 0.90
with variable period _ . o
from spectral amplitudeX(w) of surface (Rayleigh) seismic aves &
- Directly related to seismic momeht, the longest possible periods (250 to 300 seconds)

AVOIDS MAGNITUDE SATURATION

e All constants justified theoretically
* Allows quasi-real time estimation of tsunami risk
. Incorporate into Detection Algorithms th" Operational at Laboratoire de Gghysique, Tahiti since 1991.

o Also in use at Pacific Tsunami Warning Centéwa Beach; Chile.
AUTOMATE PROCESS

* I mplemented,

Pgpeete, Tahiti (1991),
PTWC (1999)




TREMORS: EXAMPLE OF APPLICATION

TKK 94 277 13 26 55

Kurile Is. Earthqualk,04 OCT 1994, &

Station: TKK (Chuuk, Micronesid)

—

Harvard solution (obtained later):
Mg = 3 x 10°°® dyn-cm (M, = 8. 48)

. . 0
Detection: Analyse signalvel _,

compared to previous minute. -+
-6

North—South Component |

L

Location :S - P gives dstance ,
(36° or 4000 km). 1

Geometry o wave gves aimuth. _?

Estimate seismic moment -2
-3

Fourier-transform Rayleighvave

East—West Component

o

40

Time (mn)

(highlighted)

At each period, compute
spectral amplitude, correct fo
excitation and distance;
obtainM,,

(Mg = 4 x 10°® dyn-cm).

e~ ~ N \,/\\, SN

MWWW\/\/WMWW

Conclusion: AerageM,=8.60 ..
3

X[

\
30

50

Time (mn)

60

50 60

T=55s; M,=8.78

T=80s, M;=8.71
T=120s; M, =8.60
T=150s; M, =8.55
T=200s; M;,=8.49
T=250s;M,=8.40



TREMORS -- Operational Aspects

Response Time of TREMORS algorithm

S0 I I I ' '
45 L TSUNAMI
3
T 40 - 7]
o
5 35 + —
[
\E/ 30 7
Lol
= 25 -
|_
20 mn: B
Final estimate
of moment
15 ]
10 N
6 mn: LOCATION
5 . N
r P—wave Warning
3 mn: Pr'e—LOCATIONO | | | | | | | |

0

10 20

30

|
40 50 60 70
DISTANCE (°)

80 90 100

A TREMORS station at an epicentral distance of 15°
can issue a useful warning for a sherlocated 400 km
from the event.



M, APPLICABLE in CHALLENGING CONTEXTS

In a series of targetted studies,
have down that theM,, algorithm
can work successfully in challengir
contets, thereby illustrating its reli
bility and robustness.

—

,_
1

we

9

M,, CAN WORK at SHORT DISTANCES

Vol. 138, 1992 One-station Estimates of f Seismic Moments 53
REGIONAL RECORDS 115 REGIONAL RECORDS
T T T
Shallow
7+ .
+ +
. Jaf . o
F | K% o K%
g shandh 8 e
g + W g e
g . uw'w” 3 . M" ¥
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. + >
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e &,
He St
" - e 1
24 25 26 27 24 25 27
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~ o <
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: e 3 .y
x5 2ol 4 F s ey
+. s
.
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LOG, , PUBLISHED M, (dyn—cm) LOG,, PUBLISHED A, (dyn—cm)
Figure 5

al dataset. Each diagram plots individual values of M,,, as measured

as published in the Harvard CMT solutions

ious boxes refer to the whole dataset

Performance of M,, for the

in this study, against values of the

(DZIEWONSKI ef al., 1983a and s vario

(upper left), or to the sub-datasets in the various depth windows. The dashed line is the expected
relation: M,, = log,o Mo —20.

Tested by Okal and &landier [1992] down to
A=1.5° (165 km).

M., WORKS for GIGANTIC EVENTS
Chile, 1960

22 MAY 1960 PASADENA 180-s Strainmeter N-S
‘ :::T;Y ''''''' 19-00-00 OT P (due). | Gy B,
R - G e
Figure 4

Pasadena record of the 1960 Chilean earthquake on the low-gain, 180-s strainmeter. The wavetrains G,,
R,, G, and R, were used in this study. After KANAMORI and CIPAR (1974).

R

FLN R6 Processed 22 MAY 60
T T

1 T T
05f
E
5
0
-0.5 | | 1 1
20 30 40 50
Time affer 03:00 GMT, 23 May (mn)

Works eren on ®veely clipped records obtained on instru-
ments with poor dynamic.

[Okal and Talandier1991]

M., CAN WORK for HISTORICAL EVENTS

17 AUGUST 1906 -- Aleutian Islands
Wiechert mechanical seismomet@rasbourg

STR Wiechert EW 17 AUG 1906

j : Aley;ﬁéxn,

G,

14
Time (GMT)

M, =8.58; Mg =3.8x 10°® dyn*cm

Important for reassessment of oldests, based on
very sparse datasets.



M ,,: Recent Developments

Introduced byOkal and Talandief1989]

Performance on very large

M, o = 8.90— 0. 035 *f

Mm av = 9.43 + —0.126 * f

Mm av = 8.49 + —0.006 * f

26 DEC 2004

In use at CPPTPTWC

dataseteated bywWanstein and Okal2005].

Recent Improvements
» Boost periods up to 550 seconds
» Regess and compare trends as

M,=a,* f +b; (all frequencies
ol SUMATRA, 2004 ;| |Mn=a" T+ (@liequencies)
T M, =a* f +b, (high frequencies 5 - 20 mHz)
..... ) L - 1 “! M,=a3* f +b; (low frequencies 2 — 10 mHz)
o lfizstruite . . .. TTHIl ”' e - - -
. slys ll | ':: Il_:‘*‘_l;}?—'— Devise algorithm to extrapolate static momeibt'Y
s 44 “‘H # i 1 F ‘;!li'i ) * | f earthquale big (b; > 8.2), KEEP b,
5 _’f”!l hi i !’i; 'h ;igi 1 * Else, explore eent slowness by compariray andas.
=.f’f,;§ ;.2!!!",,5 ',,g If earthqualk is $ow, KEEP b,
: ;f‘: S i- zeet e If earthquak is rot slav, and is small b, < 7. 3),
N .t : thenKEEP b;.
: . Otherwise AVERAGE b, and bs.
20 1|8 1l6 1I4 1|2 1IO é (IS AI( é

Frequency (mHz)

This admittedly empirical algorithm gives excellent results



RETRIEVING DIVERSITY IN SEISMIC SOURCES

Not All Earthquaks Ae Qeated Equal...

or

IDENTIFYING THE SCOFFLA WS



THE INFAMOUS "TSUNAMI EAR THQUAKES"

e A particular class of earthquek defying seismic source scalingvéa

Their tsunamis are much larger thagqpected from their seismic
maghnitudes (@gn M ). [Kanamori, 1972]

 Example: Nicaragua, 02 September 1992.

THE EARTHQAKE WAS N FELT AT SOSME BEACH COMMUNITIES,

WHICH WERE DESTRYED BY THEWA/E 40 MINUTES LATER
170 killed, all by the tsunami, none by the earthquake

El Transito, Nicaragua

COULD WE DETECT SUCH EVENTS IN REAL TIME ?

El Popoyo, Nicaragua



"TSUNAMI EAR THQUAKES"

e The Cause:Earthquak has exceedingly slho
rupture process releasing very little aneinto
high frequencies felt by humans and conitiiig
to damage[Tanioka, 1997; Pdet and Kanamori,
2000].

e The Challeng: Can we recognize them from
their seismic vaves in [quasi-]Jreal time?

e The Solution:The ® parameter Newman and
Okal, 1998] compares the "size" of the earth-
quake in two dfferent frequeng bands.

— Use generalized> wavetrain (P, pP, sP).

TAUZ 94 153 18 23 0
30000 F | | T T -

- 1994 hva
| "Tsunami Earthquake

20000

10000

Station: TAU
-1 (Hobart, Tasmania)

—10000

—20000 = | I | | |
0 100 200 300 400 500

Time (s)

— Compute Energy Flux at statigBoatwright and
Choy, 1986]

— IGNORE Focal mdmnism and exact deptio
effect source and distance corrections (keep the
"quick and dirty"'magnitude"philosophy).

— Add representate contribution ofS waves.



~. DefineEstimated Energye®

16 [a/g(15;4)]2

EF=(1+ q)

(F est)

paIwDu

m? ewt

— Scaling laws predid® =

-~ Scale to Moment througl® =log;, YR
0
—-4.92.

 Tsunami earthquakes characterized by
Deficient® (as mub as 15 units).

24

Original Dataset

[Newman and
Okal,1998] 24

LB-95

1074

,fjava, 1994

Cl;umbotez’. Nicaragua, 1992
’e Peru 1996

o
L
-

28

Log,q M, (dyn—em)

10—5.5

J1078

Now implemented at Papeete and PTWC



SPEEDING UP THE WARNING

Long—Period Waves arlypically [Slow] Surface Waves

This delayghe process (we must wait for them 30 to 60 m

Can the faster Body Waves (mainly P) be used to retriev

the Long-Period Characteristics of the Source ?



BODY-WAVE APPROACH: M ,p
[Tsuboi,1996]

Idea: Try to recoer the full moment information from thie
waves which arrve faster than the Rayleighawes.

 Note that formula fofar-field P waves invaves

TIME DERIV ATIVE of MOMENT FUNCTION , X

M A
W@, 4 = —2s . 28]
4'n'phah d

[RP X@¢t -=F)
+ RPP - TIPP (i) X (¢ - 77F)

Qy, COSty,

+ R %P (jy) X (¢ = °F)

Phcosjy

- CP(ig) * Qt, QF, ") * I¢t) ()

ldea is to comput@IME INTEGRAL of P wave deformation to
recover X, and hence static momeMy,.

Problems: Instrument recordslgcity, so double integration
needed; noisy at long period$OT tested on lage erthquakes.



X 10-5

X 10-4

My, : EXAMPLE of COMPUT ATION

OKUSHIRI, Japan EARTHQUAKE, 12 JULY 1993
Harvard CMT: My = 4. 7x 10°’ dyn-cm

Station PFO(A=77.1)
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T O e S S B SO SO N
0 220 240 260 280 300 320 340 360 380 4

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

i PFO BHZ
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/ \ W‘ 13:24:36.835
| /.
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WWWWWW

 Integrated

- ground motion .
M, = 5. 3x 10? dyn-cm

X 10-5

X 10-4

Iground motio

Station NWAO (A =78.1)

““““““““““““
NWAO  BHZ |

JUL 12 (193), 1993
6 13:26:03.375 _
1. -
27 —

0
,47 d . —
767( | | y) | | | | il
160 180 200 220 240 260

““““““““““““
(\ NWAO  BHZ 1
JUL 12 (193), 1993
/ \ || 13:26:03.375 1

|

'Integrated

M, = 3. 3x 10/ dyn-cm

[J. HebdenNorthwestern Umni., 2006]



M wp Recent deelopments

« Compilation of M,,, for a dataset of 55 recenvents
shavs a systematic corelation between slaness
(expressed througl®) and theresidual of M,,, with respect
to published moment.

- This indicates that the standaM,, algorithm suflers
from thesame inadaptation to exceptionaleats(slow
or gigantic) as other methodologies.

Correlation coefficient = 0.82
| | | | |

o
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= %% o o
o. o ° ° cC
< -0.5 ¢ o ° 4033
a o®
%2
Lol
o EZ
-1 L SUMATRA -- 26 DEC 2004 -| —0.67 3§
JAVA -- 17 JUL 2006
HAWAII -- 15 OCT 2006
-1.5 e KURILES -- 15 NOV 2006 | —
| | | | |

-7 —65 -6 -55 -5 —45 —4
© = logyo [ EF/ Mo]



M Wp
[Tsuboi1,1997]
Other Problems:

. Theory valid only irfar-field
Yet, applied undiscriminately in both neaand far-

fields
. Length of windwv / Frequeng band neer satisfacto-
rily resolved
. Influence of depth phases / triplications not sorted out
. Operational detalls of algorithm unresolved
. Performance on lge dataset, including tsunami earth-

guakes, not assessed

. Empirical patches for bigvents (changer,, ??)
unsatisfactory

In ime domain algorithm, instrument response
not flat at long periods



DURATION OF P WAVES

A simple [trivial ?], robust measurement

[Ni et al.,2005]

 Duration of source from High-Frequen@-4 Hz)

2000

—2000

1000

—1000

TeleseismicP wavetrain

t =559 s

YSSZ 04 361

4 (

26 DEC 20047
2&0 4é0 6&0 8&0 WdOO 1200
Time (seconds)
t=177s
YISSZ 05 |87 16 13 40
\ \ \
28 MAR 2005
2&0 4é0 6&0 8&0 WdOO 1200

Time (seconds)



DEVELOP ALGORITHM T O MEASURE
HIGH-FREQUENCY P-W AV E DURATION

TONGA, 3 May 2006 — Charter Towers (CTA)
A=37°

CTAZ 06 123 15 28 34.8470
|

s00000 - ORIGINAL -
0 MM{V\MWW /\{\/\/WWV\AWMW

R P PcP PP S Rayleigh |

! ! !
@) 500 1000 1500
Time (s)
CTAZ OB 123 15 28 34.8470

FILTERED 2<f<4 Hz

it AN AN

| | |
) 500 1000 1500

Time (s)
CTAZ 06 123 15 28 34

k COMPUTE ENVELOPE

['1/3 (at 1/3 Maximum)= 17.3 seconds
[1/4 (at 1/4 Maximum)= 26.7 seconds

0 500 1000 1500
Time (s) [Reymond and Oka2006]




PRELIMINAR Y DATASET (T1/3)
52 earthquads; 1072Zecords
— 2004 Sumatra gent recognized as very long

(T1/3=167 s;T1/4=291 s)

— "Tsunami Earthquakes" also identified
(Java, 2006, Nicaragua, 1992

— By contrast, the 2006 Kiles earthquadk is ot
found to exhibit slowness.
This confirms its character as weak and latg, b

not slaw.
3 ! ! ! ! - 1000 s
—~ NICARAGU A 1992 JAVA 2006 )
™ () /////./
NP ° 1100 s
~ ... .:/‘/6/.//?/. o
c Pa
a3 SR
3 1r e 110s
g

KURILES 2006 SUMATRA 2004

1 1 1 | 1 s
26 27 28 29 30 31

Log,, Moment M, (dyn*cm)

o

N
ul



CUMULATIVE ENERGY GROWTH :
An Eye on the Rate of Energy Release

In a recent deslopment,Nevman and Covers[2009] monitor the rate ofuild-
up of the energy in thB waves to cefine both a high-frequencadiated engy
and asource duratiorbased on the characteristic corner time of this build-up.

Cumulative Energy Growth { M= 8,03, Tg= 99 ) Cumulative Energy Growth { M= 8,54, Tp= 170 )
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Such methodbold promise for real-time determination of anomalous properties such
exceptional size (Chile, 2010) or source slowness (tsunami earthquakes).

[A.M Newman,pers. comm. 2010, and Research Home Page]



W Phase

for  "Whistling"

or perhaps "Wisdom"...



W Phase

The nev, definitive way of quantifying the low-#guency
seismic source in quasi-real time.

[Kanamori et al.2008] C/%ﬁo (@VQ

Geophysical
Research
Letters

---------------------

Nicaragua (9/2/1992, Mw=7.6)
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What IS theW Phase ?

A combination of multiply-reflected body phases sam

pling the upper mantle at verywofrequencies (1 to
5 mHz) and arriving betweeR andRayleighwaves.

The multiply reverberated nature of this amalg
of PP, PPP, PPS PSS ec. isreminiscent of the
"whistling" mode of radio transmission in the

atmosphere, hence the nali phase coined by
Kanamori[1993].



GROUP VELOCITY (km/s)

What IS

the W Phase ? (ctd.)

W PHASE as COMBINATION of SPHEROIDAL MODES

It can also be @garded as a superposition of Rayleigh
overtones, i.e., of sphadal modes of theetevant fre-
guencies, with high group velocitigs. 6< U < 9 km/s).
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As such, the W phase magpresent the better of two worlds,
being botHUJltra — Long Periodand Fasit




EARLY INVESTIGATIONS (1993-94)

Attempt to retrige long-period behavior d¥1, from
W phase under thmagnitudeconcept

MEETING

American Geophysical Union

031B-3  @836h  INVITED POSTER

the W phase, with application to real-time assessment
of the sltra-long component of the seismic source
Emile A. Okal (Department of Geological Sciences, Northwestem
University, Evanston, IL. 60208)
mmmammwmw

%

WM, ) ﬁom the spectral amplitudcorthc ground motion X (w):
WM, =log)o Mg — 20 = logye X (@) + C(A, @)

This algorithm was then used on a datasct comprising at the time of
writing 149 IRIS and GEOSCOPE broadband records from 17 large
cvents of the past decade. Our preliminary resulis show that the
mcthod reliably wrecovers moment information in the range
200-650 s, with a precision com to that of thc standard M,
algorithm used on traditional mantle Rayleigh waves. The few data
points we have obtaincd at even longer periods arc clearly much
less robust. A full study will be presented, including a case-by-case

son of WM, and M, valucs obtaincd from the same record,
mdthemﬂmofmnganmngeovermcﬂmechanm
orientation. In the case of the recent tsunamigenic events of 1992
and 1993, the mcthod reliably reproduces the published values of
the long-period seismic moment. In particular, in the case of the
Nicaraguan we have at present no compelling cvidence
for a continued increase in M, with period beyond that reported in
the literature, arxd obtained in rcal-time from an M, measurcment at
Papeete.

1993 FALL

SEISMOLOGICAL
RESEARCH
LETTERS

Volume 65, Number 1, January—March, 1994

SSA 89th Annual Meeting
Pasadena, California * April 5-7, 1994

151.

WM, : ASSESSING THE POTENTIAL OF THE W PHASE FOR REAL-
TIME ASSESSMENT OF THE ULTRA-LONG PERIOD BEHAVIOR
OF THE SEISMIC SOURCE.

OKAL, E.A., Department of Geological Sciences, Northwestern University, Evanston,
IL 60208; SCHINDELE, F. and REYMOND, D., Laboratoire de Géophysique, Com-
missariat 4 1’Energie Atomique, Papeete, Tahit, French Polynesia.

Following the recent identificadon of the so-called W phase by Kanamori, and
its recognition as a combination of ultra-low-frequency seismic modes, we have inves-
tigated the possibility of using this phase for evaluating in real-time the seismic
moment release in the period range 200-1000 s, by adapting the formalism of the
mantle magnitude, introduced for conventional surface waves by Talandier and Okal
[1989].

Because it consists of a superposition of many normal mode branches, the W
phase does not lend itself to a simple expression of its spectral amplitude; in particu-
lar, source and propagation effects cannot be separated. Using normal mode synthet-
ics over a grid of distances and frequencies, and averaging their spectral amplitudes
over a large number of shallow depths (k2 < 80 km), source-receiver and focal
geometries, we have produced theoretical nomograms of the correction C (A; ®) to be
used in the retrieval of the seismic moment My (or equivalently of a mantle magni-
tude WM, ) from the spectral amplitude of the ground motion X (w):

WM, =logig Mg — 20 =logp X (@) + C(A, w),

for both the vertical and horizontal components of the spheroidal modes’ displace-
ments. This algorithm was used on a dataset comprising at the time of writing about
200 IRIS, GEOSCOPE and Papeete broadband records from the large events of the
past decade. Our results show that the method reliably recovers moment information
in the range 200650 s, with a precision comparable to that of the standard M,, algo-
rithm used on traditional mantle Rayleigh waves. The few data points we have
obtained at even longer periods are clearly much less robust. An estimate of source
duration can be obtained by fitting the variation of the WM,, values with frequency to
that expected theoretically for a source ramp function. The only recent event clearly
requiring a source longer than 50 s is the 1992 Nicaraguan earthquake.



RECENT DEVELOPMENTS

e In the wake of the 2004 Sumatravent, Lockwood and
Kanamori [2006] showed that th®/ phase was promi-

nently recorded world-wide and that its spectral amplitude
could be quantified.

Technical Brief

GEOChemlstry Volume 7, Number 9
Geophys|cs 28 September 2006

' GEOS stems Q09013, doi:10.1029/2006GC001272
AN ELECTRONIC JOURNAL OF THE EARTH SCIENCES ISSN: 1525-2027

Published by AGU and the Geochemical Society

filek
Full
Article

Wavelet analysis of the seismograms of the 2004 Sumatra-

Andaman earthquake and its application to tsunami early

warning

Oliver G. Lockwood
Pembroke College, Cambridge University, CH2 1RF Cambridge, UK (oliver.lockwood@cantab.net)

Hiroo Kanamori

Seismological Laboratory, California Institutd of Technology, 1200 East California Boulevard, Pasadena, California
91125, USA (hiroo@seismo.gps.caltech.edu)

Displacement seismogram: Sumatra 2004/12/26, from vertical (2) component of LH data stream, recorded at OBN
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— Rivera and Kanamori[2007, 2008] later showed ths¥
phase signhals could bevanted to obtained the ultra-long
period focal mechanism of theent.



2004 Sumatra WP inversion

@

PDE location
ty = 150s, t.f = 150s
M,=93

(a)

FULL W PHASE INVERSION

Source inversion of W phase: speeding up seismic tsunami warning

Hiroo Kanamori! and Luis Rivera®

| Seismological Lab., California Inst. of Technology, Pasadena, CA USA. E-mail: hiroo@gps.caltech.edu
2 Institut de Physigue du Globe de Strasbourg, CNRS-ULRE 5 rue René Descartes, Strasbourg Cedex, 67084 France

Geophys. J. Int. (2008) 175, 222-238 doi: 10.1111/.1365-246X.2008.03887.x

Retrieval of W phase from a clipped record
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Java 2006 WP inversion

(b)
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Among fundamental results:
Restoes the full seismic moment of gigantic (Suaa@04) or slow (Java 2006)ents.




BACK TO AN OLD-FASHIONED TIME-DOMAIN MA GNITUDE ?

Kanamori and Rivex [2008] further suggest that theesage
time-domain amplitudev (in mm) of theW phase could be used
to estimate the seismic moment of thergt, according to the

regression
log;o Mg = 1.311logyw + 28.89 (1)

Source inversion of W phase
10 ———————
® Sumatra_2004
1 ® Nias_2005
~ Shikotan_1994 Sumatra_2007
= Solomon_2007 Kuril_2006
= ® Kuril_2007
= ® Tokachi-Oki_2003
% ./Peru_2007
I'U @, Sumatra_2007_after7.9
@ Chile_2007
0.1
® Nicaragua_1992
® Java_2006
0.01 ,
65 7 7.5 8 8.5 9 9.5
M
w

() the significant scatter in the data

(i) that slov "tsunami" earthquakes are significantly
underestimated

(i) that Sumatra is also underestimated
(iv) that the slope,]4/3 in (1), is not easily interpreted



2009: IMPLEMENTED AT NEIC — USGS, Golden

[G. Hayes2009] ,
USGS WPhase Moment Solution
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How Well do These Various Algorithms Really Work"



THESE ALGORITHMS WERE APPLIED IN
QUASI-REAL TIME

(i.e., following receipt of tsunami bulletins if during working hours)

TO A GROWING DATABASE OF
85 EARTHQUAKES, INCLUDING

90° 120° 150° 180° 210° 240° 270° 300° 330°

— P — — — — -60°

90° 120° 150° 180° -150° -120° -90° -60° -30°

JAVA -- 17 JUL 2006
HAWAII -- 15 OCT 2006
KURILES -- 15 NOV 2006

SOLOMON Is. -- 01 APR 2007
SANTA CRUZ -- 05 SEP 2007
BENGKULU | -- 12 SEP 2007

BENGKULU II -- 12 SEP 2007

MOLUCCAS -- 21 JAN 2007
PERU -- 15 AUG 2007

SAMOA -- 29 SEP 2009 CHILE -- 27 FEB 2010

plus SUMATRA -- 26 DEC 2004



M
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Optimized Static

REPORT CARD : M, (Improved)
(85 recent @ents) A

Improved M, algorithm gves accurate values for most
evants, including'Tsunami Earthquakes”

Sumatra 2004 remains somewhat underestimated
[ Expected, gien duration of @ent comparable to
lowest usable frequeng

Only Bengkulu (I1l) event is grossly wver-estimated, due to
contamination by previousent at lowermost frequencies.

I I I I ,
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SUMATRA -- 26 DEC 2004 SAMOA -- 29 SEP 2009’/
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REPORT CARD : PARAMETER O

log,o E= (erg)

A

Correctly identifiesSLOW " TSUNAMI EARTHQ UAKES"

JAVA 2006

SUMATRA 2004

Correctly identifies MAULE, Chile 2010 as Not Slow

|dentifies "SNAPPY" (Often Intraplate) EVENTS
HAWAII 2006

Has trouble distinguishing between Truly Bland
DELAYED (LateEvents KURILES 2006).
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REPORT CARD: M,

C

e Problems: E—
Algorithm fails to recognize truly great earthquakes
SUMATRA 2004 BENGKULU (1) 2007 and now, MAULE, 2010
Also, mis-handles slow or late ones JAVA 2006 KURILES 2006
Time-domain Computation Fourier-domain Computation
10 |- | 9.27 10 |- H9.27
9| o 8.6 9L 8.6
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REPORT CARD: Tq/3

86 earthquads B
— 2004 Sumatra gent recognized as very long
(T1/3=167 s;T1/4 =291 s)

— "Tsunami Earthguakes" also identified
(Java, 2006, Nicaragua, 1992

— By contrast, the 2006 Kiles earthquak is ot
found to exhibit slowness.
This confirms its character as weak and latg, b
not slaw.

— The 2010 Maule earthquaks dso found to

have a surce slightly shorter than expected for
its moment. Hint: Bilateral Ruptur e ?
3 | | | | | 1000 s
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REPORT CARD: Ty3 (ctd.)

HOWEVER,

Log,, Duration ’77/3 (s)

The method fails to convincingly identify

all tsunami earthquakes:

It misses
CHIMBOTE, P eru 1996 JAVA 1994
3 | | | | 1000 s
2 L R 1100 s
o’ ’/.// %
° &t‘/’)‘.‘:..'? ‘. *
° !/s/,/ °®
1 S 410 s
0 | | | | | 1 s
25 26 27 28 29 30 31

Log,, Moment M, (dyn*cm)

ACCORDINGLY, it only earned (2007) a B

but pending moe reseach
with INCOMPLETE



T1/3: EXTRA CREDIT ? UserysVvs. ES A

ldea: 71,3 expected to grne like I\/Icl)/3

Estimated Energy expected to grbke Mg

EY1/3 should be constant

Hencerq/3/ (E

— DefineDuration Test
1 E
Note: Constant 5.86 pdictable theoretically from scaling laws

— DT > 0.35correctly predictALL Slow Earthquakes
NICARAGU A 1992 JAVA 2006 CHIMBOTE, Peru 1996

but also includes complestrike-slip events BAJA 2010
and[ COSTA-RICA 1991 ] (?7?)

— Succesfully excludes NIAS 2005 MAULE 2010

- — Slightly slow SUMATRA 2004 misses the bar
: | | | |

26 27 28 29 30
l0g;o Mo (dyn*cm)



REPORT CARD : W Phase A n

[Kanamori et al.2008] *** Dean’s List ***
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Research
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---------------------------

Nicaragua (9/2/1992, Mw=7.6)
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DEFERRED STUDIES

Examples of Detailed Investigations of Earthori&urces

— Strictly Non Exhauste !



18°

16°

14°

12°

10°

DEFERRED ALGORITHMS to EXPLORE
SUMATRA SOURCE
1. CompositeCMT inversion [Tsal et al. 2005]
490 2 ‘ 1400 T T T I
0.8 Q\ . 1200  Rupture Velocity
& . £ 1000 (km,/s) 2.3
11 ®\o ﬁ . \E/ 800 |- 3.2
3 ’ % 600
281 ®/. ‘-.m. © 400} 3.1 AVERAGE V
2.8 b 200 - 1.6 2.1 2.8 km/s
163 ®/. % 100 200 300 400 500
3.9 TIME (s)
it Time Offset () - | NOTE: Sumatra 2004 has a sl source
M, (10%° dyn-cm) Q .
2. Back-tracking source history from distant

1300 135°  140°

seismic array [Ishii et al.,2005]

145°

1307 135°

140 145°

Use
700-station
seismic array
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{also Krtiger and Ohrnbayer, 2005;Vg = 2. 7km/s}




[deGroot-Hedlin 2005]

distance (km)

latitude

"HYDR OACOUSTIC TOMOGRAPHY"

Use CTBT hydrophone triads to back-track the tempovalugon of
T—waveenergy into individual elements of the rupture.

a 100 200 300 400
source time (sec) after onset

500

ne (k)
i

Crrular v distanze akng ragphares |

These studies
confirm:

[Talstoy and Bohnenstie2005]

e 1000(+)-km rupture
e Slow rupture
o Slower In the North

[Perhaps slower initially]
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EVEN MORE DEFERRED

Reconstructing Focal Solutions

and Seismic Moments of Historical Earthquakes



IN THE WWSSN ERA

Most critical earthquakes studied by forward modeling
[Kanamoriand collaborators, 197xx].

A few (Alaska, 1964; Colombia, 1970; Peru-Brazil, 1963)
inverted [Gilbert and Dzigvonski, 1973, 1975] under prototype
development of future CMT project

HOWEVER, A NUMBER OF CRITICAL M7 EVENTS
REMAIN 1O BE FORMALLY STUDIED IN A MODERN FASHION



IN THE PRE-WWSSN INSTRUMENTAL ERA
(1900 -1962)

Formal inversion becomes ditult because of the scarcity of data (and/or its poor
azimuthal cgerage), and the timing uncertainties affecting the spectral phases.

YET THERE EXIST SUPERBL ARCHIVED SEISMOGRAMS
WATING TO BE ANALYZED



PDFM Method [Reymond and Oka2000]

<< basedn an idea byRomanowicz and Suez[1983] >>

PHYSICS
OFTHE EARTH
ANDPLANETARY
INTERIORS

Physics of the Earth and Planetary Interiors 121 (2000) 249-271
www.elsevier.com/locate/pepi

Preliminary determination of focal mechanisms from the
inversion of spectral amplitudes of mantle waves

Dominique Reymond?, Emile A. Okal®*

4 Laboratoire de Géophysique, Commissariat a I’Energie Atomique, Boite Postale 640, F-98713 Papeete, Tahiti, French Polynesia
b Department of Geological Sciences, Northwestern University, Evanston, IL 60201, USA

Received 22 January 2000; accepted 27 May 2000

— Moment tensor wersion using onlyspectral amplitudes delet-
ing phase information

o Applicable to depleted datasets (as &s 3 or 4 tations)

« Particularly adapted tdlistorical Eventssince exact epicentre
location and relate timing at stations become irrghmt [Okal

|

and Reymond003].

 Limitations
Double 180° indetermingan Strike and Slip angles
[Can be resolved with critical bodyawepolarities]



So.

Sandwit Is.

27 JUNE 1929

PERIOD = 160 s
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OTHER HISTORICAL EVENTS STUDIED
BY THE PDFM METHOD

(as of August, 2010)

e Big Twins, 17 August 1906

e South Sandwich,27 June 1929
« Sanriku, 02 March 1933

« Banda Sea01 February 1938

 Amorgos, Greece,09 July 1956



BEFORE THE INSTRUMENTAL ERA

It Is occasionally possible to obtain corasfits on earthquak ources
from the modeling of historical tsunami reports.

The three examples givenopide significant insight into the potential
for mega—quakes in the relevant subduction zones.



Reconstructed from tsunami
records in Japan.

 Confirmed by analysis of paleotsunami data
(dead trees; terraces).

* Prior to Satale et d.’s work, Cascadia could
have fit the model of a decoupling, perma-
nently creeping, subduction zone.

- | We now understand that this subduc-
Kiinanasals tion zone is the site of elatively rare
(400 yr ?) but gigantic intemlate thrust
earthquakes.

Tsugaruishi

Otsuchi

Tanabe

| L | 1 oo
o 1 2 3 4 5 6
1700 tsunami height (m)

Estimated (Medium) height
Computed for Long-Narrow model
Average slip: 19 m in full-slip zone
14 m including partial-slip zone

ggoi-?azt;?iﬁ%chgxgaiilgr{ coefficient 0.98 AP P L I CAB L E E LS EW H E RE

180° -135° -90°



USING TSUNAMI SIMULATIONS
to EVALUATE HISTORICAL EVENTS

Example:1868 South Peru'Arica" Earthquake

Catastrophic destruction by tsunamP#co, Peru

Modeling require®00 km fault rupture extending past Naz¢

Ridge, and thus
Mo = 1 x 10°° dyn-cm

(in the league of Sumati2004..)

FAILT1
Length 600 }m P
D ISCO Width 150 Jm 3 m
Dip 20 deg

s00

"Short"m‘;
Fault o4

alip 30 deg
Strike 305 deg
Dizlaz. 15 m
depth 20 km

(600 km)]

200
100 ]

o

u] =00 F- Lau] a0 [=1ufu] 0O 1o 20 30
em nmup fm)

LONG - Dength 600 e 300 fom
] Width 150 km 150 km L 10 m
&0 Dip 20 deg 20 deg L
] ; -
FAULT Sk 05 deg 05 desl| | §
3 =
E -mc'—; _:.
(900 km)1 1;h
200—5 5
E é-—

o 1o 20 30

nmp tm)

-10°

IMPLICATIONS of 1868 ARICA EVENT

1. Earthquak isHUGE

2. Rupture "jJumped" the Nazca Ridge
W hat constitutes a "barrier"?
3. Note variability of rupture in Large

280°

282°

[Peruvian] earthquakes

284°

Chimbote

NOTE:

The2007 eent [partially]
and

the 1687 eent [probably]

also jumped[into]

the Nazca Ridge...

I~




THE TSUNAMI OF 18 NOVEMBER 1865

Solov'er and Go[1984] mention a drong earthquak in
Tonga at (5:40 (presumed local time) felt at sea byesal
ships, and generating a destruetiocal tsunami.

Le Messgea de Tahiti reports the following letter from
"Avarna, Borotonga" [me Avarua,Rarotongal:

"Le 18 Novembe 1865, a9 h. 20 m. du nmatin, par un beau
temps avec une faible brise du SSE., piagéepresque basse
la mer se etira graduellement d’eviron 4 pieds au-dessous du
niveau odinaire des basses eaux, laissant le port presgseca
Elle s'"dewva ensuite lentement jusqu‘@apieds environ au-dessus
des plus hautes mées. Cependant on ne voyait point de
vagues; le mouvement de descente et d’ascensiofraiggeour
ainsi dire avec calmelLa mer se etira et nonta au mMene nveau
une deuxime et e toisieme fois; puis les oscillations altent
en diminuant pendant I'espace d'une demi-eewt la mer

reprit son niveau habituel et sa tranquillite CONCLUSIONS

« The 1865 earthquakprobably took place along agment
of the Tonga trench preiously described as a seismiapg

In the Marquesas Lawson[1869; Bishop Museum] com-
menting on the great 1 hilean tsunami, mentions: - :
enting on the great 1868 Chilean tsunami, mentions: e yenorted run-up at Rarotanig well modeled using a
"Le tremblement de tegraux lles Bnga,il y a de cela 3 ou 4 thrust-faulting interplate mechanism with
ans, fut ressenti ici le fivee jour a deux heures de I'apes midi
et se termina verdx heures; mais cette fois;lda mer monta
seu‘lemer.uau nlveau. des plus hautes magesenvion toutes les Mg = 4 x 1078 dyn-cm
15 a20 minutes [...]; cela ne fut pas ressentifahiti et dans son
voisinagge'.

» This is about twice the moment of the largestvimesly

[ This reference courtesy df. Jean-Louis Candeld@2000). ] ]
documented shallow earthquaia Tonga.



AS FOR THE FUTURE....



THE COMING OF AGEOF GPS

Continuous GPS allows the recording of thel
static deformation of the Earth in the epicentral area

2010 Maule Chile earthquake: 3 m in azimuth N256°E

270° 280° 290° 300° 310° 320° 330°

B CONZ
east -28851 5 mm |5
north -07021t 8 mm
2.969 m 256°N
up -0055+ 8 mm

east -28911 4 mm

north -0689t 6 mm

2.972 m 256°N
) -0060+ 6 mm

i
270° 280° 290° 300° 310°

[J.-M. Nocquet; C. Vigny)3-MAR-2010

— Progress in processing should makthese data
avalable in real time with exceptional promise

for far-field tsunami warning.



AS FOR THE FUTURE....



