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!  Earthquakes cannot be predicted with high precision, but 
algorithms exist for intermediate-term middle-range prediction of 
main shocks above a pre-assigned threshold, like CN algorithm. 

!  Alarms can be issued, which: 
"  refer to areas with linear dimensions of hundred kilometres and having 

duration of several months to years; 
"  are not compatible with evacuation or red alert 
"  anyway, can be very useful for many effective prevention actions  

(e.g. planning of interventions, retrofitting, temporary safety measures) 
 

Open question: can additional independent information 
reduce this uncertainty in space and time?  

The analysis: motivation and goals 



!  For the last decades GPS and SAR are providing valuable 
information about ground/crustal deformations, continuously 
improving resolution in space and time.  

!  We explored whether the additional independent information 
may come from space geodesy techniques:  

"  Building on earlier experience of the seismological and geodetic 
information integration (e.g. ASI-SISMA project)  

"  following a new approach, where the seismotectonic setting and 
seismicity patterns are used as prior information within the 
geodetic data analysis  

!  We carried out two exercises on the seismic crises of Emilia 
(2012) and Amatrice (2016), performing a retrospective 
analysis of GPS and SAR data 

The analysis: motivation and goals 



Real-time testing of premonitory  
CN seismicity patterns in Italy 

Seismological Data Analysis 

http://mitp.ru/en/cn/CN-Italy.html 



Peresan (2018). AGU Book on Pre-earthquake processes, Ch. 9. 
Peresan et al., (2005).  Earth Sci. Rev. 

 

Tectonic setting and  
CN regionalization for Italy  

CN analyses the seismic activity inside a set 
of four predefined regions, outlined 
according to the seismotectonic zoning 
(Scandone et al., 1994, Meletti et al. 2000).  

Outlook Foreword The goal of the work The new approach The data The results Conclusions and prospects

Tectonic setting and CN zonation for Italy

(after Meletti et al., 2000)
G. F. Panza, A. Peresan, F. Sanso’, M. Crespi, A. Mazzoni, A. Nascetti
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A recent forecast: 
Albania Earthquakes 
 
 
M6.4 26.11.2019 
M5.6 21.09.2019 

https://www.emsc-csem.org 

CN alert: 1 Sept. 2019 – 1 Jan. 2020  



Intermediate-term middle-range earthquake forecasts 
CN algorithm 

Earthquakes occurred within the space-time-
magnitude volume monitored by CN since 1998 

Real-time testing 1998-2020 

Updated to May  2020 

2004.7.12 
M=5.6 

1998.4.12 
M=6.0 2004.11.24 

M=5.5 

2003.9.14 
M=5.5 

1998.9.9 
M=5.7 

2009.04.06 
M=6.3 

2012.5.20 
M=6.1 

2016.10.30 
M=6.6 

2016.8.24 
M=6.2 2019.11.26 

M=6.4 

http://mitp.ru/en/cn/CN-Italy.html 



Algorithm CN forecasted 23 out of the 27 strong earthquakes occurred in the 
monitored zones of Italy, including Adria region, with about 30% of the 
considered space-time volume occupied by alerts 
(updated to May 2020 
Next updating July 2020) 

 
Experiment 

 
Space-time volume 

of alarm (%) Confidence 
level (%) 

 Retrospective* 
(1954 – 1963) 41 93 
Retrospective 
(1964 – 1997) 27 >99 

 
Forward 

(1998 – 2004) 47 

 
>99 

 
All together 

(1954 – 2004) 32 

 
>99 

 

 
Experiment 

 
Space-time 

volume of alert (%)  
n/N 

  Retrospective* 
(1954 – 1963) 41 3/3 
Retrospective 
(1964 – 1997) 26 10/12 

 
Forward** 

(1998 – 2020) 32 

 
10/12 

 
All together 

(1954 – 2020) 30 

 
23/27 

 
* Central and Southern regions only 
** Adria region since 2005 

The archive of CN forecasts in Italy can be viewed at: 
http://www.mitp.ru/en/cn/CN-Italy.html 

e-mail: aperesan@inogs.it   

Space-time volume of alerts in CN application in Italy  

Intermediate-term middle-range earthquake forecasts 



 The quality of prediction results can be 
characterised by using two parameters 
(Molchan, 1997) : 
 η : the rate of failures-to-predict (n/N) 
 τ : the space-time volume of alert 

 

Evaluation of prediction results 
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Intermediate-term middle-range earthquake forecasts 

CN forecasts in Italy 
(updated to May 2020) Peresan (2018), AGU Book on “Pre-Earthquake Processes” 

Including Adria 



Integrating information from 
different observables 

Geodetic data analysis 
along selected transects 

Crespi, Kossobokov, Panza & Peresan 
(PAGEOPH, 2019) 



!  For the last decades GPS and SAR are providing valuable 
information about ground/crustal deformations, continuously 
improving resolution in space and time.  

!  We explore whether the synergic use of GPS and seismological 
information can reduce uncertainty of predictions following a 
new approach: 

"  the seismotectonic setting and seismicity patterns are used as prior 
information within the geodetic data analysis  

"  the velocity and strain pattern are analysed along 1D transects, 
properly oriented with respect to the tectonic regions monitored by 
CN 

!  We carry out two exercises on the seismic crises of Emilia (2012) 
and Amatrice (2016), performing a retrospective analysis of GPS 
and SAR data 

Integrated data analysis: GPS data 



GPS is used to estimate not the standard 2D velocity and 
strain field  

BUT 
 
the velocity and strain pattern along transects, properly 
oriented with respect to the tectonic regions monitored by 
CN (accounting for the known seismotectonic setting), 
used as prior information  

Transect width (typically few tens of km) is selected 
balancing two criteria:  
!  include a substantial number of GPS stations 
!  focus on an area with a homogeneous tectonic setting 

(as much as possible) 

The new approach – the idea 



We considered 6 transects, 50 
km wide, consistent with CN 
zonation:  
 
!  3 for Emilia 

(EQs: 20 May 2012, Mw=6.0  
  29 May 2012, Mw=5.7)  

!  3 for Amatrice 
(EQ: 24 Aug 2016, Mw=6.2)  

 
Each of selected GPS stations 
is included in one transect only  

The new approach – the experiments 

Would GPS data have been able to highlight the strain accumulation 
in preparation of the Emilia and Amatrice earthquakes? 



■  Standard outcomes: tectonic extension across the Central Italy Apennines 
■  Geodetic signature for the Amatrice across-strike transect  

  

The results – counterexamples and uncertainties 

Central Italy 

Camerino Transect 

Raiano Transect 

Raiano Transect 
Across strike 

Camerino Transect 
Across strike 

 
Amatrice Transect 

Across strike 
 

 

Imposing the same trend identified for Raiano and 
Camerino data, does not explain Amatrice across-strike 

observations…   

 

Imposing the same trend identified for Raiano and 
Camerino data, does not explain Amatrice across-strike 

observations…   

 
Amatrice Transect 

Across strike 
 



■  Standard outcomes: tectonic extension across the Central Italy Apennines 
■  No geodetic signature for the Amatrice along-strike transect  

  

The results – counterexamples and uncertainties 

Central Italy 

COUNTER EXAMPLE 
Amatrice Transect 
Along-strike 



Finale Emilia 
Along strike Transect 

Brisighella 
Along strike Transect 

Cresta Appenninica 
Along strike Transect 

CN Central Italy Region  

Finale Emilia 
Brisighella 

Cresta Appenninica 

Outlook Foreword The goal of the work The new approach The data The results Conclusions and prospects

The results - Do we know Emilia ST setting? - 2

Clear geodetic signature in the Brisighella and Cresta Appenninica
orthogonal transects, pretty coherent both with the strike-slip focal
mechanism and with the 29 May 2012 earthquake location
No geodetic signatures in Finale Emilia orthogonal transect

G. F. Panza, A. Peresan, F. Sanso’, M. Crespi, A. Mazzoni, A. Nascetti
IAG-IASPEI 2017 - S10-1 - Development, testing and application of earthquake forecasting models - Kobe, Japan, August 1, 2017 18 / 22

 
■  Clear geodetic signature in the Brisighella and Cresta Appenninica 

along-strike transects, pretty coherent both with the strike-slip focal 
mechanism and with the 29 May 2012 earthquake location  

■  No geodetic signatures in Finale Emilia along-strike transect 

The results – Emilia transects 



■  No geodetic signature is observed for across-strike transects  

■  Standard outcomes: tectonic shortening moving northward from 
the Apennines to the Po Valley 

  

The results – Emilia transects 

Emilia 
Mantova Transect 

Finale Emilia Transect 

Imola Transect 

Mantova Transect 
Across strike 

Finale EmiliaTransect 
Across strike 

Imola Transect 
Across strike 
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We got coherent and incoherent results across-strike: 
■  Central Italy (normal faults - transects across-strike): both CN alert 

and geodetic signature 
■  Emilia (thrust??? - transects across-strike???): CN alert but no geodetic 

signature 
  

The results – Do we know Emilia ST setting?  

Outlook Foreword The goal of the work The new approach The data The results Conclusions and prospects

The results - Do we know Emilia ST setting? - 1
We got coherent and incoherent results:

Central Italy (normal faults - transects orthogonal to strike):
CN alarmed, geodetic signature + EQ in Amatrice area only
Emilia (thrust??? - transects orthogonal to strike???):
CN alarmed, no geodetic signature, EQ in Finale Emilia area

We checked the focal mechanisms for the
two strongest Emilia May 2012 events
(3: 20 May; 6: 29 May):

relevant inconsistency for the event
on 29 May 2012
strike-slip possibly due to a strain
accumulation parallel to strike

We therefore looked for any geodetic
signature in three transects, orthogonal
to the previous ones

G. F. Panza, A. Peresan, F. Sanso’, M. Crespi, A. Mazzoni, A. Nascetti
IAG-IASPEI 2017 - S10-1 - Development, testing and application of earthquake forecasting models - Kobe, Japan, August 1, 2017 17 / 22

We checked the focal mechanisms for 
the two strongest Emilia May 2012 
events (3: 20 May; 6: 29 May):  
■  relevant inconsistency for the 

event on 29 May 2012  
■  strike-slip possibly due to a strain 

accumulation parallel to strike  
 
We found a geodetic signature for 
along-strike transects (orthogonal to 
the previous ones), compatible with a 
strike-slip mechanism 

  

Emilia 
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peaks and the mechanism solution presents a 43% of CLVD. If the STF is
constrained to two sub-intervals, 0–3 s and 3–6 s, the source depth re-
trieved remains shallow (8 km, quite in agreement with the 6 km re-
trieved by TDMT) but the still large percentage of CLVD for both
solutions obtained considering two separated time intervals for the
STFs (“split solutions”), is a strong indicator that the whole solution is
unreliable.

Similar results are shown for events 7 and 8 (Fig. 3b and c
respectively): the double peaked STF is inverted considering two sepa-
rated time intervals. In both cases the split solutions show percentage
of CLVD larger than the whole one, and thus we consider the latter
more reliable. Furthermore event 7 shows high instability, with varying
source depth and mechanism changing from almost strike–slip to dip–
slip between the two time intervals (Fig. 3b), while event 8 shows
minor instability (Fig. 3c).

3.3. Geodynamic insight

The major strike–slip component observed in the deeper events of
the May seismic sequence (15–25 km of depth, see Table 1), obtained
inverting at the shorter cutoff period and obviously not resolved at
longer ones, is well in agreement with the geodynamic and structural
model of the area (Cuffaro et al., 2010). Actually, according to this
model, deep crustal earthquakes, undergoing a larger lithostatic
load than shallow ones, release part of their energy with transcurrent
slip. Moreover, the occurrence of strike–slip seismicity below the
Emilia plain at depths between 15 and 30 km is reported by Pondrelli
et al. (2006), who extended the Italian CMT dataset to the period
1977–1997.

The deepening of the hypocenters, observed in the spatial distribu-
tion of the aftershocks associated to the May events by Ventura and Di

Fig. 1. Fault plane solutions (best double couple) determined by: a) INPAR, inverting at 10–15 s cutoff period (details in Table 1); b) TDMT-INGV (20 s cutoff period); c) RCMT (30–40 s
cutoff period); d) CMT (40–50 s cutoff period). The beachballs are scaled to magnitude. e) Fault plane solutions determined by INPAR inverting at different cut off periods, with their
confidence areas. For each solution, source depth, percentage of CLVD and low pass Gaussian filtering period are given. Clear polarities used to constrain inversion are given (open
circles—dilatations, filled circles—compressions). TDMT solutions are reported for comparison in the rightmost column, with the filling of the beachballs denoting the percentage of
CLVD component.
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For further details 
see: 
 
 
 
 
Crespi, M., Kossobokov, 
V., Panza, G.F., 
Peresan, A. (2019)  
 "Space-Time 
Precursory Features 
within Ground 
Velocities and 
Seismicity in North-
Central Italy".  
Pure and Applied 
Geophysics, DOI: 
10.1007/
s00024-019-02297-y 



Towards a systematic  
interdisciplinary analysis  

■  With these results acquired, a systematic analysis of 
velocity variations (together with their accuracy) is in 
progress, by defining a set of transects uniformly 
distributed, as far as possible, along and across major 
seismotectonic features of the Italian region, with a 
spacing of about 40-50 km and properly covering the 
regions monitored by CN algorithm.  

■  As a rule most of the transects contain information that 
appear to be useful for earthquake forecasting purposes. 
The few exceptions, naturally connected with the local very 
limited extension of land, are in Calabria and Western 
Sicily. 



Developing an intermediate-term narrow-range 
forecasting tool  

■  The results obtained so far indicate that the combined 
analysis of intermediate-term middle-range earthquake 
predictions, like CN (time dependent within decadal 
interval), with those from the processing of adequately 
dense and permanent GNSS network data (time independent 
within the same decadal interval), may allow to highlight in 
advance the localized strain accumulation.  

■  Accordingly the extent of the alarmed areas, identified based 
on seismicity patterns at the intermediate scale can be 
significantly reduced  from few hundred to few tens of 
kilometres.   



Integrated time-dependent  
seismic hazard scenarios 



PGV ≥ 15 cm/s corresponds  
to Intensity  X (MCS) 
(Indirli et al., 2011) 

Ground shaking scenarios for 
the 4 CN zones in the Italian 
peninsula, when alerted. 

Time-dependent ground shaking 
scenarios Edificio' so)oposto' a' verifica' sismica' con'

scenari' neodeterminis2ci' (NDSHA)' ad'
integrazione'di'quelli'probabilis2ci'(PSHA)'

Data………..'
NDSHA'
''''''''''''''''''''''''''''''Cer2fied'

!



Northern Region (yellow) alerted by CN algorithm for 
an earthquake with M≥5.4, in the time interval 
1.3.2012-1.9.2012 
 

 

 
 

 
Time-dependent ground-shaking scenario 

associated with CN Northern Region, as defined 
before the Emilia Earthquake (20 May 2012) 

Time-dependent ground 
shaking scenarios 

Emilia earthquake 
20th May 2012 (M6.1) 
 



 
 

 
Time-dependent ground-shaking scenario 

associated with CN Central Region, as defined 
before the Amatrice , Visso and Norcia earthquakes. 

Central Region (yellow) alerted by CN algorithm for 
an earthquake with M≥5.6, in the time interval 
1.11.2012-1.11.2016 

 

! !

Time-dependent ground 
shaking scenarios 

Amatrice: 24th August 2016 (M6.2) 
Norcia: 30th October 2016 (M6.6) 
 

M6.6 
30.10.2016 



■  CN alarms are used to guide the processing of GPS and inSAR 
observations 

■  Intersections of transects with geodetic signatures and CN 
related scenarios can significantly reduce the size of the areas, 
where preventive actions should be focused 

 

Integration with Earth-Observation data 

Panza, Peresan, Sansò, Crespi, Mazzoni, Nascetti (2017) 



 

 

The retrospective 1D analysis of geodetic data (GPS and SAR) 
along properly oriented transects suggests that:  

■  GPS time series several years long may highlight geodetic 
signatures of strain accumulation in areas within CN 
alarmed zones and which were struck by earthquakes  

■  Geodetic signatures are stable over time, so the related 
strain accumulation is a relatively long-term phenomenon  

■  Integration of geodetic signatures and CN information can 
significantly reduce the space uncertainty of the alarmed 
areas => intermediate-term  narrow-range forecasts 

Conclusions 
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