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NATURAL TIME (φυσικός χρόνος)

Ion current fluctuations in 
membrane channels
exhibit properties described by 
the “uniform” distribution which 
is completely different from 
those of SES  (critical dynamics) 
Phys.Rev.E 66, 011902 (2002)

Discrimination of SES 
activities (strongest memory) 
from noise emitted from nearby 
artificial sources 
Phys.Rev.E67, 021109 (2003); 
CHAOS 19, 023114(2009); 20 
033111 (2010); Tectonophysics 
503, 189-194 (2011).

Similar looking signals that are 
emitted from systems with 
different dynamics can be 
distinguished. 
Modern techniques of statistical 
physics, e.g., Hurst Analysis, 
Wavelet transform, Detrended 
Fluctuation Analysis (DFA) etc. 
should be better made in natural 
time. 
Phys. Rev. E 68, 031106 (2003)

Analysis of  electrocardiograms 
in natural time:
The sudden cardiac death 
individuals are distinguished 
from the truly healthy ones as 
well as from patients.
Phys. Rev. E 70, 011106 
(2004);Phys. Rev. E 71, 011110 
(2005);Appl. Phys. Lett. 91, 
064106(2007);  EPL 87, 18003 
(2009) 

Earthquakes: 
•Universal curve
•Order parameter
•which exhibits characteristic 
fluctuations before mainshocks 
•Identify correlations between 
earthquake magnitudes
•Studying the seismicity after an 
SES activity, we can determine 
the time-window of the 
impending mainshock with 
good accuracy of a few hours to 
a few days.
•Predict the magnitude of 
aftershocks  
  

•High Tc-superconductors
(Small changes in the magnetic 
field can result in large 
rearrangements of fluxing the 
sample, known as flux avalanches)
•Rice piles 
(Self Organized Criticality)
Phys.Rev.B 73, 054504 (2006); 
EPL 96, 28006 (2011)
•Critical Systems in general
Proc. Nat. Acad. Sc. USA 108, 
11361-11364 (2011) 

The entropy S changes to S- 
under time reversal. 
Phys.Rev.E71, 032102 (2005) and 
its change can be used for 
predicting  the avalanches in the 
OFC  Tectonophysics 513, 49 
(2011)

It was suggested by P. Varotsos, N. Sarlis and E. Skordas, Practica of Athens Academy 76, 294 (2001). It 
extracts signal information as much as possible Phys. Rev. Lett. 94, 170601 (2005) . For a recent review see P. 
Varotsos, N. Sarlis and E. Skordas “Natural Time Analysis: The New View of Time” Springer-Verlag (2011).
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Applications of Natural Time to 
Earthquakes:

•Universal curve Phys. Rev. E 72 , 041103 (2005);82, 021110 
(2010), EPL 100 39002 (2012) 
•Order parameter Phys. Rev. E 72 , 041103 (2005)
•which exhibits characteristic fluctuations before mainshocks 
EPL 91, 59001(2010); 96 59002 (2011); 99 59001 (2012), 
Nat. Hazards Earth Syst. Sci. 12, 3473–3481(2012), 
Τectonophysics 589, 116-125(2013)
•Identify correlations between earthquake magnitudes Phys. Rev. E 
74, 051118 (2006); 80, 022102 (2009);  84, 022101 (2011), CHAOS 
22, 023123 (2012)
•Studying the seismicity after an SES activity, we can determine the 
time-window of the impending mainshock with good accuracy of 
a few hours to a few days.  
Phys. Rev. E 72, 041103 (2005); 73, 031114 (2006); E 74, 021123 
(2006), J.  Appl. Phys. 103, 014906 (2008), Proc. Jpn Acad. Ser. B 
84, 331-343 (2008), J. Geophys. Res. 114  B02310 (2009); EPL 92, 
29002 (2010)
●Predict the magnitude of aftershocks:  Phys. Rev. E . 85, 051136  
(2012)
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The book entitled 
"NATURAL TIME 
ANALYSIS: THE NEW 
VIEW OF TIME, Seismic 
Electric Signals, 
Earthquakes and other 
complex time series" by P. 
Varotsos, N. Sarlis and E. 
Skordas appeared in 2011 
by Springer. 
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Introduction to Natural Time 
Analysis (NTA)

Let us assume a time series 
comprising N events. In NTA, 
the first event is `placed' on the 
horizontal axis at χ1=1/N, the 
second at χ2=2/N etc. In general, 
the event that occurred k-th in 
order is placed at χk=k/N. 

− We call χk=k/N natural time.  

− For each event k, we consider a 
quantity Qk  which is, in general, 
proportional to the released 
energy Ek. 

In NTA, we study the evolution 
of the pair (χk,Qk) .

P. Varotsos, N. Sarlis, and E. Skordas, 
Practica of Athens Academy 76, 294 

(2001)



6

Physical Review E  70, 011106 (2004) & Physical Review E  71, 011110 (2005) 

NTA in electrocardiograms
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P. Varotsos, N. Sarlis, and E. Skordas, Practica of Athens Academy 76, 294 (2001)

οr Π(ω)=|Φ(ω)|2
 may be considered as characteristic functions for the
 distribution of pk in the sense of Probability Theory.

pk =Qk /∑
n= 1

N

Qn

In order to study the evolution of the pairs (χ
k
,Q

k
) in 

natural time analysis, we define the normalized energy 
release: 

•Since pk  are positive and sum up to unity they can be 
considered as probabilities. Thus, 

Φ(ω)=〈exp(iωχ )〉=∑
n=1

N

pn exp( iωχn)
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Τhe variance κ1 of natural time 

Since characteristic functions provide 
information on the distribution when ω→0, we 
study Π(ω) in this limit: 
 As ω→0,   Π(ω)≈1-κ1ω2     

       where 
κ1=<χ2>-<χ>2=∑(χk)2pk-(∑χkpk)2

is the variance of natural time.

P. Varotsos, N. Sarlis, and E. Skordas, Practica of Athens Academy 76, 294 (2001)
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Important properties of κ1

*The quantity κ1, or equivalently the quantity  
Π(ω)=|Φ(ω)|2 for ω→0, has been proposed  
as an order parameter (OP)  for seismicity.
[P. Varotsos et al. Phys. Rev. E 72, 041103 (2005)]
 
*For systems at criticality the following 

condition holds κ1=0.070 
[P. Varotsos et al. Proc. Nat. Acad. Sc. USA 108, 
11361-11364 (2011) ]
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Why κ1 behaves like an OP for EQs?
κ1  is non-zero before the 
occurence of a strong 
earthquake (EQ) (like 
magnetization M is non-
zero  below the Curie 
temperature in the 
unsymmetrical phase)
κ1  becomes zero upon the 
occurrence of a strong EQ 
(like M is zero  above the 
Curie temperature in the 
symmetrical phase)

The value of κ1  after the Seismic 
Electric Signal on April 18, 1995 
until the 6.6 Kozani-Grevana EQ 
on May 13, 1995 (labelled 18).

Varotsos P. A., Sarlis N. V., Tanaka H. K. and
Skordas E. S., Phys. Rev. E, 72 (2005) 041103.
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The values of κ
1
 for various 

dynamical universality classes

P. Varotsos et al. Proc. Nat. Acad. Sc. USA 108, 11361-11364 (2011) 
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The entropy S in natural time 
S=<χlnχ>-<χ>ln <χ>

Varotsos et al., Practica of Athens Academy 76, 294 (2001); Phys. Rev. E. 68, 
031106 (2003); ibid 70, 011106 (2004)

The S value  corresponding to the 
“uniform” distribution is denoted by

 Su=ln(2)/2-1/4≈0.0966

● S is a dynamic entropy and hence differs 
essentially from the usual (static)  

Shannon entropy: -Σpi lnpi

● When reversing the time arrow, S changes 
to S_ being a “causal” operator

[Varotsos et al., Phys. Rev. E 71, 032102 (2005)]
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to S_ being a “causal” operator

[Varotsos et al., Phys. Rev. E 71, 032102 (2005)]
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An application of S_ to ECGs

Varotsos et al., Appl. Phys. Lett.  91, 0641066  (2007)
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 N. Sarlis, E. Skordas and P. Varotsos, " Heart rate variability in 
natural time and 1/f “noise”", EPL 87, 18003 (2009) 

[49] Ivanov P.C.,
 Nunes Amaral 
L. A.,Goldberger 
A.L. and Stanley 
H. E. Europhys. 
Lett. 43, 363 
(1998)
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Magnetic flux avalanches in 
YBa2Cu3O7-x

Aegerter C. M., Welling M. S. and 
Wijngaarden R. J., Europhys. 

Lett., 65 (2004) 753.

Sarlis N. V., Varotsos P. A. and 
Skordas E. S., Phys. Rev. B, 73 

(2006) 054504.
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Seismic Electric Signals (SES) activities are series of low 
frequency electric signals that precede earthquakes, 
reported in the 80’s. 

Almost 30 years ago, it has been suggested that SES 
activities  arise from a cooperative orientation of electric 
dipoles formed due to defects when the stress in the focal 
area reaches a critical value. Cooperativity is a hallmark of 
criticality. 

Seismic Electric Signal Activities
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1986



22The cover of the book entitled “Physics of Seismic Electric Signals” by P. Varotsos 
released in 2005 by the Japanese Publishing House TerraPub in Tokyo. 



23The cover of the book entitled “Earthquake prediction by Seismic Electric Signals” by 
Mary S. Lazaridou-Varotsos released in 2013 by Springer
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An SES activity example from 1995
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26P. Varotsos, N. Sarlis, and E. Skordas, " Α note οn the spatial extent of the Volos SES sensitive 
site", Acta Geophysica Polonica, Vol. 49 (2001),  425-435. 

Dipoles at Volos Station
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1st usefulness of Natural Time

Several Modern Procedures to distinguish true preseismic signals (critical

dynamics) from “artificial” noise:

 Normalized power spectrum Π(ω) (or κ 1=〈 χ 2〉−〈 χ 〉2 )

 Hurst

 Detrended Fluctuation Analysis (DFA)

 Multifractal DFA

 Wavelet Transform

 Entropy

ATTENTION: All the above in natural time

We now present each of them
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Natural time analysis results in the 
following additional facts:

● First, based on the data of the SES activities and on the natural time 
analysis of subsequent seismicity, successful predictions (concerning the 
magnitude, epicenter and time-window) have been publicized well in 
advance, for all five major earthquakes with Mw≥6.4 (related to four 
mainshocks) in Greece during the last decade [e.g. see Seiya Uyeda and 
Masashi Kamogawa, EOS, Transactions, American Geophysical Union 89, 
363 (2008); 91, 163 (2010)]. 

● Second, the recording of SES activities are shown to be accompanied by 
characteristic changes of independent geophysical data.



29The first page of the article by P. Varotsos, N. Sarlis and E Skordas that was publicised 
on February 1, 2008 on the scientific website of the Library at Cornell University.

Prediction of 
the largest 
moment 

magnitude EQ 
during the last 

30 years in 
Greece
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Page 12 of the article publicised on February 1, 2008. See the section shown by the 
arrow, which reports that two sets of new preseismic signals (SES activities) were 

recorded on 10 and 14 January at the stations PAT and PIR, respectively 
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The preseismic electric signals recorded at the stations PAT [(a) above] and PIR [(b) 
below] on 10 and 14 January respectively, as publicised on February 1, 2008. 
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The front page of the newspaper ETHNOS on Sunday February 10, 2008 entitled 
“Forecast-mystery for an earthquake of 6 Richter”. Furthermore, the publication of 

this newspaper wrote “…a strong earthquake greater than 6.0 Richter is imminent” 
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The left rectangle outlined in red is described on page 12 of 
the article released on February 1, 2008 as being the most 
likely for the upcoming earthquake
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The article of Professors SEIYA UYEDA and MASASHI KAMOGAWA in the 
journal EOS of the American Geophysical Union, on 23 September 2008 . 



  

Natural time analysis of seismological 
catalogs

Two techniques
(A) A natural time window 
comprising 6 to 40 EQs sliding 
event by event through an 
excerpt of a seismic catalog 
leads to various κ

1
 values.

(B) We calculate for each EQ 
ei (i=41 in the present 
example) the κ

1
  values using 

the previous 6 to 40 
consecutive EQs (in the 
opposite direction to that in A).
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1000 EQs just 
before

 Landers EQ 

1000 EQs just 
after

 Landers EQ 
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New result!

The variability of κ1,  
β ≡ σ(κ1)/μ(κ1),    
  Exhibits an increase  when 
approaching a main shock.
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Fig. A6, taken from the book “EARTHQUAKE PREDICTION BY SEISMIC 
ELECTRIC SIGNALS: The success of the VAN method over thirty years” by 
Dr Mary Lazaridou-Varotsos just published by Spinger-Verlag”  
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New result!
The variability of κ1, 
  β ≡ σ(κ1)/μ(κ1),  
calculated for the specific scale 
W=300, which 
corresponds to the average lead 
time of SES, exhibits a clear 
minimum  before the strongest 
mainshock.



4343
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The recording of SES activities are shown to be accompanied 
by characteristic changes of independent geophysical data
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New result!
The minimum of the variability of κ1,  
β ≡ σ(κ1)/μ(κ1),  calculated for 
the specific scale W=300  (which 
corresponds to the lead time of SES)
occurs almost simultaneously 
with  the SES activity initiation
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The Izu Islands volcanic-seismic 
swarm activity in 2000 

Uyeda, S., Hayakawa, M., Nagao, T., Molchanov, O., Hattori, K., 
Orihara, Y., Gotoh, K., Akinaga, Y., Tanaka, H., 2002. Electric 
and magnetic phenomena observed before the volcano-seismic 

activity in 2000 in the Izu Island region, Japan. Proc. Natl. Acad. 
Sci. USA 99, 7352–7355.

Uyeda, S., Kamogawa, M., Tanaka, H., 2009. Analysis of  
electrical activity and seismicity in the natural time domain for the 
volcanic-seismic swarm activity in 2000 in the Izu Island region, 

Japan. J. Geophys. Res. 114, B02310.
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The SES activity
 at Niijima Island, Japan
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The variability  of the order parameter κ
1
 of seismicity versus the conventional time 

(LT) for natural time window lengths W=100 events (red), W=200 events (green), 
W=300 events (blue) and W=400 events (magenta) during the period  from (a):1 
October 1999 to 1 July 2000 and (b):1 February 2000 to 1 July 2000 until just before 
the occurrence of the M6.4 EQ on 1 July 2000. The JMA catalog was used with 
magnitude threshold M > 3.4 (Varotsos et al, Tectonophysics 589, 116-125, 2013 )
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The nodes and links 
are taken from: 

Tenenbaum, J.N., 
Havlin, S., Stanley, 
H.E.,  Earthquake 
networks based on 
similar activity patterns 
Phys. Rev. E 86, 
046107 (2012).
The stars show the epicenters of the 200
events when the ending of the natural
time window of length W=200 lies on the
minimum of β on 26 April 2000. The 
yellow rectangle boundaries mark the 
area used in the present analysis. 
The two areas (out of 16): “broken black”
 and “solid purple” of  15°×15° do not 
exhibit a minimumof β at a date close to
 26 April 2000,while the “solid green” 
does so.
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Conclusion
If we consider a wide area (15°×15°) not 
containing strong nodes and links the 
phenomenon studied cannot be seen in these 
wide areas.
This strengthens the existence of strong links 
representing large correlations between 
patterns in locations separated by more than 
1000km as well the stability of these links 
over time  as found by Tenenbaum, Havlin 
and Stanley, Phys. Rev. E 86, 046107 (2012)

 [cf . the time period of the two studies is different] 
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Thank you!
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Thank you!
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Abstract

Natural time analysis provides a general framework for the study of 
complex systems.  It enables the identification of novel dynamical 
features hidden behind the time series of complex systems.  

Natural time analysis has been shown to extract the maximum 
information possible in the study of the dynamical evolution of a complex 
system. It identifies when a system enters a critical stage. Hence, it plays 
a key role in predicting catastrophic events in general. We review a 
series of such examples including the analysis of avalanches of the 
penetration of magnetic flux into thin films of high Tc superconductors, 
the identification of sudden cardiac death risk, the recognition of electric 
signals that precede earthquakes  and the determination of the time of 
an impending mainshock. In particular, we review cases of major 
earthquakes that occurred in Greece, California and Japan.
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  ˝
Lorincz K. A., Avalanche 
dynamics in a three- dimensional 
pile of rice, PhD Thesis, Vrije 
Universiteit (Gildeprint 
Drukkerijen Enschede, 
Amsterdam, The Netherlands) 
2008.

Avalanches in 3d rice piles approaching 
SOC

N. V. Sarlis, E. S. Skordas and 
P. A. Varotsos, Similarity of 
fluctuations in systems 
exhibiting Self-Organized 
Criticality
EPL, 96 (2011) 28006.

We express our sincere thanks to Prof. Rinke J. Wijngaarden  and Dr. 
Kinga A. Lőrincz for kindly providing the rice pile data analyzed.
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NTA of avalanches in 3d rice piles

EPL, 96 (2011) 28006
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κ1 (=<χ2>-<χ>2 ) characterizes signals 
emitted from critical systems

Seismic Electric Signals activities

man-made “artificial” 
noises
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The recording of SES activities are shown to be accompanied 
by characteristic changes of independent geophysical data
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69P. Varotsos, N. Sarlis, and E. Skordas, " Α note οn the spatial extent of the Volos SES sensitive 
site", Acta Geophysica Polonica, Vol. 49 (2001),  425-435. 
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The area ‘bordered’ by the broken 
curve (surrounding VOL) was the 
predicted area in Varotsos, P., 
Sarlis, N., Skordas, E.: Acta 
Geophys. Pol. 49, 425–435 (2001) 
for the epicenter of the impending 
EQ related to the SES activity 
recorded at VOL (four months 
before).

The major Aegean Mw6.5 earthquake on 
July 26, 2001
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The area ‘bordered’ by the broken 
curve (surrounding VOL) was the 
predicted area in Varotsos, P., 
Sarlis, N., Skordas, E.: Acta 
Geophys. Pol. 49, 425–435 (2001) 
for the epicenter of the impending 
EQ related to the SES activity 
recorded at VOL (four months 
before).

The major Aegean Mw6.5 earthquake on 
July 26, 2001
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Why κ1 behaves like an OP for EQs?
κ1  is non-zero before the 
occurence of a strong 
earthquake (EQ) (like 
magnetization M is non-
zero  below the Curie 
temperature in the 
unsymmetrical phase)
κ1  becomes zero upon the 
occurrence of a strong EQ 
(like M is zero  above the 
Curie temperature in the 
symmetrical phase)

The value of κ1  after the Seismic 
Electric Signal on April 18, 1995 
until the 6.6 Kozani-Grevana EQ 
on May 13, 1995 (labelled 18).

Varotsos P. A., Sarlis N. V., Tanaka H. K. and
Skordas E. S., Phys. Rev. E, 72 (2005) 041103.



 79

What happens with the q-th order  fluctuation 
functions Δ(q)=〈χ q〉 - 〈χ〉 q?

ICFM
C

SE
S

AN

SES

ICFM
C

•We observe that Δ(q) pass  through 0 when 
q=1 since Δ(q=1)=0.

•As said Δ(q=2)≡κ1  (=0.070 for critical 
systems). 

•We observe that the curvature in the region 
[1,2] is not high. Thus, the distinction of 
critical from non-critical systems may 

probably stem from the value of derivative of  
Δ(q) for q=1. Thus, the derivative

 Δ΄(q)=〈χ q lnχ〉 - 〈χ〉 q ln 〈χ〉 
for q=1 of  the q-th order fluctuation 

function may be of primary importance in 
Natural Time Analysis

Varotsos et al., Practica of Athens Academy 76, 294 (2001);Phys. Rev. E. 68, 031106 (2003)
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Why κ1 =0.07 for critical systems?
Having in mind that  p(χ)~ξ, and 

ξ~t1/z as the system approaches 
criticality, we make  the ansatz

p(χ)=Nc χ1/z

and obtain

P. Varotsos, N. V. Sarlis, E. S. Skordas, S. Uyeda, and M. 
Kamogawa,Proc. Natl. Acad. Sci. U.S.A. 108, 11361 (2011).
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