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~ Can we introduce a new idea for seismic catalogue research ? ~
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Application of Natural Time Analysis

Natural time analysis may be effective to predict a
critical point in the time-series of critical phenomena.

— 2D Ising spin systems
* Varotsos et al., Phys. Rev. E, 2003

. Heartbeats warn of
— Superconducting flux avalanche | sudden death risk =258
* Sarlis et al., Phys. Rev. B, 2006 e e

— Rice pile model
» Sarlis et al., Phys. Rev. B, 2006

— Large earthquakes

* Varotsos et al., Phys. Rev. E,
2002, 2003, 2006, 2007

* Uyeda et al., J. Geophys. Res., 2009
— Heart attack

* Varotsos et al., Phys. Rev. E, 2004, 2005

(New Scientist, 2004)



Natural Time (NT)
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SES on Jan. 14, 2008

Greek Newspaper reported imminent
M>6 EQ, on Feb. 10, based on Van’s NT
Criticality analysis on Seismic catalog.

Two EQs >6.9, 6.2 on Feb.14, 2008.

when a dynamic system (i.e., a system evolv-
ing with time) exhibits behavior similar to a
phase change [Varotsos et al., 2008, and ref-
erences therein]. On the hypothesis that the
main shock earthquake is a critical phenom-
enon, when SES activity is observed, natural
time analysis is conducted on the seismici-
ties of small earthquakes in the suspected
future epicentral area solely by considering
their order of occurrence and the energy
emitted by each of them. The term natural
time analysis stems from the disregard of the
conventional time of the earthquakes’ occur-
rence. It has been found that such an analy-
sis enables the identification of the time of
the main shock usually within a few days
before it occurs (see P. Varotsos et al., Seis-
mic electric signals and 1/f “noise” in natural
time, at http://arxiv.org/abs/0711.3766).

On 14 February 2008, a large earthquake
(U.S. Geological Survey M=6.9) and its prob-
able aftershock (M=6.2) occurred in the
lonian Sea close to the region of southwest-

area. The first one, the largest in Greece
since 1983, was also felt in some adjacent
countries. This was a case where prediction
by the VAN method was documented in a
scientific publication as well as in the public
media well before the main shock occurred.
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Critical Point of EQs

k=1 k=1
N
where pk =Qk/2n=1 ,
s .|
At criticality:
ZHI\‘H K, = 0.07
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ne Natural Time
(see Varotsos et al., PNAS, 2011)



Statistical property of seismicity
in NT



Distribution of k, in seismicity
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Next data set
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Last one

5 1 T T T
o ‘.0 % 4 =
3 3k
3?0 [ f ] E
\?0' ° ; o " % 2 -
of | e = 1
\ ' w © 0
f;.: 0 10 20 30 40
— kth event

134°30'E 135°30'E



Spatial comparison
(modified analysis of Tanaka, et al., JA, 2005)

mmm= Japan M,, (Mjys=3.5)
i m— Greece Myos (Myoa=4.3)
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Ansatz for detection of critical point in NT analysis

* Quantity considered must have power-law
distribution (e.g. Freq. vs. Mag.).

e Variance of normalized time weighted by
normalized quantity of events converge to 0.07.

* Natural time-series indicating 0.07 must be
scale free in time and space.



Time-series of k,
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Natural time analysis for Large EQs

Starting date
From 2 years before Large EQs

Thresholds magnitude
MO.1 step

Area

60km — 200km
(10km step)

1995 South Hyogo Prefecture EQ (M,,,7.3)

1993/1/17 - 1995/1/17




Coincidence Date
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1995 M7.3 Kobe
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2004 M7.1 Off Kii Peninsula
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Fluctuation of k1 distribution before large EQs

2011 M9.0 Tohoku EQ (March 11)
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What physical hypotheses about earthquake predictability have motivated your research?
What evidence can be used to support or reject these hypotheses?

What data are used? What is the spatial and temporal extent of the data? How often are there gaps in the
data? What uncertainties exist in the data? Are there authoritative data sources and are they openly
available?

How is “noise” (ambient or sensor-generated) treated in the data collection and analysis process?

Have earthquake-forecasting models that incorporate these hypotheses been formulated? Is the model
under development or ready for retrospective or prospective testing? Are these models automated such
that they could be submitted for independent evaluation? Are there parameters (e.g. time, space, and
magnitude windows, thresholds when forecasts are made) that still need to be determined?

Is there corroborating evidence within a forecast (e.g. Is this forecast made based on 1 indicator or
multiple indicators)?

Under which circumstances have the forecasting models been tested Retrospectively? Prospectively?

What are the statistical results of formal testing (e.g., false-alarm and failure-to-predict error rates, skill
scores, or relative information/probability gain)?

Is currently significant information from this research ready for “operational” earthquake forecasting?
What is the scale of the forecast elements (e.g. Time, Location, Magnitude, depth, probability) and what
weight is placed on each.

What are next steps for moving towards the use of this information in earthquake forecasting?

What are the next steps for improving our understanding of the physical hypotheses?



RTM method

Toshiyasu Nagao
(Tokai Univ.)



RTM method in 1995 M7.2 Kobe EQ, Japan

(see Nagao et al., EPS, 2010)
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Other examples

2007 M6.9 Noto peninsula in Japan 2008 M7.2 Iwate-Miyagi Inland EQ
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Anomalous RTM

value before
2011 Tohoku EQ

(Activation near
epicenter and
guiescence around
epicenter)

Gray: No evaluation region
due to no seismic data
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Time-series of RTM in 2011 M9.0 Tohoku EQ
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Concluding remarks

* Natural time analysis may be useful to
predict a critical point before a large
event. (NT itself does not have prediction
ability.)

* RTM method is traditional EQ catalogue
science. But, it can highly detect seismic
qguiescence before large EQs.






Temopral-spatial distribution of RTM

value before 2011 M9.0 Tohoku EQ
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