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11:00 -12:00 WP2 - Characterization of Earthquake Source and Seismic Wave Propagation 
in the Central Apennines

14:30 - 15:30 WP3 - Ground Motion Predictions using Innovative Approaches

Outline

• Introduction to spectral decomposition
•        Reliability of source parameters
• Connection between source parameters and ground motion variability
• What’s next    

Seismic Source Characteristics and Ground-Motion 
Variability in Central Italy: a bridge between WP2 and WP3
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the distribution of  predicted GM intensities 
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R/b =13s

fc=0.55Hz

tt=H/Vs=0.5s

3tt=1.5s 5tt=2.5s

f
o
=Vs/4H=0.5Hz

geo. spread.

Q(f)

∝MoSource S: 
Brune’s model  

Path G:
 1/r, 
Q=68f 0.4

Site Z:
H=100m, d=20,
Vs=200m/s

Mw 5.5 
Ds=10MPa]

4



J. Steidl

Engineering-seismology: given a  
{Magnitude, distance, vs30} scenario, compute
the distribution of  predicted GM intensities 

(S j∗G ij∗Z i)(t )=u i(Rij , t) ( Ŝ jĜ ij Ẑ i)(ω)=û i(Rij ,ω)
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Seismology: From {seismogram and its FAS}, 
retrieve information about the single source, 
propagation and site components



Ds=10 MPa
Mw 2-7
f
c
 ~0.1-31 Hz

f
0
=0.44 Hz

Same site different sources 
(different magnitudes, same 
stress drop) at the same 
distance

[s] [Hz]

The site term Z 
leaves the “same” 
imprint on all 
recorded spectra

but …...
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w
2

M
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Spectral decomposition approach [GIT]  

log10U ij ( f ,R ij)=log10 S i( f )+log 10G( f , Rij)+ log10Z j( f )

log10U ijk (f k ,R ij)=log10[M 0i

2 Rθ ϕ

4 πρ vs
3 ]−log10[1+( f kf ci )

2

]−γ log10R ij−
π R ij f k

log e(10)Q0 f k
α vs

+∑
m=1

Nstations

δ jm log 10Zm( f k )

log10U ij ( f ,R ij)=∑
k=1

N event

δik log10Sk ( f )+an log10Gn( f )+an+1 log10Gn+1(f )+∑
k=1

N stations

δ jk log10Zk ( f )

Rn⩽Rij<Rn+1an=(Rn+1−R ij)/ (Rn+1−Rn) an+1=1−an

∂ log 10U ijk

∂ f c i
=

2 f k
2

loge (10) f c i( f ci
2
+ f k

2
)

System of equation composed by iterating 
over all recordings ij (combination of 
earthquake i at station j)

Parametric:

Non-parametric:

e.g.

where

source propagationsource site

repeated for each frequency f

Non-linear Least Squares

Linear Least Squares
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Ds=10 MPa
Mw 2.5
f
c
 ~17.6 Hz

Velocity spectra

Q = 68 f0.4

k
o
 ~ 0.03 s

Ds=10 MPa
Mw 6
f
c
 ~ 0.31 Hz

Different factors could be in competitionAttenuation filters high frequency source
information 
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log10U ij ( f ,R ij)=∑
k=1

N event

δik log10 Sk ( f )+an log10Gn( f )+an+1 log10Gn+1(f )+∑
k=1

N stations

δ jk log10Zk ( f )

log10 AWA=M L+log10 A0+Z

log10 A kl(R)=an log10 A0(Rn)+an+1 log10 A0(Rn+1)+∑
i=1

Nevent

M iδik+∑
j=1

N stations

Z jδ jl

log10 A0=−n log10(
R
Rref )−k (R−R ref )−V ref

The solution is the sum of three terms: there are two unresolved degrees of freedom 
require to add a-priori constraints (the solution is not unique)

Similarity with the local magnitude calibration: 

non-parametric

Parametric attenuation

Z sums to 0

e.g. R
ref

=100 km, V
ref

=3
(a M

L
3 produces 1 mm at 100 km)
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California

Centro Italia 
ancoraggio a 
17 km
(non-
parametrico)

Centro Italia 
ancoraggio a 100 km
(parametrico)

100 km

17 km



NON-UNIQUENESS→ TRADE OFFS 



NON-UNIQUENESS→ TRADE OFFS 

Base-vectors for the null space



NON-UNIQUENESS→ TRADE OFFS 

SITE AMPLIFICATIONS SOURCE SPECTRA   



Correlations [geometry dependent]

COVARIANCE MATRIX



Outline

• Introduction to spectral decomposition
•        Reliability of source parameters
• Connection between source parameters and ground motion variability
• What next    

Questions:
→ magnitude lower limit; limiting factors (attenuation)
→ epistemic uncertainty: comparison of different methodologies



~4100 events
~370 stations
~400000 records

?



FAS

Source models

s=0.05 s=0.15

s=0.

Different source scaling

Δσ=
7
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M o
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M o∝ f C
−(3+ϵ)



FAS

Attenuation model



Near-source effects

Z (ko ; f )=e
−π k0 f



?

Checks:
1 simulated versus reconstructed 
spectra (e.g. RRMS, Correlation)
2  simulated versus retrieved(Mo,fc)
3 Ds(retrieved)/Ds(synthetic)



k
0
=0 s

k
0
=0 s

Analyzed 
bandwidth



K
0
=0.03 s

K
0
=0.01 s

K
0
=0.00 s
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Questions:
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Benchmark data set
[from Trugman, 2020]

Ridgecrest 2019 Different:
 Methods (groups)
 Data selection & processing 

Between-Method Within-Method

Method 2

Different:
 Methods (groups)
 Data selection & processing 

Approach1
Approach2
…
...
ApproachN



logOij (f )=log Si ( f )+log P (R ij , f )+ logZ j ( f )

Strategy for evaluating the epistemic 
uncertainties: logic-tree approach

HYPO: same spectral attenuation 
model for all earthquakes

EPIH: different attenuation 
models for different depth ranges



Factor2Factor1 Factor3

Event-specific 
intercept

“within-method” standard deviation:

Mixed-effects regression analysis



Covariance
matrix

Within-method 
variability

Confidence intervals

SUMMARY OF THE RESULTS

Within-approach uncertainty





PROPAGATION
SITE 
AMPLIFICATIONS

SOURCES

Post processing:
Scaling



AMATRICE 2016

CCT GIT



Seismic 
moments 
constrained

Calibration 
events

Validation 
events



Outline

• Introduction to spectral decomposition
•        Reliability of source parameters
• Connection between source parameters and ground motion variability
• What’s next    

Questions:
Interpret the ground motion variability in terms of seismological models, e.g.:
→ connection among between-events dB

e
 and stress drop Ds

→ evaluate the role of the magnitude type 





ln (FAS)( f )=ln (source)+ ln( propagation)+ ln (site )+residuals

Source ( f )=
FR θϕ

4 πρβ3

(2π f )2Mo

1+(
f
f c )

2 =K1
f 2Mo

1+(
f
f c )

2

∼Mo f c
2

∼Mo f 2

f≫f c

f≪f c

Δ σ=
7
16
Mo

r3 Eshelby 57

r=
0.38β
f c

Brune 70

ln (source )=ln (k 1)+ ln (Mo )+2 ln( f c)

ln (source )=ln (k 1)+ ln (Mo )+2 ln( f )

(1)

(2)

ln (source )=ln (k 1)+2 ln (k 2)+
1
3

ln (Mo )+
2
3

ln (Δσ)

f c=k2(
Δσ
Mo )

1/3

Case (1) (f>>f
c
) is typical of high frequencies of interest and large events with small f

c 
. In this case, if Ds is fixed, 

the source scales only with ln(Mo), and the stress drop determines the spectral amplitude, which is constant (not 
depending on frequency). Therefore, if an event has a stress drop deviating from Ds, let’s say Ds

i
=g

i
Ds, where 

Ds is the average of the data set, then the term ln(g
i
) is going to affect the between-event residual of event i.

Case(2) (f<<f
c
) is typical of data sets with small events and usable bandwidth not extending towards high 

frequencies. In this case, the spectra are frequency dependent and depend only on ln(Mo), no role played by f
c
 

(and therefore by Ds). No relation between Ds and between-event.

FAS in Far-field



Full sensitivity 

to Ds

No sensitivity 
to Ds

GMPE can include a single 
linear term M

w
 only if the 

magnitude range is such that 
either f<<f

c
 or f>>f

c
 is satisfied. 

When the magnitude range is 
wide and then the frequency 
range analyzed are both 
above and below fc, a 
quadratic term M

w
2 is needed.

Since the slope of the 
asymptotic lines decreases 
when moving from low to high 
moment, the black curve has 
to be concave down, that is, 
the second derivative is 
negative. This requires a 
negative coefficient for the 
quadratic term.



PGV

Distance [km]

Ds

Log(PGV)



ln (source )=ln(k 1)+ ln(M 0)+2 ln( f c)=ln(k1)+ln(Mo)+
2

ϵ+3
ln(kkΔ σV R

3 M 0
−1
)=ln (k 1)+

2
ϵ+3

ln(kk )+
ϵ+1
ϵ+3

ln(M 0)+
2

ϵ+3
ln (Δσ)+

6
ϵ+3

ln(V R)

M 0 f c
3+ϵ=costant      with ϵ⩽1

Under the following scaling assumption 

ln (source )=a(ϵ)+b(ϵ) ln(M 0)+c (ϵ) ln (Δ σ)+d (ϵ) ln (V R) Where  e can be spatially variable

 where e=0 is the standard self-similar case

(Deichmann, BSSA, 2017)

Different GMPEs are calibrated for:
ML : local magnitude
Mw: moment magnitude
Me: energy magnitude 

Source described by one parameter (magnitude)  
I)  self-similarity assumption
II) If we use Mw, the parameter used for both low 
and high frequencies is Mo  



Mw Ml
GIT - WP2

GMM - WP3



Mw Ml

GIT

GMPE



Mw

Ml



Mw

ML

Gray lines: spectra of events with Mw 
in the range [3.45-3.55] 
(recorded at station SNTG) 

Circles correspond to |dBe|>0.2

Gray lines and colored circles are 
coming from different analysis (GIT 
and GMPE, respectively)

Apparent source spectra 
(i.e., recorded spectra corrected 
for attenuation and site effects) 

GIT

GMPE
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Outline

• Introduction to spectral decomposition
•        Reliability of source parameters
• Example of results about source scaling
• Connection between source parameters and ground motion variability
• What’s next    

Questions:
→ regional variability
→ monitoring spatial-temporal variability



~27800 events Ml>1.5
~900 stations (counting HH and HG separately)
~900000 spectral amplitudes at 2.5Hz



Accelerometers



Next steps:
1 mixed-effects regression to investigate regional characteristics of Mo versus fc 
scaling, e.g.:
LogMo ~ Logfc + (1 + Logfc | Polygon)  
random intercepts and  slopes 
considering the Polygon grouping factors
Fixed effects: a= 14.0652+-0.1095      
                      b=-2.4102 +- 0.1408

Random effects



Next steps:
1 mixed-effects regression to investigate regional characteristics of Mo versus fc 
scaling, e.g.:
LogMo ~ Logfc + (1 + Logfc | Polygon)  
random intercepts and  slopes 
considering the Polygon grouping factors

2  regional velocity models to evaluate the 
    spatial variability of Ds

SECURE-
WP1



Next steps:
1 mixed-effects regression to investigate regional characteristics of Mo versus fc 
scaling, e.g.:
LogMo ~ Logfc + (1 + Logfc | Polygon)  
random intercepts and  slopes 
considering the Polygon grouping factors

2  regional velocity models to evaluate the 
    spatial variability of Ds

3  regional local magnitude scales & 
    regional models for Ramones
    (Mo and Er from features) 

Local magnitude attenuation 
models for different polygons

IV2 → Er



Next steps:
1 mixed-effects regression to investigate regional characteristics of Mo versus fc 
scaling, e.g.:
LogMo ~ Logfc + (1 + Logfc | Polygon)  
random intercept and  slopes 
considering the Polygon grouping factors

2  regional velocity models to evaluate the 
    spatial variability of Ds

3  regional local magnitude scales & regional
    models for Ramones 

4 Monitoring the spatial and temporal 
variability of between-event to catch the 
emergency of a preparation phase 
(M. Picozzi) 

BSSA



• M> ~1.8
• Ds=Ds(M)
• ~10MPa 

for M>5

GITTake home messages:



• M> ~1.8
• Ds=Ds(M)
• ~10MPa 

for M>5

GIT

   Non-
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Thank you !
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The Generalized Inversion Technique (GIT)
● allows to split the source, attenuation and site contributions to ground shaking

providing non-parametric solutions that can be used for model selection 
          but

● provides relative solutions to a-priori assumed reference conditions (e.g., reference 
site  condition, reference Mw catalog, etc) [non-uniqueness=trade-offs]; large impact 
of epistemic uncertainties [even larger than statistical uncertainties]

● Attenuation and near-surface attenuation [low pass filters] limit the retrieval of small 
magnitude’s source parameters [M~1.8-2 for the analysed geometries] and limited 
bandwidth does not allow to resolve Mo and fc for large events [Mo-fc correlation ~-1]

Summary and take home messages

The  applications have shown
● What magnitude is used for developing GMM matters (Mw versus Ml)
● Correlation between stress-drop and inter-event residuals for GMM based on Mw
● GIT results can be used to study the scaling of source parameters (self-similarity), 

as input for attenuation tomographic studies [t*(f)], to investigate site effects 
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