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Synopsis 

 

The massif of Pyrenees, who results from compressive movement between Iberic and 
Eurasian tectonic plates and who marks out the natural border between France and Spain, 
presents a moderate seismicity responsible of many destructive earthquakes over history, 
which maximum magnitude could probably reach 6.5. Thus, Pyrenees constitute one of the 
Spanish and French areas where the seismic hazard is the most important, what have led 
to the progressive development of seismological networks around the massif. In this 
context, the SISPyr Interreg project has as principal objective to allow the pooling of 
Pyrenean seismological data and to improve the massif coverage by the networks favouring 
the progressive transition to real-time data transfer technologies. In order to make profit of 
advantages offered by real-time seismology, the SISPyr project also aims to assess the 
feasibility of a Pyrenean earthquake early warning system (EWS). 

In a first time, we focused on ñtechnicalò feasibility aspects. Then, the SISPyr seismic 
network had been first examined in order to assess its adaptability to early warning 
purposes. In particular, redundancy issues, network coverage, data processing and time 
latency of the existing real-time system have been analyzed. The main conclusion of the 
previous analysis is that the existing network and system could be the base of an EWS 
implementation for Pyrenees. Then different rapid magnitude determination methodologies 

have been tested (so called tc, tp
max and Pd/Pv methods) in order 1) to check their 

adaptability to the Pyrenean context and 2) to establish empirical relationships usable in 
Pyrenees. To that end, a waveform catalog had first been constituted, gathering more than 
2.400 records from 193 Pyrenean seismic events. The analysis of these records has 
allowed us to bringing to light clear correlations between earthquakesô reference 
magnitudes and four waveforms indicators calculated from first seconds of the P wave on 
the vertical component. 

In a second time, we considered the question of the opportunity to put in place EWS in 
Pyrenees. As to do that, an analysis of theoretical performances of the system had been 
performed: this exercise allowed us to establish approximate levels, for different types of 
earthquakes, of expected warning delays in the Pyrenees, thus providing a basis to underlie 
a reflection on how appropriate such a system may be in the zone. Furthermore, this 
simplified approach can guide definition of potential uses of Pyrenean early-warnings, since 
they are closely dependent to the time separating warning arrival to the one of destructive 
seismic-waves. Finally, we carried through a survey bound to French Pyrenean potential 
end-users in order to evaluate their wishes in terms of earthquake early warning. 
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1. Introduction  

In 1868, Cooper laid the groundwork for a new tool intended to provide San 
Francisco with an ñearlyò warning for the imminent arrival of destructive waves 
generated by an earthquake occurring some 100 km from the city. The physical 
basis behind the system conceived by Cooper was simple: strong ground 
motion is the result of shear, or ñSò, waves and of the ensuing surface waves, 
seismic waves propagating more slowly than electromagnetic waves. 

A little over a century later, Cooperôs concept was called on to create 
earthquake early warning systems (EWS) which provide warning just seconds 
after an earthquake occurs. 

Although the current state of knowledge does not yet allow earthquakes to be 
predicted on a time scale compatible with mankindôs contingencies, the EWS 
principle nevertheless offers a valuable alternative for limiting the exposure of 
elements at stake to seismic hazard. As to the public, and subject to appropriate 
information and preparedness, early warning is potentially a useful tool allowing 
protective measures to be adopted that can afford a significant reduction in loss 
of human life. From an organizational standpoint, automatic measures to ensure 
safety may also be set up that may limit damage in the event of strong ground 
motion, in addition to secondary accidents. 

This innovative tool was made possible thanks to the modernization of seismic 
monitoring systems and the development of ñreal-timeò seismology. It actually is 
possible, henceforth, to have access, just seconds after an event, to information 
notably concerning its strength, location and effects. These data are of primary 
importance for players in emergency management, for they may enable them to 
achieve very quickly an overall view of the damage situation and to implement 
appropriate response strategies. 
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2. State of the art 

Prior to emitting an early warning consecutive to an earthquake, one must first 
be capable of assessing its destructive potential so as to ascertain whether the 
warning is warranted. However, because damage caused by an earthquake 
results not only form ground motion but also from the vulnerability of the stakes, 
it is hard to assess these in real time. Thus the operation consists most often in 
estimating the ground motions induced by the earthquake. 

Over recent years, a great deal of work has been conducted in the framework of 
EWS in a variety of countries (Japan, Mexico, Taiwan, the United States, Italy, 
Switzerland, Turkey, Romania...). Thus, it has notably been established that the 
first seconds of seismic waves are seemingly able to provide information on the 
eventôs ultimate magnitude, and accordingly on its strength, and this holds true 
over a wide range of magnitudes. In practice, the data-processing stage must 
be as brief as possible. Also, this latter consists, for a limited number of 
stations, in restricting the size of the analysis window so that P waves are 
analyzed (and in some instances a portion of the S waves). P waves are 
considered to be ñinformation carriersò and S waves as ñenergy carriersò 
(Kanamori, 2005). Many different methods have thus been developed which 
vary quite widely both in the parameters considered (dominant frequency during 
the first seconds of the P wave, P-wave amplitude, envelope parameters...) and 
in the spatial analysis conducted (use of a single station or rather of an array). 

2.1. Concerning the concept of onsite and regional early 
warning systems 

EWS are distinguished according to 1) their design and 2) their application. 
Regarding the design of early warning systems, these may be based either on 
the earthquake recordings obtained in a single station or on those from an array 
of stations. In this latter case, with stations lying between the seismic source 
and the area to be warned and analyzing the wavefront, we refer to ñfront-
detectionò systems. 

If, on the contrary, we are looking not at how the EWS operates but at its 
intended use, two different categories can once again be distinguished: systems 
seeking to warn a limited area which can be assimilated to a point at the scale 
considered (designated here as ñspecific EWSò), and systems meant to warn 
wider areas, or a ñregionò. 

Most specific EWSs are based on an analysis from a single seismic station, 
while regional warning systems rely exclusively on the front-detection principle. 
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This said, the above breakdown is not necessarily a hard-and-fast rule, as with 
so-called ñhybridò systems, which operate like a single-station EWS when only 
one seismic station has detected the earthquake, but like classical regional 
systems when recordings from several stations are retrieved (Figure 1). 

The last category of EWS, ñfront-detectionò, applying to specific installations, 
are marginal, since they require a seismic array specifically dedicated to a given 
installation. This approach is resorted to only in the context of critical facilities 
sited in highly seismic zones (nuclear reactors, storage facilities for 
hydrocarbons...). 

From the point of view of the methods called on in processing the data 
triggering the early warning, the so-called ñsingle-stationò approach, using the 
record from a single station, differs considerably from the ñfront-detectionò 
approach, which integrates the signals from different stations. Hence, since 
ñsingle-stationò EWSs furnish only a very limited view, they are not expected to 
measure the strength of the earthquake, and only those effects expected at the 
station itself are generally assessed. Conversely, in order to issue a widespread 
warning, regional EWSs must estimate the appropriateness of the warning, not 
only at each of the stations that acquired an earthquake record but also over the 
entire target area. To do so, regional EWSs proceed initially to determine the 
eventôs location and assess its magnitude and then to ascertain whether the 
warning is justified or not (a simple magnitude threshold, an estimate of 
epicentral intensity, the preparation of shake-maps. etc.). 

Kanamori (2005) proposes a simplified classification containing only two types 
of EWS: 

- ñRegionalò: EWSôs based on a dense array of seismic stations extending 
over a seismogenic zone; 

- ñOnsiteò: EWSs based either on a single station or on a small-scale 
network deployed in the vicinity of the target site, which is far from the 
seismogenic zone. 
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Figure 1 ï Classification of EWSs according to their design and how they are used. 

2.2. EWSs worldwide 

In 2010, only five countries were equipped with operational EWSs effectively 
providing users with a warning. In addition to Japan and Mexico, which are 
exemplary in this field, the other countries included are Taiwan, Romania and 
Turkey. 

While this number is still quite limited, many other early warning systems have 
been developed over recent years and currently have achieved the real-time 
test stage (cf. Figure 3), including two in Europe, Italy and Switzerland. 

 

Figure 2 ï Seismic hazard map of the world showing the regions equipped with seismic 
early warning systems that are either operational (in blue) or in test stage (in green) (from 

Allen et al., 2009). 
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For further details on these systems, consult the recent article by Allen et al. 
published in 2009 in the volume of Seismological Research Letters devoted to 
EWSs, or to the report prepared at BRGM in 2008 (Auclair and Bertil, 2009). 

A table summarizing EWSs either existing or under development in the world is 
presented in Table 1. 
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Table 1 ï Table summarizing the main EWSs either existing or under development.
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2.3. Methodologies for rapid assessment of earthquake 
strength ï empirical relations 

A great many methods have been developed to assess an earthquakeôs 
magnitude just a few seconds after the onset of rupture along the fault. In 
practice, these methods are based on empirical relations that link magnitude 
with various indicators calculated from the first seconds of seismic motion (cf. 
Figure 3): generally only the first few seconds of the P wave are analyzed, but 
increasingly often the S wave is called on in order to refine the early warning 
versus time. 

 

Figure 3 ï The observed correlation between coefficient tP
max

 and magnitude for different 

earthquakes, and comparison with rupture duration (Olson and Allen, 2005). 

Although empirically fairly robust, this principle for estimating magnitude before 
rupture has even terminated raises i as to the deterministic nature of the rupture 
process, and consequently of magnitude. This issue has been subject to heated 
debate in the seismological community for quite a number of years and no-one 
has been able to bring forward a definitive answer. At least hypotheses have 
been able to be advanced in an attempt to explain the empirical correlations 
observed between magnitude and different indicators calculated from the first 
seconds of the seismic signal. 
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Thus, Zollo et al. (2006) explain that the fractures associated with the dynamics 
of high stress drops have a statistically increased probability of propagating 
over long distances and generating seismic ground motions with larger 
amplitudes, thereby justifying the use of amplitude parameters in the real-time 
determination of magnitude. In addition, small-magnitude earthquakes radiate 
higher-frequency energy than do larger earthquakes, which would thus enable 
the frequency content of the signal to be used to estimate magnitude. 

Without being able to conclude as to the deterministic nature of earthquakes 
from a physical standpoint, we will subsequently concentrate on exploring the 
validity and the adaptability of this type of empirical relation to the Pyrenean 
context, which may make it possible to achieve protection against earthquake 
effects pragmatically. We will be listing hereinafter and describing succinctly the 
main methods that have been developed to date. 

2.3.1. Frequency content 

In assessing the strength of an earthquake, it is important to determine whether 
the rupture has ended or is still ongoing: this is generally ñvisibleò from the 
frequency content of the first few seconds of the seismic signal. Seismic ground 
motions generated by earthquakes are typically richer in low frequencies when 
magnitude is greater. In view of this fact, methods endeavor to assess 
magnitude on the basis of frequency content. 

Mean frequency: the tc method 

One of the methods most commonly called on in the framework of EWS is tc . It 
is based on a calculation of the mean frequency fm. Because the method is 
being used in real time, fm is generally estimated in the time domain as the 
quotient between the amplitudes of the seismic signal, based on the Parseval 
theorem which establishes that the power of a signal s(t) is the same whether 
the computation is carried out in the time or the frequency domain:  
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where U(f) is the Fourier transform of the seismic displacement u(t) (vertical 
component). 

Kanamori (2005) starts with the concept proposed by Nakamura in 1988 and 
modifies this relation by considering only a finite integration period t0 (generally 
t0 = 3 s): 

 

 Equation 3 

 

 

The parameter tc , calculated on the vertical component, represents the mean 
period of the initial portion of the P wave: it approximates the P wave pulse 
width. Its decimal logarithm generally seems to correlate linearly with the 
earthquakeôs magnitude. 

With an analysis of 3 seconds of the P wave, this method yields good results up 
to a magnitude of 7.0, above which it appears to saturate (cf. Figure 4). When 
this analysis duration is shortened, saturation is observed at smaller 
magnitudes. 

 

Figure 4 ï An example of the correlation observed between the parameter tc  and 

magnitude (Kanamori, 2005). 

This methodology is used or has been tested in many EWSs that integrate it 
into the magnitude estimation process in different ways (cf. paragraph 3.4). The 
main relations that have been established are shown in Table 2, below. 

ñ

ñ
==

0

0

0

2

0

2

).(

).(

2

11
t

t

pt
dttu

dttu

f
c

m

Kanamori

#



SISPYR / Interreg IVA 

 

 

26 A5 - Feasibility of a Pyrenean earthquake early warning system 

 

Author 
Instrument 

Type 
Depi Region M Relation 

Standard 
Deviation 

Hsiao et al. 
(2009) 

Acc. < 40 km Taiwan 4 - 7.3 Log(tc)=0.47xMl-2.37 0.25 

Shieh et al. 
(2008 ) 

Acc. < 70 km Japan 6.0 - 8.3 tc=1.56xMw-7.76 0.56 

Sokolov et al. 
(2009) 

Acc. - Japan, Taiwan 4.4 - 7.4 Log(tc)=0.293xMw-1.644 0.15 

Wu et al. 
(2007) 

Acc. / BB < 30 km California 4.0 - 7.3 Log(tc)=0.237xM-1.462 0.09 

Wu et 
Kanamori 
(2005a) 

Acc. < 21 km Taiwan 5.1 - 7.6 Log(tc)=0.221xMw-1.113 0.08 

Wu et 
Kanamori 
(2008a) 

Acc. - 
Monde 

(California, 
Japon, Taiwan) 

4.1 - 8.3 Log(tc)=0.296xMw-1.462 0.12 

Wu et 
Kanamori 
(2008b) 

Acc. < 30 km Japon 6.0 - 8.3 tc=1.68xMw-9.08 0.52 

Zollo et al. 
(2010) 

Acc. <60 km 
World (Italy,  

Japan, Taiwan) 
4.1 - 8.3 Log(tc)=0.21xMw-1.19 0.25 

Table 2 ï Main empirical relations linking tc with magnitude reported in the literature. 

Dominant frequency: the tP
max method 

The tP
max method was introduced by Allen and Kanamori in 2003, reusing the 

concept proposed by Nakamura (1988). Like the parameter tc , tP
max seeks to 

characterize the signalôs frequency content, but by using quite a different 
approach. Thus, while tc  is calculated over a given time window (generally 3 
seconds) and yields a mean frequency, tP is calculated in a continuous and 
recursive manner, making tP

max a parameter linked with dominant frequency. 

Nakamuraôs original idea (1988) is to assess the dominant period tP recursively 
on the vertical component: 
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 Equation 4 

where iu# and iu## are ground velocity and acceleration and iU#and iU## are 
ground velocity and acceleration smoothed by the quadratic mean. a is a 
smoothing constant ranging between 0.95 and 0.99 (a= 1 ï dt, dt being the 
signalôs sample time step). 

In practice, the maximum tP
max of the dominant period tP over the analysis 

window considered is retained, which is linked to the earthquake magnitude by 
means of an empirical log-linear relation. 
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In view of the fact that the high-frequency content of small-magnitude 
earthquakes is measured over a shorter time window, their magnitude can be 
assessed sooner than for strong events. In other words, a magnitude estimated 
using the tP parameter from one second of signal constitutes a lower limit. This 
estimation can be raised when the analysis is conducted over a longer time 
interval. 

This methodology is called on or has been tested in many EWSs that integrate 
different approaches to the magnitude estimation process (cf. paragraph 3.4). 
The main relations that have been obtained are listed in Table 3. 

In California, for example, this parameter was tested for the ElarmS system by 
Allen and Kanamori (2003), who established two separate relations according to 
the strength of the system: a relation allowing a ñlowò magnitude, noted ml, to be 
estimated for ñsmallò earthquakes (M Ò 4.5), and another, noted mh, for stronger 
ones enabling a ñhighò magnitude to be estimated. Because the earthquakeôs 
magnitude is not known initially, the system computes ml (tP,!s

max) one second 
after the event has been detected by the system (this value is updated one 
second later by calculating ml (tP,2s

max)). If the value obtained for ml exceeds 
4.0, the system calculates mh, retaining as final magnitude the mean between 
ml and mh. 

 

Author 
Instrument 

Type 
Depi Region M Relation 

Standard 
Deviation 

Allen et 
Kanamori 

(2003) 
BB < 100 km California 

3.0 - 5.0 mlow=6,3xLog(tP
max

)+7,1 0.30* 

5.0 - 7.3 mhight=7,0xLog(tP
max

)+5,9 0.67* 

Hsiao et al. 
(2009) 

Acc < 40 km Taïwan 4.0 - 7.3 Log(tP
max

)=0,24Ml-1,51 0.23 

Olivieri et al 
(2008) 

BB < 100 km Italy 2.5 - 6.0 Ml=3.05xLog(tP
max

)+4.3 0.4* 

Olson et 
Allen (2005) 

Acc./BB - 

World 
(California, 

Japan, 
Taiwan, 
Alaska) 

3.0 - 8.3 Log(tP
max

)=0.14xM-0.83 0.54* 

Shieh et al. 
(2008 ) 

Acc < 70 km Japan 6.0 - 8.3 tP
max

=0,45Mwï2.12 0.18 

Wurman et 
al. (2007) 

Acc./BB - California 3.0 - 7.1 M=5.22+6.66xLog(tP
max

) - 

Table 3 ï Main empirical relations linking tP
max

 with magnitude reported in the literature. 

*Standard deviation on magnitude. 

Importantly, it should be noted here that unlike parameter tc , parameter tP
max is 

strongly influenced by the noise prior to the signal onset. 



SISPYR / Interreg IVA 

 

 

28 A5 - Feasibility of a Pyrenean earthquake early warning system 

Wavelet analysis 

Proceeding from the same principal as that underlain by the tc  and tP
max 

methods, the wavelet method is based on a different means of calculation of the 
signalôs dominant frequency purporting to be more stable and robust. Proposed 
by Simons et al. in 2006, this consists in working in the time as opposed to the 
frequency domain using a wavelet analysis. 

Although promising, this method has yet to be tested on any EWS. 

2.3.2. Signal amplitude 

The maximum magnitude of the signal is likewise a good indicator of the force 
released by an earthquake (Figure 5) provided a distance parameter is factored 
in. 

 

Figure 5 ï Illustration of the relation between the Pd parameter and earthquake magnitude 
and hypocentral distance for California records (Wu and Zhao, 2006). 

In practice, experience shows that the maximum amplitude of the first few 
seconds of the P wave (and of the S1 wave) displays a relatively good 
correlation with the maximum amplitude of the signal as a whole: 

                                            

1
 Although the EWS field generally considers an analysis of the P wave alone, some authors propose 

using, in the near field, an analysis of S waves. Although longer, this type of analysis may allow the 
uncertainties associated with magnitude significantly reduced. In the case of this study, and view of the 
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Pp  ́PGV Equation 5 

where p is the parameter being considered (displacement d or velocity v) and 
Pp the peak value of parameter during the first seconds of the P wave (typically 
3 or 4 seconds). 

In the context of onsite EWSs, there is theoretically no need to include in the 
warning process a magnitude calculation stage for the event, for the effects of 
the earthquake expected at the station (or in its immediate vicinity) are being 
considered. In this case, on the basis of a rapid assessment of PGV conducted 
using a relation similar to Equation 1, it is possible to determine threshold 
values that justify a warning, corresponding to different levels of intensity. 

When a regional as opposed to an onsite EWS is being considered, however, it 
does become necessary to assign a magnitude to the event. The famous 
attenuation relations (Ground-Motion Prediction Equations ï GMPE) that 
notably link PGD with the earthquakeôs magnitude M at a distance R between 
the observation point and the fault generally taking the form: 

log (PGV) = log a + f1(M) + log [f2(R)] Equation 6  

Thus Equation 5 and Equation 6 can be combined so as to estimate magnitude 
from Pp rather than from PGD: 

log (Pp) = log b + g1(M) + log [g2(R)] Equation 7  

Generally a linear formulation is retained for Equation 7, which then can be 
written: 

log (Pp) = A + B x M + c x log (R) Equation 8  

In this case, the distance R is obtained from the real-time epicentral location 
procedure used by the EWS. It should be noted, however, that some authors 
have also proposed relations that are independent of distance for unusual 
contexts having very dense networks of stations distributed in a geographically 
homogeneous manner (notably in Taiwan ï cf. Hsiao et al., 2009). 

To dispense with the dependency on distance R, some authors have scaled 
their data to reduce them to a reference distance, dr (Zollo et al., 2006; Lancieri 
and Zollo, 2008): 

log (Pp
dr
) = Aô + Bô x M Equation 9  

where: 

                                                                                                                                
need to reduce as much as possible the time required for the warning to be issued in the context of the 
Pyrenees (cf. chapter 4), we will be concentrating on methods based on an analysis of P waves alone. 
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log (Pp
dr

) = log (Pp) ï C . log (R/dr) Equation 10  

i. The Pd Method 

 

 Author 
Instru- 
ment 
Type 

Depi Region M Relation 
Standard 
Deviation 

M
a

g
n

it
u

d
e
 

Hsiao et al. 
(2009) 

Acc. <40 km Taiwan 5.5 - 7.3 Log(Pd)=1.62xMl-12.36 0.80 

Hsiao et al. 
(2010) 

Acc./BB <20 km Taiwan 4.5 - 7.3 
Log(Pd)=0.455xMl-1.28xLog(R)-

1.777 
0.36 

Wu and 
Zhao 

(2006) 
Acc./BB 

<120 
km 

California 4.0 - 6.7 
Log(Pd)=-3.463+0.729xM-

1.374xLog(R) 
0.31 

Wurman et 
al. (2007) 

BB - California 3 - 7.1 M=1.04xLog(Pd)+1.27xLog(R)+5.16 - 

Zollo et al. 
(2006) 

Acc. <50 km Europe 4.0 - 7.4 

Log(Pd)=-5.97+0.81xMw-
1.05xLog(R) 

0.60 

Log(Pd,10)=-6.31+0.7xMw 0.22 

Zollo et al. 
(2007) 

Acc. <60 km Japan 4.0 - 7.1 
Log(Pd-2s,10)=0.7498xMJMA-6.929 - 

Log(Pd-4s,10)=0.7024xMJMA-6.646 - 

Lancieri 
and Zollo 

(2008) 
Acc. <60 km Japan 4.0 - 7.1 

Log(Pd-2s,10)=-6.93+0.75xMJMA 0.32 

Log(Pd-4s,10)=-6.46+0.7xMJMA 0.40 

P
G

V
 

Wu et al. 
(2007) 

Acc. / BB <30 km California 4.0 - 7.3 Log(PGV)=0.903xLog(Pd)+1.609 0.31 

Wu and 
Kanamori 
(2005 b) 

Acc. <30 km Taiwan 5.1 - 7.6 Log(PGV)=1.260xLog(Pa)-1.288 0.29 

Wu and 
Kanamori 
(2008 a) 

Acc. <30 km 

World 
(California, 

Japan, 
Taiwan) 

4.1 - 8.3 Log(PGV)=0.920xLog(Pd)+1.642 0.33 

Zollo et al. 
(2010) 

Acc. <60 km 
World (Italy, 

Japan, 
Taiwan) 

4.1 - 8.3 Log(PGV)=0.73xLog(Pd)+1.30 0.41 

Table 4 ï Main empirical relations linking Pd with magnitude or PGV reported in the 
literature. 

The method most commonly called upon is based on the maximum value of 
displacement, Pd, observed over a 3-second interval following the detection of 
the P wave. This methodology is implemented on a large number of EWSs, 
often in conjunction with the frequency-based approaches, tc  and tP

max. The 
main relations that have been established are given in Table 4, below. 
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The Pv method 

Because the calculation of Pd from accelerograms entails a double numerical 
integration which gives rise to low-frequency drift, Wurman et al. (2007) have 
demonstrated for these signals a better correlation of magnitude with Pv. 

 

 Author 
Instrument 

Type 
Depi Region M Relation 

Standard 
Deviation 

M
 Wurman 

et al. 
(2007) 

Acc. - California 3 - 7.1 
M=1.37xLog(Pv)+1.57xLog(R)+4.25 - 

M=1.63xLog(Pv)+1.65xLog(R)+4.4 - 

P
G

V
 Wu and 

Kanamori 
(2005 b) 

Acc. 
< 30 
km 

Taiwan 
5.1 - 
7.6 

Log(PGV)=1.066xLog(Pv)+0.681 0.18 

Table 5 ï Empirical relations linking Pv with magnitude or PGV reported in the literature. 

 

2.3.3. Other methodologies for assessing magnitude in real time 

There are other methods for estimating magnitude that are used by different 
warning systems. The chapter below briefly describes these approaches, which 
will not be subsequently tested insofar as they appear poorly suited to the 
Pyrenean context (processing time too long, array not dense enough, 
insufficient data to calibrate the models, etc.). 

CAV (Cumulative Absolute Velocity) 

CAV (Cumulative Absolute Velocity) was introduced for the purpose of being a 
pertinent ground motion parameter for predicting the destructive potential of an 
earthquake. To a certain extent, CAV is therefore a function of earthquake 
magnitude and accordingly can be used to assess it in a first analysis. This 
method is applied notably in the Turkish PreSeis system in the context of a 
ñneuronalò approach (Bºse et al., 2008). 

The signal envelope 

The envelope of the signal in acceleration can be represented by an 
exponential function having the form )exp(. AtBt - , where A and B are constants 
(B representing the slope of the first three seconds of the P wave in 
acceleration on the vertical component). 
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In their analysis of Japanese earthquakes over a magnitude range of 
3.9<M<7.3 recorded by the KNet network between 1997 and 2001, Odaka et al. 
(2003) thus found a good correlation between the slope coefficient B and 
earthquake magnitude. 

The simulated Wood-Anderson method 

The simulated Wood-Anderson method (Wu and Teng, 2002) consists in 
simulating Wood-Anderson-type signals coherent with the first ten seconds of 
the signals available on the first stations so as to compute magnitude in the 
classical way from these synthetic signals. 

2.4. Application to early warning 

2.4.1. Spatial and temporal integration of the data  

In practice, comparisons between magnitude and the various indicators of 
seismic motion calculated on the P wave generally display considerable scatter 
when these indicators are considered in each station individually, and the linear 
correlation only appears clearly once the indicators have been averaged for 
each event over several stations. Thus, Lockman and Allen (2007) suggested 
that magnitude estimated from tc  becomes stable starting with a mean 
computed on four stations (Figure 6), whereas Böse et al. (2009) consider three 
stations as satisfactory for their method based on a combination of tc  and Pd. 
This said, magnitude estimations can be performed from fewer stations, but with 
less reliability. 

 

Figure 6 ï Mean error observed on the real-time estimation of magnitude using tP
max

 for 

data from California and Japan (Allen, 2007). 
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There is furthermore the issue of the size of the time window to be taken into 
account in the data analysis. Generally speaking, the error on estimated 
magnitude does decrease as a greater portion of the signal is analyzed. 

Sokolov et al. (2009)2 have demonstrated the combined impact of the number 
of stations used and the length of the window taken into consideration on the 
relationship tc /M. It is notably seen from this study that the influence of long 
periods tends to decrease when the number of stations is increased and that 
far-field data are taken into account and/or the analysis window is increased (cf. 
Figure 7a). Moreover, it also appears that for deep-focus earthquakes, the 
number of stations considered has a greater impact on magnitude 

determination than the analysis length, proving that the spatial variability of the 
frequency content linked notably with site effects predominates over 
uncertainties associated with the fact that the calculation is not based on the 
entire signal. As a whole, this study confirms that the reliability of the magnitude 
estimated (from the characteristic period) increases when the time interval 
analyzed increases and a large number of records are considered (cf. Figure 
7b). 

 

Figure 7 ï a. Impact of the number of stations being used and the length of the window of 

analysis on correlations between moment magnitude and characteristic period tc . b. 

Mean error on magnitude determination versus the number of stations considered and 
the length of the P wave that was analyzed (Sokolov et al., 2009). 

                                            

2
 It should be noted that Sokolov et al. (2009) also present in their article an analysis of the 

inverse problem that aims to estimate magnitude from a random variable representing 
characteristic period. 
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2.4.2. Combined methods 

Although the correlations observed between earthquake magnitude and the 
various seismic ground motion indicators computed from the P wave are 
generally clear-cut, they nevertheless do display scatter which may be a source 
of error for the estimated magnitude. Furthermore, these empirical correlations 
are primarily valid from a statistical standpoint, and accordingly their use for a 
specific event may result in an estimated magnitude that differs significantly 
from the reference magnitude. With a view to limiting this uncertainty, many 
authors prone the use of more than one independent indicator used in 
conjunction (usually two). The main bibliographical references concerning these 
combined methods are listed in Table 6. 

In particular, certain authors consider that the parameters in terms of amplitude 
(Pd/v) and period (tc and tp

max) are complimentary, insofar as the former can be 
biased by signal saturation in the near field for large earthquakes (unlike tc  and 
tp

max), while the latter are more susceptible to noise at small magnitudes. 

 

 Pd/v tp
max 

Pd/v  
Wurman et al. (2007) 

Wu et Kanamori (2005 a) 
Kamigaichi (2004) 

tc 

Böse et al. (2009 b) 
os

 
Wu et al. (2007) 

Wu and Kanamori (2008 a, b) 
Zollo et al. (2010) 

Hsiao et al. (2009) 
Shieh et al. (2008) 

Table 6 ï Main references to articles using a combination of indicators to assess the ñosò 
earthquakeôs destructive potential, this latter referring to an ñonsiteò EWS that does not 

require magnitude estimation. 

2.4.3. Integration into a probabilistic approach 

The early warning concept is intimately tied to the notion of system reliability, 
and accordingly to that of the acceptability of false alarms or of warnings that 
should have been issued but were not. It is therefore important to integrate into 
the early warning procedure an uncertainty associated with the values that have 
been estimated (magnitude, location, ground motion etc.). 

To do so, a probabilistic integration of the empirical relationships presented 
earlier is frequently called on. This approach consists in assigning a probability 
density (pdf) to each parameter being sought by means of the Bayesô theorem. 
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Such an approach (represented notably by the Virtual-Seismologist ï Cua, 
2005; Cua and Heaton, 2007 ï and RTMag ï Weber et al., 2007 
methodologies), which allows a priori information such as the b-value of the 
Gutenberg-Richter law to be taken into account, represents a powerful tool in 
the automatic decision process behind issuing the warning. 
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3. Preliminary analysis 

3.1. Adaptability of the SISPyr seismic network to early 
warning purposes3 

3.1.1. EWS description from a technical point of view 

A EWS can technically be divided into 4 main parts: stations, communication 
system, data processing system and alert system; and we will see that all parts 
will share two basic requirements: high reliability and low delay time (latency).  

In particular, as will be shown in this section, delay since the event occurs until 
the alert is generated at Data Centers will give us a ñblindò zone around the 
epicenter. These ñblindò zones around epicenters and their relation with 
possible targets will give us an idea about the viability of applying a EWS to the 
selected region using selected methodology.  

i. Stations 

Seismic stations will be the start point of any EWS. There is where the ground 
motion is measured and recorded. 

A generic seismic station consists of 4 basic elements: seismic sensor, data 
acquisition systems (digitizer/datalogger), communication equipments and 
power supply system. Just as any alert system, all these elements and the 
relationship between them must be specially rugged and redounded. 

So, to consider that a seismic station can be integrated into a EWS it should 
accomplish the following conditions: 

V Seismic sensor: 

- Should be adequate for the kind of seismic signal to register and 
measure in terms of bandwidth and dynamic range; 

- It should be rugged and protected against ambient conditions; 

- It must be properly installed to guarantee its data quality, reliability and 
availability. 

                                            

3
 From the GEOCAT short note : « SISpyr Seismic Network applicability as a EWSS » 
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V Data acquisition system: 

- It should be adequate for the kind of seismic signal to acquire and 
register in terms of bandwidth, sample rate, dynamic range, resolution 
and local archiving. 

V Communication equipments: 

Communication system will be a key point of station usage for a EWS. Selected 
communication system will determine communication equipments to install at 
any station. 

In any case, these equipments should be: 

- Rugged to support remote site climatic conditions. 

- Adequate for data transmission requirements in terms of latency, 
bandwidth, SLA and reliability. 

- Some redundancy should be strongly recommended using a secondary 
communication system. 

V Power supply system: 

A good power supply system is basic for a correct station operation and 
data quality. Problems with station power supply will affect all station 
equipments and systems. 

So, special care should be taken when planning, designing, installing and 
maintaining stations power supply systems. Also an adequate remote 
control and state-of-health monitoring added to preventive maintenance 
actions will avoid station failures and data quality degradation. 

It is essential that stations power supply systems have some type of 
mains power failure backup system, like some UPS or similar. Maximum 
operating time of backup system should be dimensioned according with 
two parameters: needed time to improve mains power issue and stations 
redundancy (stations density). 

As for any alert system, reliability, quality and service availability are critical 
parameters that should be considered. In case of stations, these parameters 
should be achieved thanks to the use of adequate equipments, building rugged 
installations and carrying out good preventive and corrective stations 
maintenance. 
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In spite of everything, unforeseen events require that station have some 
redundant (backup) equipments (communication systems, power supply 
systems) and also an adequate network planning and stations distribution. 
Considering some station coverage ñoverlappingò will be helpful. 

ii. Communication systems 

Data communication between remote seismic stations and data processing 
centers will be properly designed and implemented to guarantee low data 
latency, high data reliability and high system availability. 

Also, communication systemôs bandwidth should be enough to transmit 
continuous streaming of seismic and state-of-health data from stations to Data 
Centers, in real time. 

The use of a backup communication system also is recommended to avoid lost 
data in case of main system failure. Other redundancy mechanisms such as the 
existence of more than one Data Center receiving streaming data, subneting 
structures implementation with redundant data paths, assuming that an 
intermediate node could be out of service by any reason (by unexpected failure 
or maintenance tasks), without QoS (Quality of Service) degradation. So, data 
communication systems will have three key points that will be considered: 

- Data latency; 

- Data reliability; 

- System availability. 

Also, the use of a satellite communication system as the main or secondary 
system is recommended to avoid the dependency with terrestrial 
communication infrastructures at regions where potentially damages can occur. 

iii. Data processing systems 

Once data arrive to Data Centers, data processing systems are in charge of 
analyzing continuous input data streams in real-time for event detection, 
location and compute different event related parameters. 

For a EWS, at least three functional modules are needed: event detection 
module, event location module and earthquakeôs ñdestructive powerò estimation 
module (such as magnitude and/or peak ground motion, intensity, etc.). 
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These modules will be part of a complex system which can compute and 
analyze other event characteristics; but will be these four which will build the 
EWS processing chain. Different algorithms and programs can be used for 
EWS data processing chain implementation; but all of them must guarantee: 

- High data quality; 

- High reliability; 

- Short processing time. 

So, bellow each module of the processing chain will be described: 

V Event detection: 

Event detection will be the first module of the processing chain. This 
module will process any configured input data channel applying some 
algorithm in order to detect any occurred seismic event. 

The selection of event detection module will be based on Data Center 
existing systems and it will be tuned to detect events according to 
desired parameters (region, magnitude, etc.). 

In any case, a reliable selected module and the shortest processing time 
are desired. 

V Event location: 

Once the event is detected, in order to estimate the potential damages, 
ñwhere and when it has occurredò will be needed to know. So, this 
second module will locate the event giving the coordinates of its 
hypocenter and origin time. 

V Event ñdestructive powerò assessment: 

Also, it is necessary to know ñhow big is the eventò, what generally 
means at least to compute the event magnitude. 

In the case of a EWS, eventôs magnitude is not computed classically 
because it would mean to wait until S waves arrive to measure seismic 
waveforms amplitudes and it would introduce a long delay for the alert. 
So, this module will apply, to input data channels, different kind of 
algorithms in order to estimate the event magnitude and the peak ground 
motion (cf. chapter 2.3). 
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iv. Alert system 

The alert system will be the last module of the chain and it will be in charge of 
sending alert messages containing previously defined information to selected 
recipients. Even the complexity of alert system, it always will guarantee high 
reliability and short delay sending alert messages, as any other alert system. 

3.1.2. SISPyr network and systems description 

At this section the seismic network defined inside the SISPyr project as result of 
cooperation between partners will be described. The usefulness of these 
elements for a EWS implementation will be discussed in section 3.1.3. 

i. Stations 

Five different organizations (IGC, IGN, IEA, BRGM and OMP) are the owners of 
the seismic stations involved in SISPyr project. These stations are listed at 
Table 7. 

From this complete station list a group of them will be rejected because they 
cannot be used to implement a EWS on SISPyr region. A deep evaluation of 
remaining stations will be performed at section 6 of this document. At this point 
we will consider 3 reasons to reject a station: out of SISPyr area and far away 
from it, urban stations because they are too noisy, and non real time continuous 
streaming stations. 

So, rejected stations are: 

- CGAR, CMAS, COBS, ESAC, ETOS, EMOS, ERTA and Montauban: far 
away from SISPyr area. 

- CELS, GIRS, LLIS, VIES, GRAM, PAMP, OLOS, GIRR, VIER, PYAD, 
PYBB, PYLU, PYPD, PYPP and PYXX: urban stations. 

Once rejected stations have been removed from Table 7, remaining stations 
have been represented on the following map (Figure 8) where is reported the 
SISPyrôs area of interest. 
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Station Name Owner 
Latitude 

(deg) 
Longitude 

(deg) 
Elevation 

(m) 
Sensor 

type 
Municipality Analog/Digital 

Urban / Free 
Field 

RT 

CAVN Les Avellanes IGC 41.8816 0.7506 629 BB Les Avellanes Digital Free Field Yes 

CBEU Beuda IGC 42.2556 2.6758 825 BB Beuda Digital Free Field Yes 

CBRU Bruguera IGC 42.2844 2.1790 1328 BB Bruguera Digital Free Field Yes 

CCAS Cassà de la Selva IGC 41.8828 2.9042 197 BB Cassà de la Selva Digital Free Field Yes 

CEST Esterri de Cardós IGC 42.5987 1.2541 1325 BB Esterri de Cardós Digital Free Field Yes 

CORG Organyà IGC 42.2291 1.3165 716 BB Organyà Digital Free Field Yes 

CORI Oristà IGC 41.9724 2.0488 621 BB Oristà Digital Free Field Yes 

CPAL Palau Saverdera IGC 42.3105 3.1624 223 BB Palau Saverdera Digital Free Field Yes 

CTRE Tremp IGC 42.3223 0.7724 1318 BB Tremp Digital Free Field Yes 

CFON Fontmartina IGC 41.7612 2.4346 973 BB Fogars de Montclús Digital Free Field Yes 

CLLI Llívia IGC 42.4781 1.9730 1413 BB Llívia Digital Free Field Yes 

CSOR Soriguera IGC 42.3744 1.1327 1227 BB Soriguera Digital Free Field Yes 

CGAR Garraf IGC 41.2933 1.9137 584 BB Begues Digital Free Field Yes 

CMAS Mas de Barberans IGC 40.7257 0.3139 530 BB Mas de Barberans Digital Free Field Yes 

COBS Casablanca IGC 40.7131 1.3562 -160 BB - Digital Free Field Yes 

CELS St Celoni soil IGC 41.6928 2.4992 150 ACC St Celoni Digital Urban Yes 

GIRS Girona soil IGC 41.9808 2.8224 79 ACC Girona Digital Urban Yes 

LLIS Llívia soil IGC 42.4647 1.9733 1190 ACC Llívia Digital Urban Yes 

VIES Vielha soil IGC 42.7016 0.7969 986 ACC Vielha Digital Urban Yes 

GRAM Granollers IGC 41.6000 2.2680 215 ACC Granollers Digital Urban Yes 

AVIN*
1
 Avinyó IGC 41.8476 1.9651 331 ACC Avinyó Digital Free Field Yes 

ARBS La Rabassa IEA 42.4345 1.5337 2166 BB St Julià de Lòira Digital Free Field Yes 

EALK Alkurruntz IGN 43.2197 -1.5071 965 BB Alkurruntz Digital Free Field Yes 
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Station Name Owner 
Latitude 

(deg) 
Longitude 

(deg) 
Elevation 

(m) 
Sensor 

type 
Municipality Analog/Digital 

Urban / Free 
Field 

RT 

EARA Aranguren IGN 42.7727 -1.5797 476 BB Aranguren Digital Free Field Yes 

EBIE Bielsa IGN 42.6862 0.1428 2130 BB Bielsa Digital Free Field Yes 

EJON La Jonquera IGN 42.4487 2.8886 570 BB La Jonquera Digital Free Field Yes 

EORO Oroz IGN 42.8926 -1.3095 880 BB Oroz Betelu Digital Free Field Yes 

YSOS Yesa dam IGN 42.4566 -1.1457 881 BB 
Sos del Rey 

Católico 
Digital Free Field Yes 

ERTA 
Horta de Sant 

Joan 
IGN 40.9567 0.3335 547 BB Horta de Sant Joan Digital Free Field Yes 

EMOS Mosqueruela IGN 40.3639 -0.4721 1694 BB Mosqueruela Digital Free Field Yes 

ETOS Mallorca IGN 39.7678 2.8144 480 BB Mallorca Digital Free Field Yes 

ESAC San Caprasio IGN 41.7219 -0.4693 815 BB San Caprasio Digital Free Field Yes 

PAMP Pamplona IGN 42.8140 -1.6250 478 ACC Pamplona Digital Urban No 

OLOS Olot soil IGN 42.1830 2.4900 436 ACC Olot Digital Urban Yes 

GIRR Girona rock IGN 41.9860 2.8278 102 ACC Girona Digital Urban Yes 

VIER Vielha rock IGN 42.7044 0.7922 994 ACC Vielha Digital Urban Yes 

Urdes* Lacq gas OMP 43.5000 -0.6175 95 MB Lacq Digital Free Field Yes 

ATE Arette OMP 43.0858 -0.7003 480 BB Arette Digital Free Field Yes 

SJAF St-Jean d'A OMP 42.4845 2.8822 450 BB St-Jean d'A Digital Free Field Yes 

Tercis* Dax OMP 43.7072 -1.0544 7 BB Dax Digital Free Field Yes 

MLS Moulis OMP 42.9578 1.0947 529 BB Moulis Digital Free Field Yes 

PYLO Lourdes OMP 43.0982 -0.0478 410 BB Lourdes Digital Free Field Yes 

Montauban* Montauban OMP 44.0181 1.3558 208 BB Montauban Digital Free Field Yes 

PYAD Arudy OMP 43.0975 -0.4258 450 ACC Arudy Digital Urban Yes 

PYBB Bagnères OMP 43.0586 0.1489 567 ACC Bagnères Digital Urban Yes 

PYLU Luchon OMP 42.7906 0.6014 630 ACC Luchon Digital Urban Yes 



SISPYR / Interreg IVA 

 

 

44 A5 - Feasibility of a Pyrenean earthquake early warning system 

Station Name Owner 
Latitude 

(deg) 
Longitude 

(deg) 
Elevation 

(m) 
Sensor 

type 
Municipality Analog/Digital 

Urban / Free 
Field 

RT 

PYPD Prades OMP 42.6142 2.4156 350 ACC Prades Digital Urban Yes 

PYPP St-Jean-PdeP OMP 43.1557 -1.2407 270 ACC St-Jean-PdeP Digital Urban Yes 

PYXX* Hendaye OMP 43.3467 -1.6200 75 ACC Hendaye Digital Urban Yes 

FESP Espira BRGM 42.8187 2.8207 170 ACC Espira de lôAgly Digital Free Field Yes 

FMON Montoussé BRGM 43.0624 0.4152 630 ACC Montoussé Digital Free Field Yes 

FNEB Nébias BRGM 42.9031 2.1064 580 ACC Nébias Digital Free Field Yes 

Table 7 ï SISPyr stations list (based on existing information at report elaboration time) *Approximate coordinates because 
station is not yet installed. (1) Before named AVIS.
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Figure 8 ï Location of seismological stations considered for the EWS analysis according 
to owner organization and type. Also shown is the area covered by the SISPyr project. 

ii. Network and subnetworks 

Stations previously selected are grouped into sub-networks considering the 
primary Data Center from which continuous data is received. So, we can define 
3 subnetworks: 

- OMP subnetwork: group of stations that are directly received at OMP 
Data Center; 

- IGN subnetwork: group of stations that are directly received at IGN Data 
Center; 

- IGC subnetwork: group of stations that are directly received at IGC Data 
Center. 

Stations belonging to each sub-network are summarized in Table 8. 

At OMP Data Center listed stations are received in real time using Seedlink 
server. This server receives continuous data streams and stores them into hard 
drives according system configuration. 


















































































































































































































































































