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Why do earthquakes happen?

Thermo chemical convection
http://geo.mff.cuni.cz/~cizkova/Anim/animace.htm

From Namazu....

...to complex fluid dynamics

Why do earthquakes happen?

Earthquake (complex) cycle

Dynamic rupture and stress transfer

rupture velocities of a dynamic rupture model of a magnitude 7.7 on the southernmost San Andreas fault www.scec.org
When a fault fails during an earthquake, it modifies the stress field in its surroundings. The modification of the stress
pattern can give a rough idea of where the next shocks are more likely occur.

Coulomb stresses transmitted by
seismic wave propagation for the
M=7.2 1944 earthquake on the
North Anatolian fault.
Courtesy of Kim B. Olsen

Dynamic rupture and stress transfer

Any strategy for seismic risk reduction should
be outlined trying to answer two basic
questions:
When, where and how big we have to expect a
strong earthquake to strike a region?
What should we expect when it occurs?
The answer to the first question is matter for
earthquake prediction,
while the second one is matter for
sound seismic & tsunami hazard assessment...
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Earthquake effects What earthquake effects cause damage?
Civil & Environmental Engineering

ground shaking

liquefaction

•Ground shaking
•Surface rupture
•Landslides
•Liquefaction
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Earthquake Engineering

Hazard, Risk & Vulnerability
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Man decided, and can be reduced
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the road to (earthquake) safety...
Nat Hazards (2007) 40:357–372

Know the input - Bound the output...
361

Fig. 3 The Mexico Basin Lakes as the Spanish found them in 1392 (D. D. F. 1975). These days, there is
only a small lake near Xochimilco, which is a natural reserve

Chapultepec. This dike was 12 km long and 20 m thick. He also built Chapultepec
Aqueduct to provide fresh water to the city (Serra Puche, in Kumate and Mazari 1990).
After the Spanish conquest, in 1521, the Aztec city was razed and the colonial capital

the road to (earthquake) safety...
Know the input - Bound the output...
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Fig. 24 Earthquake fatalities versus repair costs in 2005 US$ (data from Vranes and Pielke 2009). The
high pseudo-death-toll for the 1906 San Francisco earthquake plotted here is extrapolated for present-day
Bilham,
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from a hypothetical
M7.8 earthquake near Roughly
Los Angeles
(http://pubs.usgs.gov/of/2008/1150/).
updated
with help of Bilham, 2010 (PersonalTsunami-related
communication)deaths from the
Indonesia 2004 earthquake are omitted

Earthquake fatalities versus repair costs in 2005 US$

Mitigate the difference...

Very basic tsunami physics...
Energy
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ure 1. Excitation of a tsunami by a seismic dislocation. In this very simple model, a fraction of the ocean
r is suddenly uplifted, resulting in an immediate and identical hump on the ocean surface (a). Because the
an is fluid, the hump is unstable and flows sideways (b), with the center of mass of the displaced material
id dot) falling down by an amount !h /2. The resulting change in potential energy makes up the energy of the

Tsunami is a shallow-water
€ gravity wave with great
wavelength and tiny
amplitude

Navier-Stokes equations
Newton’s law
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and in the incompressible case...
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Tsunami eigenvalues & eigenfunctions

Tohoku-oki event:
Tectonic setting
This earthquake was the result
of thrust faulting along or near
the convergent plate boundary
where the Pacific Plate subducts
beneath Japan.

Eurasian

Japan Trench

This map also shows the rate
and direction of motion of the
Pacific Plate with respect to the
Eurasian Plate near the Japan
Trench. The rate of convergence
at this plate boundary is about
100 mm/yr
(9 cm/year). This is a fairly high
convergence rate and this
subduction zone is very
seismically active.

Pacific Plate
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USGS - CMT - Seismic Moment solution

9.0 Tohoku-oki, Japan
2011 March 11 05:46:23 UTC

USGS - Finite fault model
Cross-section of slip distribution. The strike direction of the fault plane is indicated by the
black arrow and the hypocenter location is denoted by the red star. The slip amplitude
are showed in color and motion direction of the hanging wall relative to the footwall is
indicated by black arrows. Contours show the rupture initiation time in seconds.
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Historical seismicity
This earthquake (gold star), plotted with regional
seismicity since 1990, occurred at approximately the
same location as the March 9, 2011 M 7.2 earthquake.
In a cluster, the earthquake with the largest magnitude
is called the main shock; anything before it is a
foreshock and anything after it is an aftershock.
A main shock will be redefined as a foreshock if a
subsequent event has a larger magnitude.
This earthquake redefines the M 7.2 earthquake as a
foreshock, with this event replacing it as the main
shock.

Image courtesy of the US Geological Survey
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Aftershocks
Aftershock sequences follow predictable patterns as a group, although the
individual earthquakes are themselves not predictable. The graph below shows
how the number of aftershocks and the magnitude of aftershocks decay with
increasing time since the main shock. The number of aftershocks also decreases
with distance from the main shock.
Aftershocks usually occur
geographically near the
main shock. The stress on
the main shock's fault
changes drastically during
the main shock and that
fault produces most of the
aftershocks. Sometimes
the change in stress caused
by the main shock is great
enough to trigger
aftershocks on other,
nearby faults.

Image and text courtesy of the US Geological Survey
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Historical seismicity and aftershocks

Image courtesy of Charles Ammon
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Co-seismic slip
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Co-seismic slip
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Shakemap - Instrumental Intensity
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PGA

A strong ground acceleration of
over 2933 cm/s/s was observed in
K-NET Tsukidate observation
station (Miyagi pref.) near the
hypocenter, and a strong ground
acceleration propagated in broad
area from Ibaraki to southern
Iwate. The distribution of strong
ground acceleration is extending
to three areas: between Iwate and
Miyagi prefecture, Fukushima pref.,
between Tochigi and Ibaraki pref.
Therefore, it is assumed that a
huge fault slip have occurred on
the east of these areas. The ground
acceleration is decaying drastically
just after the border of ItoigawaShizuoka Tectonic Line, and it
suggests that the wave attenuated
at around this area.
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Waveforms
Maximum acceleration and
maximum displacement of ground
motion in Ishinomaki and
Rikuzentakata where ground
motion was strong. The arrival of 2
strong seismic wave groups is seen
after about 50 seconds. They
suggest that a strong seismic wave
was radiated from the 2 major
asperities of the Miyagi coast and
Iwate coast.
Two long-period pulses (40-50
second) was found in ground
displacement and its amplitude is
more than 50 to 100cm. The longperiod of ground motion that
lasted for 100 and several tens of
seconds, indicates the long time
rupture process of the fault in this
massive earthquake.
9.0 Tohoku-oki, Japan
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Ground motion - Japan

Courtesy of Takashi Furumura
9.0 Tohoku-oki, Japan
2011 March 11 05:46:23 UTC

Ground motion - Worldwide
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Ground motion - USA

9.0 Tohoku-oki, Japan
2011 March 11 05:46:23 UTC

Finite fault model from backprojection

Courtesy of Dun Wang and Jim Mori
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Tsunami warning - NOAA
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Tsunami warning - NOAA
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Propagation forecast
A tsunami
propagation
forecast model
contours the
forecasted
maximum wave
amplitudes (in
cm) from the
tsunami detailing
the tsunami
energy
propagation.
This led to a
Pacific wide
tsunami warning
being issued.
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Tsunami travel times - NOAA

9.0 Tohoku-oki, Japan
2011 March 11 05:46:23 UTC

Tsunami animation - NOAA
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Tsunami data

http://www1.kaiho.mlit.go.jp/KANKYO/TIDE/real_time_tide/sel/index_e.htm
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Tsunami data

http://www1.kaiho.mlit.go.jp/KANKYO/TIDE/real_time_tide/sel/index_e.htm
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Tsunami data - DART buoys

http://www1.kaiho.mlit.go.jp/KANKYO/TIDE/real_time_tide/sel/index_e.htm
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Tsunami data and simulations
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For the last updates...
http://outreach.eri.u-tokyo.ac.jp/eqvolc/201103_tohoku/eng/
http://supersites.earthobservations.org/honshu.php
http://eqseis.geosc.psu.edu/~cammon/Japan2011EQ/

“Earthquake Research Institute, University of Tokyo, Prof. Takashi
Furumura and Project Researcher Takuto Maeda”
9.0 Tohoku-oki, Japan
2011 March 11 05:46:23 UTC

support of improved measurement
technology and the design of optimal
tsunami monitoring networks

Tsunami
physics
research

implementation of improved models
to increase the speed and accuracy of
operational forecasts and warnings

development of improved methods to
predict tsunami impacts on the
population and infrastructure of
coastal communities

Tsunami risk mitigation
two different and complementary ways:

Tsunami hazard assessment: computation of
hazard scenarios

Tsunami warning system

Tsunami Hazard Assessment
How does one infer the likelihood of a tsunami of a certain amplitude,
striking a certain location within a certain time interval?
One possible way : ANALYSIS OF EMPIRICAL TSUNAMI RUNUP DATA.
PROBABILISTIC ANALYSIS OF TSUNAMI HAZARDS

Different power laws (e.g Soloviev 1969, Houston et al. 1977, Burroghs
and Tebbens
2005)
The
frequency-size
distribution introduced by Soloviev (1969)

form
$b1 i

_ ¼ a1 10
nðiÞ

;

where a1 and b1 are constants, n_ is the number of events per annu
Problems: intensity
lack of data, different
kind offrom
data, different
points of runup (havg)
is tsunami
calculated
the average
observation
(for not instrumental data)...
stretch
of coastline:
pffiffiffiffiffiffiffiffiffiffi
i ¼ log2 ð 2havg Þ:

Tsunami physics

Scenario based tsunami hazard assessment
Assess the potential threat posed by earthquake
generated tsunamis on the coastlines.
Compilation a database of potentially tsunamigenic
earthquake faults, to be used as input in the definition
of scenarios.
Each Source Zone includes an active tectonic
structure with a Maximum Credible Earthquake and
a typical fault.
Provide information of the expected tsunami impact
(e.g. height and arrival times) onto the target
coastline; it can be progressively updated as
knowledge of earthquake source advances.

Tsunami warning system
Thomas Jaggar (1923): recognized a tsunami in Hilo
from seismic arrives from Aleutian Islands
earthquake.
Pacific Tsunami Warning System (1946):
seismometers; problem of false alarms (75%) and
failures for atypical events.

DART system (NOAA, 2001): tsunamometers:
anticipated observation, signal in deep water, right
filtering (natural) for tsunami frequencies

Dart buoys monitoring

Locations of NOAA’s National Data Buoy Center (NDBC) DART stations comprising the operational network.

Tsunami monitoring systems have been strategically deployed near regions with
a history of tsunami generation, to ensure measurement of the waves as they
propagate towards coastal communities and to acquire data critical to real-time
forecasts.

Dart buoys
The DART II® system consists of a seafloor
bottom pressure recording (BPR) system capable
of detecting tsunamis as small as 1 cm, and a
moored surface buoy for real-time
communications.
DART II has two-way communications between
the BPR and the Tsunami Warning Center (TWC)
using the Iridium commercial satellite
communications system. The two-way
communications allow the TWCs to set stations
in event mode in anticipation of possible tsunamis
or retrieve the high-resolution (15-s intervals)
data in one-hour blocks for detailed analysis.
DART II systems transmit standard mode data,
containing twenty-four estimated sea-level height
observations at 15-minute intervals, once very six
hours.

NOAA

Most model (Titov et Synolakis)
Pre-computed scenarios from potential sources
with different magnitudes

Retro-fitting of initial conditions with updated
source data and buoys data

Inundation map and eventually warning

Tsunami’s detection in atmosphere
By dynamic coupling with the atmosphere, acousticgravity waves are generated
Traveling Ionospheric Disturbances (TID) can be
detected and monitored by high-density GPS networks

Tsunami physics

Tsunami signature in the ionosphere
Tsunami-generated IGWs and the response of the ionosphere to
neutral motion at 2:40 UT.

Normalized vertical velocity
Tsunami physics

Perturbation in the ionospheric plasma

Tsunami signature in the ionosphere

Tsunami physics

Vietnamese-Italian Bilateral Projects
Establishing appropriate approaches to increase
Earthquake preparedness in Vietnam
Advanced seismic micro-zoning for mega cities
(Hanoi and Ho Chi Minh cities) in Vietnam
Establishing appropriate approaches to increase
Tsunami preparedness in Vietnam
Bilateral projects approved in the Vietnamese - Italian Executive
Programme in Science and Technology for the years
2002-2005, 2006-2008, 2009-2011
Institute for Geophysics,VAST - DST, University of Trieste

Seismotectonic map of Vietnam

Vietnam
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Tsunami scenarios for the Vietnam’s coasts
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Map of the Southern
Chinese Sea, with the
locations of the
sevenselected
tsunamigenic seismic
sources (the red pins
correspond to the
epicenters),
and of the seven
selected receiver sites
(yellow pins) along
the Vietnam coasts.

Tsunami computation - Snapshots for S1

Vietnam

Snapshots of the tsunami wave height for a Mw=8.0 event located at Source 1 position
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Tsunami scenarios - Source 4

Synthetic
tsunamigrams
computed at the
different sites for
Source 4 scenario

Vietnam

Site

Vung Tau

Bac Lieu

Distance (km)

169

275

Tmax (min)

118

187

Tmax − Tmin(min)

13

13

Strike max (°)

60

0

Max(cm) M=7

68

54

Max(cm) M=7.5

384

308

Max(cm) M=8

1022

820

Remarks
Events with magnitude M=8.0 (which is nearly the maximum
magnitude in many regions of the South China domain) could
generate tsunamis with amplitudes of a few meters, in agreement
with a number of historical events reported in the catalogues
The low level of monitoring of the South China Sea and the high
degree of anthropization of the Vietnam coasts (and their high
level of vulnerability) could make the risk quite high.
We hope that the results can be used as a preliminary knowledge
basis to: design early warning systems, reduce tsunami risk and
plan land-use for the Vietnam coasts.

Vietnam

Seismicity in the Adriatic basin
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Historical tsunami in the Adriatic basin

Tsunami reported in
ICTP Technical Report 2005:
CATALOGUE OF REPORTED
TSUNAMI EVENTS IN THE
ADRIATIC SEA
(from 58 B.C. to 1979 A.D.)

Adriatic

Hazard scenarios for the Adriatic basin
M. Paulatto et al.: Tsunami hazard scenarios in the Adriatic Sea domain
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Fig. 9. Synthetic mareograms for Zone 6, magnitude, M=7.0.
Above: dip angle=45◦ ; below: dip angle=30◦ . Blue line, d=20 km;
red line, d=40 km.

M=7.0. We first fix the distance of the source from the coast
to be d=40 km, the epicentral distance R=50 km for Trieste,
R=150 km for Venice and R=230 km for Ravenna and the
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land threat level, as shown in Figure 3b, where the peak of the maximum values (blac
line) is almost two meters high, thereby largely entering the red code zone.
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