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The occurrence of exceptional \ents, such as the 2004 Sumatra
earthquake, occasionally gies rise to the recording of physical phe-
nomena by instruments not designed for that purpose.

For example a ismometer mayecod an ar wave a hydrophone
may recod a tsunami...

Such recordings by"unprepaed" or "incompetentinstruments often
times illustrates a physical coupling between the medium of the
phenomenon and that whee the instrument is supposed to operate.

Such coupling being generally weak, aquires a very large eent
(Sumatra, Maule...) to be detectable.

However, such instances of coupling a& precious, since they shed
light on some unsuspected properties of the physical wes and
media involved.



SEISMOMETERS DETECT TSUNAMIS

( The Seismic "DART" ?)



TSUNAMI RECORDED ON SEISMOMETERS

 Horizontal long-period seismometers (GEOSCOPE,
IRIS...) record ultra-long period oscillations fallmg
arrival of 2004 tsunami at nearby shorés Kind,2005].

* Energy is mostly between 800 and 3000 seconds
 Amplitude of equialent displacement isentimetric
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TSUNAMI RECORDED ON SEISMOMETERS (ctd.)

Enhanced Study [E.A. Okal,2005-06].
RECORDEDNVORLDWIDE (On Oceanic shores)

HIGHER FREQUENCIESup to 0.01 HZPRESENT
(in regional field)

Tsunami detectable durirf§MALLER EVENTS

CAN BEQUANTIFIED (Variation ofMtg)
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TSUNAMI RECORDED ON SEISMOMETERS (ctd.)
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On some of the bestaods, (eg., HOPE, South Georgia), the tsunam
IS actually visibleon theraw seismograr

[But who "reads" seismograms in this digital age, let alone that of HOPE, Soutt
Georgia...]
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FREQUENCY (Hz)

Dispersed energy resolved downlte 80 s.
lle Amsterdam, 26 Dec. 2004

AISN 04 361 O 2 15.1020 Peak—to—peak = 0.233E+06 du

NOTE STRONG HIGH-FREQUENCY TSUNAMI

COMPONENTS



QUANTIFYING THE SEISMIC RECORD A T CASY

Of...

Introducing

THE ON-SHORE O.B.S.



QUANTIFYING the SEISMIC RECORD at CASY

« Assume that seismic record.q, at CASY) reflects response of
seismometer to th@eformation of the ocean bottom

FORGET THEISLAND (orcontinent) !

* UseGilbert's [1980] combination of displacement, tilt and gravity;

Apparent Horizontal AcceleratioiG{lbert's [1980] Notation):
AV =0’V - riL(gU+®)
or (Saitds [1967] notation):

1
y5 T = y3 - 5 gy~ Ys)

o UseWad’s [1980] normal mode formalism,;

Evaluate Gilbert response on solid side of ocean [flaod derve
equvalent spectral amplitude of sade displacement(w) = n(w).

« Use Okal and Ttov's [2005] Tsunami Magnitude, inspired from
Okal and Talandies [1989] My, ;

 Apply to CASY record at maximum spectral energy
(S(w) = 4000 cm*s afl =800 s).

. Find Mg=1.7x100dyn-cm.

Acceptable, gien the extreme nature of the approximations.

— Suggests that the signal is just tik@ression of the horizontal
deformation of the ocean flgand that

CASY functions in a sense ékan aBS !!




QUANTIFICATION of SEISMIC TSUNAMI RECORDS

 Apply technigue to dataset of 10 stations with direct great circle paths
e Use either Full Source computatidhRed Symbols

My = 1.6x 10°° dyn—cm
or M1g magnitude approactB(ue Symbol9
My = 2.1x10° dyn—cm
In good agreement witNettles et al[2005] andStein and Ok&gl2005] (green dashed line)
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Log10 Gilbert Response

USING AN ISLAND SEISMOMETER AS A "DART" SENSOR?

Example: lle Amsterdam, 26 DEC 2004 (d= 5800 km)

A horizontal seismometer at a shoreline location A'SN‘ 04 361‘ 0 2 ‘“5-1020 |
can record a tsunamiawve

Te+06 - Raw Seismogram 7
0

Once the instrument is deocmived, we obtain an
apparent horizontal ground motion of the ocean floor -te+os - .
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Further decowolve the "Gilbert ResponseHactor" .
Decowolve InstrumentApparent Ground Motion

[1y3™/n] and obtain the time series of the s
amplitude of the tsunami.
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* Indeed, we find a good correlation between tsunami heights
decowolved from seismometers and tsunami amplitudes
from the worlwide simulation ofTitov and Arcas [2005],
computed at deep-ocean locations in the neigborhood of the
recording seismometers.
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TSUNAMI DETECTED FOLLOWING SMALLER EVENTS

CamanaPeru, 23 June 2001

Harvard CMT:M, = 4. 7x 10°® dyn-cm

FILTERED, Tmax = 10000. s; Tmin = 100. s.
Rarotonga, Cook Is.
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R Spectral Amplitude at 1550 s: 250 cm*
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Other Examples of Seismic Recording of [smaller] Tsunamis

Kipapa, Hawaii, 28 March 2005 [Nias] Rarotonga, 30 July 1995 [Chile]
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MAULE, CHILE, 27-FEB-2010
Seismic Recordings of the Tsunami

Falowing the 2010 Maule, Chile earthquake, we identified its
tsunami on horizontal records at nine seismic stations in the
Paific Basin.
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MAULE
27-FEB-2010

FREQUENCY (Hz)

FREQUENCY (Hz)

XMAN 10 58 5 55 6.3730 Peak—to—peak = 0.108E+09 du

XMAS  Christmas Island, Kiribati

Epicenter: —36.00

—73.00 ; Origin Time: 6:34: 0.0; Distance = 9641.2 km
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FREQUENCY (Hz)

MAULE, CHILE, 27-FEB-2010

The spectacularecods at Raoul Island and Pitcairn Island
are dearly visible in the raw seisrgoams, without any o
cessing.

RAQO Raoul Island, Kermadec Islands
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FREQUENCY (Hz)

MAULE, CHILE, 27-FEB-2010

The spectacularecods at Raoul Island and Pitcairn Island
are dearly visible in the raw seisrgoams, without any o
cessing.

PTCN Pitcairn Island, B.C.C.

PTCN 10 58 5 28 57.7470 Peak—to—peak = 0.344E+07 du

. —36.00 —73.00; Origin Time: 6:34: 0.0; Distance 5527.8 km
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In this case note the prominent high frequencies, whigobably
eXpress a non-linear response of the struetof hat small island

(4. 6km®).



- Using the pevously described algorithm, we derive a seismic
moment for the Maule eventoifn the seismicecods of its
tsunami

Individual Measurements at FEach Station

XMAE 29.39
NIUN 28.89
NIUE 29.06
PTCN 29.48
RPNN 29.03
KNTN 29.36
ERMN 29.01
RPNE 29.11
XMAN 29.71
MWYN 29.39
KNTE 29.49

I I I
500 1000 1500 2000
PERIOD (s)



S In the 500-200G period range, he results a&
generally in agreement with the CMT scalar
moment.

Station—Averaged at Fach Period
30.5 | |

CMT Moment

I I I
500 1000 1500 2000
PERIOD (s)

- At higher frequencies (not siwa), the results
would depend on the response of the vrdiial
Island structure.



THE FLOATING SEISMOMETER



FREQUENCY (Hz)

2004 TSUNMMI RECORDED on ICEBERGS

Since 2003, we Itk been operating seismic
stations on detached and nascent iagber
adjoining the Ross Sea.

The tsunami was recorded by our 3
seismic stations, on all 3 components,
with amplitudes of 10—-20 cm.
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F-min = 0.00030 Hz; F-max = 0.01000 Hz. Window used : 0.00 s; 240000.00 s.

[ Plot bounds: 0.30518E-03  0.99487E-02 ] Plot window : 2380.00 s; 237340.00 s.
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Seismic recordings of 2004 Sumatra Tsunami on Iceberg
Nascent (NIB); 26 DECEMBER 2004

NIBN 04 360 18 O O
| | | |

_ This time, the iceber (and the seist
uhl ] mometer) float lile a &aft on the se:
Ikl and record directly the 3-dimen-
. sional displacement of the tsunami

: N-S [361]i

17:00

133 cm _
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TIME (s)



ELLIPTICITY of TSUNAMI SURF ACE MOTION
(Shallow Water Apmximation)

Uy 1—y9
AR = — = — 4/ =
u, W -\/ h
On the high seasl'(= 1000-2000 sh =2000- 5000 m),

AR can be typically betweelD and 25.

Sumatra 2004u, = 1 m (JASON; seismic stations)

u, = 15 meters ?

Concevable to use GPS-equipped ships to detect tsunami.

Tsunami
—
’—”////\A/ /;3 MJ
P =7
vz 7 g i,
_f__/ﬁéi‘b‘,__’——f——/
P

Ship A should see a perturbation in speed

Ship B would shav a 2ag-zag in trajectory



CTBT HYDROPHONES

DETECT TSUNAMI

or

One Filter Too Many !



CTBT HYDROPHONE RECORDS

In the context of the CTBD ("Test-Ban Teaty
Organization"), thel nternationalM onitoring System
comprises six hydrophone stations dgplb in the
SOFAR channel, including three in the Indian Ocean.

120°

HAO1

180° -120° -60° 0° 60° 120°

Each station features\@eal (3—6) sensors, allowingeamingof the array
ko high

Prassure These instruments
recorded not only the
hydroacoustic'{T")
waves generated by the
earthquake, but also its
cornventional seismic
waves (Rayleigh), and
most remarkably,

the tsunami itself
[Okal et al.,2006]

[M. Tolstoy,Columbia Unversity]



TSUNAMI r ecorded by HYDROPHONES of the CTBTO
(hanging in ocean at 1300 m depth off Diego Garcia)

- Instruments are serely filtered at infra-acoustic frequencies.

fréquence (Hz)

NOTE STRONG HIGH-FREQUE
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Note first ever obser-
vation of DISPERSIONOf
tsunami branch aWVERY
HIGH [tsunami] frequen-
cies in the far field

w’ = g k tanh k h)

All of this on the high
seas, unaffected by coastal
response.

TSUNAMI COMPONENTS




Retrieving Seismic Moment from High-Frequency Tsunami Branch

. Use Hydrophone HO8S1 from IMS at Diego-Garcia (BIOT)

. Decorvolve instrument and retnve pressure spectrum

PERIOD (s)
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Note Instrument Response Down
by Factor 17,800 at 87 s.
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P(w) = 0.35MPa*s at 87s



Retrieving Seismic Moment from
High-Frequency Tsunami Branch (ctd.)

» UseOkal[1982; 2003; 2006] to camrt overpressure
at 1300 m depth (0.35 MPa*s) to surface amplitgicle

outside classical Shallow-Water Approximation

Vertical Displacement vy (cm)
0 O 0.2 0.4 0.6 0.8 1
. | | | |

Lo | Structue o

e tsunami
eigenfunction

through water

column

3 - -{ outside SW.A.

DEPTH (km)
N
|

4 ! ! ! e
0 S5 10 15 20
Pressure —vy, (Pa)

Find 7(w) = 78000 cm*s afl = 87 s.

» UseHaskell[1952], Kanamori and Cipafl1974],
Ward [1980], Okal [1988; 2003] in normal mode
formalism to compute excitation coefficients.

Find Mo = 8x10?° dyn-cm

ACCEPTABLE !
(Moment from Earttg free oscillationsi to 1. 2 x 16°° dyn-cm)
[Stein and OkalR005;Nettles et al.2005]

CONCLUSION: We uinderstandQUANTITATIVELYthe
excitation of the high-frequency components of the tsunamij..




TOAMASINA, Madagascar

Figure 5 (a): The 50-m freighteiSoavina Il
photographed on 2 August 2005 in the port
of Toamasina. (b): Sketch of the port of
Toamasina showing its complegeometry.
(c): Captain Injona uses aall map of the
port (ESE at top) to describe the path of
Soavina lllIfrom her berth in Channel 3B
(pointed on map), where she beoker
moorings around 7 p.m.,amdering in the
channels up to the location of the red dot
(also shown on Frama, before gentually
grounding in front of the \AterSports Club
Beach (white dot; Site 17).

50-m SHIP BROKE MOORINGS around 19:00 (GMT+3), FOUR HOURS AFTER MAXIMUM W AVES



[D.R. MacAyealpers. comm., 2006]
3200

3000 | t-3

Finite element modeling of the oscillations of the
port of Toamasina weals a fundamental mode of
oscillation atT =105 s, characterized by sloshing
back and forth of ater into the interior of the harlor
thus creating strongurrentsat the berth oSoavina

. 2400

At this period, the group elocity of the tsunami
wave Is found to be97 m/sfor an aerage ocean
depth of 4 km.

3200

This would correspond to an ard at 16:55 GMT,
or 19:55 Local Time

2800

This is in good agreement with the Port Capgin’
testimony

"After 7 p.m. and lasting several hours" 2400

2600 -

Preliminary modeling for Toamasina [Tamatave], Madagascar

3000 | t2

2600 | -




FREQUENCY (Hz)

CLASSICAL TSUNAMI W AVES (S.W.A.) RECORDED BYHYDROPHONES

Diego Garcia, 26 December 2004
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- These long-period components} 000 s) are well recorded by the hydrophone
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FREQUENCY (Hz)

COULD THEY BE QANTIFIED ?



ATTEMPTING TO QUANTIFY LONG-PERIOD ( T =3000s) TSUNAMI
RECORDED BY DIEGO GARCIA HYDROPHONES

DECONVOLVED, Tmax = 10000. s; Tmin = 800. s.

8N3H 04 360 19 0O O
| |

|
Predacted Tsunama l

Arrival

$ o
~15 1 |
0 ZO(l)OO 40(500 60(500 80600
Time (seconds) Northern Triad
OM% Southern Triad
5 | ‘ i
N A \
o 0 h’" ,\/ f\ \,
: / ViV
VTP R YRV
O TO(SOO ZO(SOO 30(500

Time (seconds)

HOWEVER the resulting overpressures (15 to 50 kB peak-to-
peak) are much too large as they wuld require tsunami ampli-
tudes of 3 to 10 meters on the high seas.

This is probably due to digital noise introduced by the
extremely lov response of the instrument at such long periods
(10,000 times the filters aorner).

AFTER FILTERING, THE TSUNAMI SIGNAL
SHOULD BE LESS THANLDIGITAL UNIT...



THIS SUGGESTS AN INTERESTING TEST

What happens if we try to recover the Eatidormal modes
from a Short-Period Seismometer ?

« We examine the spectra of the Sumatra earthgqu@kad the
background noise) on VHZ, LHZ, BHZ and SHZ channels at the
same station (NNA; Bia, Peri.

e We find thatvVHZ, LHZ , BHZ, which share the same corner
frequencies,give exactly the same results (which alls the
quantification of the modesyhile SHZ gives a beautiful
spectrum (down to 2.5 mHz), kbt with spectral amplitudes
too large by a factor(J1.5 .
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 We trace this effect to the fact that, at frequendies10 mHz, the response of the SHZ instrument is

so low, that an Eartls mode would be recorded with a time-domain amplitude of less than one dic
tal unit.

e The spectral amplitude of a harmonic oscillation recorded with an amplitude of one digital unit
shown as the green line on the figureswelo

* The resulting non-linearity introduced by this digital noiseegjiise to a systematic biayvevesti-
mating the true spectral amplitude of the signal.

This is probably the origin of thexeessve amplitude of the lav-frequeny components of the 2004

tsunami as recorded on the CTBT hydrophones.
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FROM GROUND UP ...

or

Could lonospheric Seismology

Help Tsunami Warning ?



Vor. 74, No. 9, May 1, 1969

IONOSPHERIC RADAR DETECTS SEISMIC RAYLEIGH W AVE 150 km UP'!

Tokachi Oki — 16 May 1968
Continuous, Traveling Coupling between Seismic Waves and the

Ionosphere Evident in May 1968 Japan Earthquake Data

10 MHz Doppler
o128 o129 0130 0131 0132 UT
T I i
P. C. Yuen, P. F. WEAVER, AND R. K. Suzuki

oi26 o127

| I T
16 May 1968
Department of Electrical Engineering

University of Hawati, Honolulu, Hawaii 96822
A. S. Furumoro

Hawazr Institute of Geophysics
University of Hawaii, Honolulw, Hawaii 96822

Detected in Hawaii Kuriles, 11 August 1969

Doppler record, 5 MHz, August 11, 1969, Honolulu
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Seismogram, August 11, 1969, Honolulu
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Fig. 2. . Comparison of 5 MHz Doppler record and seismogram with expanded time scale

WHY andHOW ?

Atmosphere is not vacuum... and so, Rayleigives’ do rot stop at a free boundaiyut rather
are continued upwards in the form of an pseudo-grawyewvhose phase velocity is forced to

that of the main Rayleighave

Enegy density decays exponentially ugrgds, but sincenaterial density decays fastevave
amplitude can actuallyncrease with height  Radar detectsariation in TEC due to perturba-

tion of ionosphere.
Pdtier [1976] suggested a similar coupling for tsunamis. It took close to 30 years to observe



TOWARDS DIRECT DETECTION of a TSUNAMI on the HIGH SEAS

3. TSUNAMI DETECTION by GPS IONOSPHERIC MONIT ORING

J. Aitru, H. Kanamori (Caltech)M. Murakami (Tsukuba);.R.ognonrieV. Dutic (IPG Paris) -- (2002)
* Ocean surface is not free boundary — Atmosphere has finite density
e Tsunami vaveprolongedinto atmosphereamplitude increasewith height.

e Perturbation in ionospheré € 150—-350 km) detectable by GPS.
ayr: 28 MAR 2000 -- 90 mn after earthquake
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v ' \ 0
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SUMATRA 2004
Perturbations detected in ionospheric
Total ElectronContent Liu et al.,2006]

Successfully modeled ycchipinti et al[2006].
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FROM AIR DOWN ...

or

Seismometsr Listening

to Loud Sound



SEISMOMETERS RECORD ATMOSPHERIC WAVES

Project 'tlapb Bom6a"

Al FOR SOVIET AIR BLASTS
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SEISMOMETERS RECORD BOLIDE EXPLOSION

TETERECL” e

Tungunska (Siberia) = ue e %

SOURCE PARAMETERS OF THE SIBERIAN EXPLOSION OF JUNE 30, 1908, FROM
ANALYSIS AND SYNTHESIS OF SEISMIC SIGNALS AT FOUR STATIONS

AREAL EXTENT
CYER WHICH
THE EGLIGE

WAS SIGHTED

ARI BEN-MENAHEM

Phys. Earth Planet. Int11,1-35, 1975 [ ® & ®-
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Yield from Body- and Rayleigh-avemodeling:12.5 Megatons



MYSTERY WAVES RECORDED ON L.P. SEISMOMETERS

PASADENA 02 MAR 1959 —Press Ewing East-West

New Guinea,Mpps=7

RO |

Banda SeaM =6
MYSTERY WAV E

The "Mystery Wave" i1s anxemely long-period oscillationT(= 500 S)
recorded on all L.Pinstruments at Pasadena, but absent at other stations.



FREQUENCY (Hz)

THE MYSTERY WAVE (ctd.)

PASADENA — 02 MARCH 1959

The "Mystery Wave" Is reminiscent of atmospheric
waves g@neited by lage eplosions (volcanic or man-
made), nut none is known at the time.

PAS_ 59 61 9 30 0 O Peak—to—peak = 0.131E+01 du
0.01
11O LRI 1]
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ooos | b A ALY ll',
| | I
| | bl
0.004 I III

0.002

2000 4000 6000 8000 10000
Windew = 1000.0 s; Slice = 10. s. THM[E (S)
F—=min = 0.00100 Hz; F=max = 0.01000 Hz. Window used : 0.00 s; 10800.00 s.
[ Plot bounds: 0.97656E-03 0.10091E-01 ] Plot window : 493.00 s; 10295.00 s.

IT IS NO RECORDED ANYWHERE ELSE



THE MYSTERY WAVE:

e 2004:Tsai, Kanamori and Artricrack the case of the mystenaves showing that
they are non-linear internal gravity aves, trapped by a temperatur@earsion inside
the Los Angeles Basin, where yharopagate at very slospeeds (5 to 25 m/s).

The morning glory wave of southern California

Victor C. Tsai, Hiroo Kanamori, and Juliette Artru
TSAI ET AL.: LOS ANGELES MORNING GLORY WAVE Seismological Laboratory, California Institute of Technology, Pasadena, California, USA
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Figure 1. (top) Barograph record and (bottom) seismogram (very broadband channel) from station
Pasadena for the 12 October 2001 event. The signals are correlated well in the ~1000 s period range. As
a further note, there is an earthquake in Figure | (bottom) at around 0510 LT. For further information,
refer to section 4.2.

MORNING GLORY

Record section for October 2001 event

Received 21 May 2003; revised 26 September 2003; accepted 14 November 2003; published 13 February 2004.

J. Geophys. Red.09,(B2),B02307, 11 pp., 2004.
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 This phenomenon as observed in Northern Australia, where it was called the

"Morning Glory", and studied b&hristie et al[1978] andClarke et d. [1981].



FROM AIR T O WATER

TO GROUND

More Bombs at Sea



SEISMOMETERS DETECT T PHASES FROM
ATMOSPHERIC NUCLEAR EXPLOSIONS

"PROCYON", Mururoa Atoll, 08 SEPTEMBER 1968

Tahiti

Rarotonga

km
P ————
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Note large amplitude (26m/s) but very short duration (2.7 s).



SEISMOMETERS DETECT T PHASES FROM
AT MOSPHERIC NUCLEAR EXPLOSIONS (ctd.)

(N) ATMOS. NUCLEAR TEST, 10 JUL 1962 PPT

"SUNSET" (Operation DOMINIC)

Christmas Island T

16:58:30

Recorded at PPT Tahiti

Christmas

10

(o]

()]

0 2 4 6 8 10 12 14 16 18 20
Time (S)

Note much smaller amplitude (0.2im/s) and longer duration (11.2 s).



 This difference in behaviorauld result in a
mis—identificationof the DOMINIC blasts
as "earthquads" using the amplitude-dura-
tion discriminant fofT waves introduced by
Talandier and Oka[2001].

— As theT phase is probably generated by the
shaking of the island structure inside the
water column, itself due to the coupling of
the air blast with the solid structure, the
characterisitcs of th& wave ae epected

to be controled by the geometry of the atoll,
in relation to the source.

 In this respect, we note differences in the
[available] characteristics of thePRO-
CYON and DOMINIC tests: altitude {00
m vs. 1.7 km), location Qver the atoll vs.
off shore), and to a lessextent in the size
of the atolls themselve§§4vs.322km?).

ATMOSPHERIC NUCLEAR TESTS
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THE OBS - OBH RELATIONSHIP

The Mourning of H2 O



Ocean-Bottom Hydrophone operated as OBS

A simple generalization of body- and sacé-vavetheory in the pres-
ence of an oceanic layer shows that an ocean-bottom hydrophone car
function as a seismomete&rhich will record

« Body-waves proportionally to ground velocitg.g, for P waves

Z Ps
= — = pa w
u, o

 Rayleigh waves, proportionally tocacceleration,the response being
itself proportional to théhickness of the water colunfat long peri-
ods)
Ps 5
Z = — = h
U P w

z

The latter is well verified using OBS and OBH recorddlod coast of
Hokkaido
Samoa, 29 September 2009

Samoa 29/09/2009 KOB1 -2329m
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H20O: The LIMIT ATIONS of O.B.H.s

We acompare here spectrograms of the samemterecorded at H20 by
an OBS and an OBH.Note (i) the lov-frequeny noise of the
hydrophone;(ii) the lack of sensitivity at l@-frequeny (instrument

working as an accelerometer)

21 AUG 2001 NEW ZEALAND
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OBS

FREQUENCY (Hz)

H20: THE LONE TSUNAMI

During its short opertaion, H20O recorded one significant tsunami: the
Peruvian eent of 23 June 2001.

While the @ent is clearly detected, both by the horizontal OBS and by
the hydrophone, the recording characteristics are strongly nonslinear
possibly raising doubt about the coupling of the instrument to the ocean
bottom. At ary rate, such signals cannot be quantified.

H20 23June 2001
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