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INVERSE METHOD



Observed data and model predictions

OBSERVED DATA d
Far field displacement spectrum @(f)

t(f) 4

Qo
f, f

MODEL PREDICTIONS
Forward operator

gm; f) = SMy, fe,v; f) - G(Q; ) - H(f)
/ | | l | | K

SOURCE SPECTRAL MODEL | Brune || PROPAGATION MODEL | TGF || SITE FACTOR




Observed data and model predictions
Expected displacement spectrum

HOING Low-pass Filter

M, | Seismic moment|® Magnitude

Z

Interactions

f. | Corner frequency m RUPLUre
, dimension
v | Decay exponent  w RUPLUre

=

fe Q' | Anelastic attenuation Q-factor +
/\/\/\ site-dependent attenuation term ki,
SOURCE PROPAGATION
Brune spectral model Theoretical Green’s function
~ M ~ ! !
S(My, f.,y) = 2 G(Q) = Ay - exp(—nfT, - Q)

Y «—
1+ (%C) Traveltime Qandk,



Probability density function (PDF) estimation

Tarantola’s approach : Conjunction of states of information

o (m,d) = k- py(m)pp(d) - 0(d|m)

CONJUNCTION OF TWO » »
STATES OF INFORMATION

A priorion model  Physical correlation

Tarantola, 2005 and data space betweend and m:

¥

FORWARD OPERATOR g(m)

oy(m) = |, o (m,d)dd

SOLUTION OF THE INVERSE PROBLEM
Joint a-posteriori PDF over the model space

Integration of gy, (m)

PARAMETER SOLUTION UNCERTAINTY
Mean Variance




A-posteriori pdf estimation
Modelization and data uncertainties Gaussian assumption

1
Pp (d) — k’exp <_ E (d — dobs)TCl_)l(d o dobs))

NOLLdWNSSY
NVISSNYD

1
0(dlm) = k" exp (—5 (g(m) —d)' €7 (g(m) — d))

P~ Analytical solution for oy

oy(m) < exp (—LS’(m)) S(m) cost function,
2 squared L,-norm between
observed data d, ;. and
model predictions g(m)

TARANTOLA, 2005



Method

SPAR | Supino et al., 2019 - GJI | Link

Find the a-posteriori PDF
gy (m) maximum m* through
MC based global optimization

\ 4

Evaluate gy, (m) around m*

Joint PDF o, (i)

—
0 =-0.86 PDF x10

2

Marginal PDF

AVEIE]E
marginal PDFs
and quality of
the solutions

0.3
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Log(Mp)


https://doi.org/10.1093/gji/ggz206

Benefits of the method

GLOBAL OPTIMIZATION

Avoid local minima during the search for the
best model to describe the observed data

ROBUST UNCERTAINTIES ESTIMATION

PDF solutions allow robust uncertainty
estimations, accounting for between-parameter
correlations and limited frequency bandwidth.




Benefits of the method

PDF SOLUTION

In most of the cases an algorithm will be able to find a
scalar solution to a minimization problem.

A PDF allows to:

Understand if the inversion is constrained,

if it makes sense
Associate an uncertainty to each inverted
observation (beyond the standard deviation of the

solutions)

The idea is to have a vector solution with more
information about the inversion than a scalar solution.




EXAMPLE

ONE EVENT INVERSION



Single event inversion

All stations | Stress drop estimate

S-wave displacement spectrum Probability density functions
0 L SINGLE STATION Joint PDF o,,(m) k
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FROM RAW SIGNALS TO
SOURCE PARAMETERS



From raw signals to source parameters

Phase selection | Time window

Phase selection: S- or P-wave Time window At

0.0041 - Fixed (e.qg., 5 seconds)

_0.000 - Function of magnitude and/or distance

" —0.0041 Q

e £ At = 0.02 - €%7+™M49 1 0.3 - dist

S oooa 3 [e.g., TRIFUNAC, 1975 ]
>

0.000

~0.0041 At from S- or P-pick for phase selection

~0-0083 BRI 30 At before origin-time for noise selection

Time (s)

[assuming noise is stationary]
Frequency domain: FFT

Select amplitude of the Fourier transform
output

Integrate 1 or 2 times (if signal is velocity
or acceleration) [integration is faster in
frequency domain]

$s s T TR Displacement amplitude spectrum:
Frequency (Hz) observation to invert



From raw signals to source parameters

Pre-processing details

BEFORE FFT

- Remove constant and linear trend from

signal and apply tapering Function to first
and last part (e.g. 5 %) of the data

Helps avoid introducing artificial
Frequencies in the FFT output

At must be large enough to have
minimum FFT frequency df = 1/At
smaller than corner frequency

(with some points on the left of fc....)

AFTERFFT

- Smooth the spectrum, e.g. 5-point moving
average filter

Helps reduce the spikes produced by the

10°4 : FFT operation
102 10° 10?
Frequency (Hz)




From raw signals to source parameters

Frequency domain for the inversion

Signal-to-noise ratio (SNR) > threshold
to select inverted frequency domain

3
-

N - DYNAMIC:
1012 . SIGNAL Accounts for SNR changes
’é : wesss"tang station by station,
] . N event by event
21049 . Vs 7
; / / N /
T - ROBUST :
Q 10 ®
1029 / NOISE /
g § B % \ 7 Returns an empty (or very
c 9] pedc;}::_rudmb small) set of frequencies if
IS 10 T\O med by the S- or P-wave is wrongly
c jthe noise selected, and it is noise
9 108 automatically .
] ] excluded from [Not rare in case of large
n ] the inversion A-POSTERIORI analysis of automatic
1075 RN SOlIS\ Q@O AUNIN N catalogs, especially for
A-PRIORI FREQUENCY DOMAIN | small events]
101 10° 101!

Frequency (Hz)



From raw signals to source parameters

Frequency domain for the inversion

a < ORIGIN TIME b )
60- 10125
0 E
T'm E1011__
c —60- T :
Q . °
c NOISE| POSSIBLE S-WAVE —» = Z o,
>, = -
= € 1010 -
g 60 S ? N
> .
> 0] E 0. ,‘%
2 10 Signal JM
—60- ] Noise '
0 8 16 24 w00 10!
Time (s) Frequency (Hz)

The a-posteriori frequency domain
selected for the inversion is an empty set




QUALITY OF THE SOLUTION



Quality of the solution

Unconstrained solutions | Low signal-to-noise ratio
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Quality of the solution

Unconstrained solutions | Spectral shape

| — Fit

= Signal
~  Noise

—— Frequency band for fit E
—— Corner frequency '

1071 10° 10!

f(Hz)

Strong site amplification
~5Hz

Spectral shape different
from Brune model

0.06;
(. ]
S 0.04
Q.

0.02]

0.00 = R e

20 40 60
fc(Hz)

Unconstrained PDF
solution for corner
frequency




Quality of the solution

Unconstrained solutions | Frequency bandwidth sensitivity

Synthetic spectrum with fc =10 Hz

Q 0 = 0.44 par Q 0 = 0.53 Paf

0.012 0.012

0.0010

0.0005 0.010 0.0005

0.010

0.0000 0.0000

20 40

fc(Hz) fc(Hz)
0.5 Decades on the right of £ 0.3 Decades on the right of £
ACCEPTED SOLUTION REJECTED SOLUTION




SITE EFFECTS
SPECTRAL RESIDUALS REMOVAL
2-step procedure



Spectral residual removal

Single station
| RESIDUALS REMOVED i Residuals between

single station observed spectrum

and
event best-fit spectrum

L 2

Averaged among all events

L 2

Removed from each

single station observed spectrum

R 2

Spectral inversion repeated

=

o
=
[

Seismic moment

=
o
[
>

on the corrected spectrum

TARGET EVENT with a-priori
information from residuals

—1 7R T T{AL
10 10 10 Suitable For near real-time
Frequency (Hz) inversions (seismic monitoring)




Spectral residual removal

Single event, all stations

RAW

RESIDUALS REMOVED

' Displacement Spectra | Event 38458071 | Mag 3.5 Displacement Spectra | Event 38458071 | Mag 3.5

I =
+~ 1| ® : 1| e
5 10121f *  DAW E 1 .
e 1 * JRC2 = ] e JRC2
61011 « 1AL o 101 « 1rL
- i e« MPM - I o MPM
s 10101& * SLA L 1010 SLA
5 SRT : SRT
% 10°+ WBM % 4 WBM
B ans wes2 2 107 WCS2
10°7 « wwmr 1 e WMF
1 e WNM 108: e« wnMm
107+ WVP2 : WVP2
1 T I"l'— T T T T 1"' IA' T Y I" T L _ T T v ™ t'l T T A' T ll'
10~ 109 101 10=4 10¢ 101

Frequency (Hz) Frequency (Hz)

Variability (uncertainty) is
strongly reduced

Average estimates do not
change much, especially Mw




SINGLE-STATION APPROACH
LIMITATIONS AND BENEFITS



Single station approach

Limitations and Benefits

10 \ P station Almost constant stress drop (1-10 Mpa)
D 1 Mw >~ 2.5

101.

Almost constant f = 10 Hz
T 4 > 2 Mw <~ 2.5

109 2

Corner frequency (Hz)

=

o
|

[

--- 1 MPa
i —— 10 MPa
¢ Bin estimates

0 1 2 3 4 5 6
Moment Magnitude

INGV Catalog
10 years| 2009 - 2018
~250,000 events

~2,400,000 S-waves inverted




Single station approach

Limitations and Benefits

10% . Supino et al.,
\ in preparation MW <~ 25

2 Almost constant f.= 10 Hz

a2

101.

Corner frequency (Hz)

10 H . Apparent f_due to anelastic attenuation
Joa] T I B low-pass Filtering
}  Bin estimates f.is the cut-off frequency of the low-pass filter
o i 2 I\%Iagnitjde 5 6 and does not scale with the source

e.g. Abercrombie, 1995
INGV Catalog 'de etal,, 2003

10 years| 2009 - 2018
~250,000 events

~2,400,000 S-waves inverted




Single station approach

Limitations and Benefits

10%; \ Supino etal., M <~ 2.5: Estimation of Mw 2
_ in preparation
g 104 ¢
: 15 M ~ 2.5 — 6: Estimation of Mw, fc, stress drop
£ 10 —
5 1 wpa Near-real time application
Y104 owe N
¢ Bin estimates for seismic monitoring purposes
0 1 2 3 4 5 6
Moment Magnitude
x 1010.6 2 x 1016 1
100 M 1 SOURCE SPECTRUM 100,M 4.5 SOURCE | Q OPERATOR
E SOURCE\ QOPERATORNN €  SOURCE \
= * SPECTRUM = * 2 A
é Q OPERATOR O E Q OPERATOR = L
g 10! % *:_-: S 1071 é:é E_: S
£ = 2 E 212 =
D o - v < o
o — fc = 80.0 | t* = 0.030 % ¥ — fc=1.0|t*=0.030 ©
— t*=0.03| Q=250 —_— k¥ =0.03 o
—— fc = 80.0 | Stress drop = 10 MPa —_— fc=1.0
10751 100 101 102 10751 10° 101

Frequency (Hz)

Frequency (Hz)



STRESS DROP APPLICATION

Campi Flegrei Mw 3.7 earthquake
20 May 2024

T S yCA

Source characterization of the 20th May 2024 My 4.4

Campi Flegrei caldera earthquake through a joint
source-propagation probabilistic inversion

M. Supino (0 *1, L. Scognamiglio ("1, L. Chiaraluce ("', C. Doglioni (9!, A. Herrero (!

Listituto Nazionale di Geofisica e Vulcan ologia, Roma, Italy


https://doi.org/10.26443/seismica.v3i2.1394

Campi Flegrei Mw 3.7 May 20 2024 earthquake

Observed PGA
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Campi Flegrei Mw 3.7 May 20 2024 earthquake

Observed PGA

POZZUOLI Mw 3.7 | PGA MAX 358 cm s

ik h A \ ~“el Camald

) - ¢ e Arenella
/ N
| i N {
ra
La -
Toiar i &S o
= o - vomero' Ll d
Cig! < .
fone 7 Socca B Twa
o S
» = ’
% i - Jrotia A Chiaia
M T ko 30 b > 77
- e Y0¥ -
Lucrinaar = % e, Riofle Lo Soifatara = pisciare - g : Do
iopediar § 7 2 B /
NN s Antiniana s Fuorigrotta &
a7 aslls(y
X By, ) 5 .-
POzZuONm s, o5 7
- A e -
N It “«_f,l
». Bagn
| N7
Posillipo
, — B
/ T ‘ o PO
Bacoli e Marech d
Sl i | 1 e eaflet | https:/www.openstreetmap.org
Distribution by : Horizontal PGA [cm/s?]@ Horizontal PGV [cm/s]

A A o A
>300 100-300 50-100 / 20-50 \ 10-20 5-10 1-5 <1 £\ bad quali
A A A A a A A a BT

L’AQUILA Mw 6.1 | PGA MAX 644 cm s

~ )
+ A ST, \ﬂ‘
- A Parco Nazionale

del Gran Moresiivar
r
La Sasso e A
Monti della
P
Laga 4 Penne
A Loret utin
Rie . 1
pianeila >
Citdducale +A
L a Chiet
A2S
A h
Fara in Sabina /
Borgorose ) /"’
10 km
—
A2S
10 km Greot ‘ Pratolg Pelic Leaflet | hips:/vwww.opensireetmap.org
Distribution by : Horizontal PGA [cm/s?]@ Horizontal PGV [cm/s]

A Aw 300 A A\:’) 50 A"'\Avrrm A 10 A 15 L\ a



Campi Flegrei Mw 3.7 May 20 2024 earthquake

Observed PGA

POZZUOLI Mw 3.7 | PGAMAX 358 cm s | [N
+ . 7o o JAI 3 ”“ 3 2 (
A = ', | i
A - A
B A LA &
i _\\A -A-F -
1km
[1km |
Distribution y:  Horizontal PGA [em/s?2l@  Horizontal P GV [cm/s]
A A A A A\ A A A A

Can we infer some constrains on
the possible increase in
magnitude ?
= =

EXPECTED MAX PGA ?
-

EXPECTED BUILDINGS RESPONSE ?

~200,000 people in the
represented area




Campi Flegrei Mw 3.7 May 20 2024 earthquake

Supino et al., 2024 - Seismica | Link

1d Marginals from integration of 4d Joint PDF Displacement spectrum in MO units
argina 5 1015'5

cC) Quality | 0.996 Mar PO Quality | 1.0 ] SIGNAL
"é _" Log MO __-"ﬁ"'-._ Fc =10 NOISE
“30.1 2 0.04- T g Fc
2 = FIT
é 0.02- S 10%°

2 Ly . 5

00 e | 0,00 e i € 1012

e 14 15 16 0 2 =

c Quality | 1.0 log[Mg] Quality | 1.0 fe (Hz) e
© o " n
g s s ‘0 101
Z v .

o
20.05- *,
§ 0.05+ 1010 \ X
z 10° 10!
= ; _ Frequency (Hz)
I —— P I o — f—
a 1 2 3 0.01 0.02 0.03
Gamma Q’

Log MO Fc(H)  |Gamma__ |Q |t
14.95 £ 0.13 3.89 £ 0.09 1.6 £0.4 2.1%£0.2 66 £ 9 0.0407

1-sigma confidence level
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Campi Flegrei Mw 3.7 May 20 2024 earthquake
Supino et al., 2024 - Seismica | Link

2d Marginals from integration of 4d Joint PDF

Marginal PDFs

PDF x10~2 PDF x10—2 PDF x10~2

= -0.48 0 = 0.78

14 15 16
x10~2 p =-0.63 log[Mg]
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Campi Flegrei Mw 3.7 May 20 2024 earthquake

Supino et al., 2024 - Seismica | Link
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Campi Flegrei Mw 3.7 May 20 2024 earthquake

Supino et al., 2024 - Seismica | Link
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From the estimated Ao
assuming a maximum rupture length from seismicity distribution
(ruax = 1.5 km, e.g. Danesi et al., 2024)
16
M(’,‘/’AX=7A0-r,§AX » MMAX = 4.9 +0.3 Ao =3.2 +2.2 MPa

Possible scenarios (PGA) from GMPEs | INPUT: M,,, Ao
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Campi Flegrei Mw 3.7 May 20 2024 earthquake

Supino et al., 2024 - Seismica | Link
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SOFTWARE



SourceSpec software

Claudio Satriano | IPGP | Link

# SourceSpec SourceSpec documentation

-[||"| S ource S p ec ”I“I Earthquake source parameters from P- or S-wave displacement spectra

Copyright:  2011-2024 Claudio Satriano satriano@ipgp.fr
Release: 1.8+8.gdb76727
Date: Jul 15, 2024

Search docs

Theoretical Background SourceSpec is a collection of command line tools to compute earthquake source parameters

Signal Processing (seismic moment, corner frequency, radiated energy, source size, static stress drop, apparent stress)
Clipping Detection from the inversion of P-wave and S-wave displacement spectra recorded at one or more seismic

stations. SourceSpec also computes attenuation parameters (t-star, quality factor) and, as a bonus,
local magnitude.

Getting Started
Configuration File

File Formats See Madariaga [2011] for a primer on earthquake source parameters and scaling laws.

SourceSpec Event File

- - . Go to section Theoretical Background to get more information on how the code works.
Spectral File Formats

Method similar to SPAR | GitHub | Python

Extensive documentation
on both code and theoretical background



https://sourcespec.readthedocs.io/en/latest/

SourceSpec software

Claudio Satriano | IPGP | Link

#A SourceSpec Using pip and PyPI

-[||"| SO urce S p eC ”|||| The latest release of SourceSpec is available on the Python Package Index.

You can install it easily through pip :

Search docs

Theoretical Background

pip install sourcespec

Signal Processing To upgrade from a previously installed version:

Clipping Detection

Getting Started pip install --upgrade sourcespec
" 5 L L

Method similar to SPAR | GitHub | Python

Extensive documentation
on both code and theoretical background



https://sourcespec.readthedocs.io/en/latest/

The war which is coming
Is not the first one.

There were other wars before it.
When the last one came to an end
There were conquerors and conquered.

Among the conquered the common people
Starved. Among the conquerors
The common people starved too.

Bertolt Brecht

Thank you
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