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Abstract

GITpy is an open-source Python software package designed with an object-oriented architecture,
implementing the Generalized Inversion Technique (GIT) to separate the source, propagation,
and site effects of the ground motion from the Fourier Amplitude Spectrum (FAS). GITpy includes
modules to perform both the non-parametric spectral decomposition and to fit the resulting
source spectra and spectral attenuation with standard seismological models. Although the GIT
is a well-established approach this tool offers a number of possibilities such as:

1. Streamline the modeling of attenuation and source properties by using configuration files
or interactive workflows, enabling quick testing of various models;

2. Offer the flexibility to select from multiple levels of complexity for attenuation modeling,
including options for geometrical spreading and anelastic attenuation;

3. Provide a choice of source spectrum modeling approaches, such as adopting either a
homogeneous or heterogeneous crustal model or specifying the frequency range for
model fitting;

4, Compute the apparent source spectra by removing from the input FAS the site effects
and the non-parametric attenuation obtained from the inversion itself. The apparent
source spectra can be modeled to derive key parameters useful for directivity studies, as
well as for a rapid estimation of source parameters in case of a strong event;

5. Provide additional source parameters including the radiated energy, the apparent stress
and the radiation efficiency together with seismic moment, corner frequency and stress
drop. The additional parameters can be estimated for both the best-fit parametric source
models and the non-parametric GIT results.

Here we present the documentation to help the Users to install and run the GITpy software
package by means of an example dataset (GITpy_db) and Jupyter Notebooks tutorials.

Keywords Generalized Inversion Technique; Fourier Amplitude Spectra; Open-source software

Introduction

GITpy is an open-source software package developed in Python for applying the Generalized
Inversion Technique (GIT) to datasets of Fourier Amplitude Spectra (FAS). It consists of four
distinct modules to derive a suite of region-specific spectral parameters (i.e. source, attenuation,
and site parameters), through an inversion scheme to separate the different contributions and
applying subsequent modeling tools. GITpy is the result of a collaborative project between
scientists from the Istituto Nazionale di Geofisica e Vulcanologia, Italy (INGV), German Research
Centre for Geosciences, Germany (GFZ), University of Genoa, Italy (UNIGE), National Institute
of Oceanography and Applied Geophysics (OGS).

1. Overview of the GIT technique

The GIT is a well-established method for separating source, propagation, and site terms from the
FAS of recorded P- or S-waves [Andrews 1986; Castro et al., 1990; Boatwright et al., 1991; Oth
etal., 2011; Bindi et al., 2020; 2023a; 2023b]. Two strategies can be used to isolate these terms:
the parametric and non-parametric approaches. In the parametric approach [Drouet et al., 2008],



source and attenuation are fitted using standard seismological models, whereas the non-
parametric approach [Oth et al., 2011] solves the equation system without imposing a-priori
parametric models on the individual terms. The GITpy software implements the non-parametric
approach. After the inversion process separates the source, propagation, and site contributions,
the resulting attenuation and source non-parametric curves are fitted using standard seismological
models to derive seismic parameters. This a posteriori fitting offers the advantage of allowing the
testing of different parametric source models without the need for multiple inversions. GITpy
includes two separate modules for modeling source and attenuation terms, providing users with
the flexibility to make different choices. Future releases of GITpy may incorporate methods for
alternative source and attenuation models. Further details are provided below.

2. Installation

This tutorial provides step-by-step instructions for installing the GITpy software, outlining its
essential dependencies and how to manage them within a Python 3 virtual environment,
applicable to both Linux and Windows platforms. GITpy has been tested on Linux (Linux Mint
20.1) and Windows (Windows 11 Pro). The initial step for both operating systems is to obtain
the source code for a specific release of GITpy from the GitLab repository [1]. Table 1 lists the
required dependencies.

Python 3.9.
numpy 1.24.4
scipy 1.13.0
pandas 222
plotnine 0.13.6
setuptools 69.5.1
pyyaml 6.0.1
obspy 14.1
openpyxl 3.1.2
Imfit 1.2.2

Table 1 GITpy requirements.

2.1 Instructions for Linux Users

The instructions in this tutorial assume that you are using a GNU/Linux distribution based on
Ubuntu or Mint. For Debian and other distributions based on the apt package manager you may
have to login as root instead of using sudo.



2.1.1 Installing Python3 and required Python3 libraries (pip and venv)
e Python3
Before you go any further, make sure you have Python3 installed and that it is available from
your command line. As it is usually already included by default on many GNU/Linux distributions,
you can check this by running the following command at a shell prompt:

python3 --version

You should get some output with the exact version installed (e.g. v3.9). If you do not have
Python3, you can install it using the following commands:

1. Update the package list using the following command:
sudo apt update
2. Use the following command to install Python3:
sudo apt install python3
e pip3

Next, make sure you have pip3 available. Chances are it is already installed, you can check this
by running the following command at a shell prompt:

pip3 --version

and you should get an output text with the exact version of the pip3 package installed on your
system. If not, you can install pip3 as follows:

1. Update the package list using the following command (not needed if you just
did it in the previous step):

sudo apt update
2. Use the following command to install pip3:
sudo apt install python3-pip
e venv

Now, make sure you have the Python3 venv module available, you can check this by running
the following command at a shell prompt:

python3 -m venv

and you should get an output text with a brief usage synopsis. If not, you can install the venv
module as follows:



1. Update the package list using the following command (not needed if you just
did it in one of the previous steps):

sudo apt update
2. Use the following command to install the venv module for Python3:

sudo apt install python3-venv

2.1.2 Download the development version of GITpy
You can create a local copy of the latest development version of GITpy by cloning the git
repository or download the package from the project main web page and extract it to any
directory you like. If you choose to use git, you can check if it is already installed:
git --version
or install it the usual way:
sudo apt install git
From a terminal window, change to the local directory where you want to clone your repository
and run:
git clone git@gitlab.rm.ingv.it:inversion/gitpy.git
or
git clone https:/gitlab.rm.ingv.it/inversion/gitpy.git
If the clone was successful, a new sub-directory with the same name of the GirLab repository,
appears on your local drive, in the same directory where you cloned your repository. To check
how many branches of the GITpy development are available in the GitLab repository run:
git branch
a list like this will appear:
(gitpy) user@MyComputer:~/gitpy$ git branch
GITpy
*main

to switch to another branch use:

git checkout GITpy
followed by
git status
to verify that you are on the desired branch of GITpy development.



2.1.3 Creating a Virtual Environment

GITpy was developed using python libraries that are not included in the standard installation of
Python 3.9 such as numpy, scipy, or pandas (see Table 1). To manage dependencies avoiding
conflict due to different version installed on own Operating System you can create a “Python
virtual environment” specifying the target directory (absolute or relative to the current directory)
with the ground motion processing repository:

python3 -m venv /path/to/new/virtual/environment
For example:

python3 -m venv /path/to/gitpy/
To activate the Virtual Environment

cd /path/to/gitpy/
and run

source bin/activate
You should get a command line like this:

(gitpy) user@MyComputer:/gitpy$

At this point you are ready to install the GITpy requirements with pip3 only in the virtual
environment:

pip3 install --upgrade pip

pip3 install obspy (this will also install numpy, maplotlib and scipy)

pip3 install pandas plotnine setuptools pyyaml openpyxl Imfit PyQt5 tornado
sudo apt install python3-tk

You should be now ready to use the GITpy software!
You can “exit” the virtual environment by deactivating it with the following command:

deactivate

2.2 Instructions for Windows Users

There are several ways to run Python scripts like GITpy on Windows 11, but the recommended
procedure is to use Conda or Anaconda Navigator, to easily manage dependencies and create an
isolated environment to install and run GITpy. In the following we describe the procedure for using
Anaconda Navigator (Navigator enables you to use Conda to manage environments and packages,
but in a graphical application instead of a command line interface).



1. Install Anaconda by following the instructions provided here [2];
2. From the Start menu, search for “Anaconda Navigator” and click to open. The home
page (on top left corner) shows the contents of the default environment “base

(root)”. Now you need to create a new environment to install the GITpy code (Figure 1);

3. On the Environment page (on the left), click Create (Figure 1).

Figure 1 Screenshot of the  [75, 0 oo
Anaconda navigator. | = S =

4. Give a name to the new environment (for example “gitpy”), click on Python and
select version 3.9. Now you have a new environment “gitpy” with the correct Python
version installed to run GITpy (Figure 2).

Figure 2 Example on how to create a
new environment.

Name: gitpy
Location:
Packages: Python 3.9.18 v
Or 413 ¥

Cancel Create

5. From the home page, switch to the new “gitpy” environment by clicking on its name
(Figure 3).
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6. Go back to the Environments page and check that you have the “conda-forge” channel, if
not you can add it:

click on the Channels button;

then click the Add button;

enter the channel URL [3];

press Enter on your keyboard;

click on the Update channels button.

7. From the Environments page check the installed packages versions (Figure 4). Make sure you
have all the required packages and the correct versions, as listed in Requirements Table 1.

__ - =~ Figure 4 Example of Environment page of

rie hets

) ANACONDA NAVIGATOR €D /)naconda navigator.

A Home.

Update indes Searchpackages Q
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Version
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If some packages are not the correct version or they are missing at all, follow the instructions
here described [4]

8. Go back to the Home page, you should now be in the new “gitpy” environment (check).
Among the default applications there is “PowerShell Prompt “ Launch it and you are ready
to run GITpy from the command line (Figure 5).

o ~**  Figure 5 Example of the home page of the Anaconda
e @B | avigator to select the Powershell Prompt.

9. Download GITpy from Gitlab repository at [5], save and unzip it in your work directory.
Then from the PowerShell Prompt window go into your work directory to run the python
codes (Figure 5).



3. Getting Started

GITpy is organized into four primary modules (Table 2), located within the “gitpy-main” code
folder, along with a Python library called LibGit (Table 3). Users may interact with the main GITpy
modules by modifying the configuration files. These files are structured in YAML format and
contain all necessary configuration settings to run the various modules, along with optional input
files. Users should not alter the structure of these files or the names of the key fields in the first
column; only the values in the second column are intended to be modified. A detailed description
of the input, execution, and output for the modules GlTeps.py, CorrectFas.py, FitAttenuation.py,
and FitSource.py is provided below.

Separates the source, propagation and site
contributions from the Fourier Amplitude Spectra
GlTeps.py (FAS) of the recorded S-waves; the equation system
is solved without imposing any a-priori parametric
models on the different terms

Corrects the recorded spectra (FAS) for the
attenuation and site effects, using the GIT spectral
decomposition outputs, providing the apparent
source spectra

CorrectFas.py

Performs fitting of non-parametric spectral
attenuation curves using standard seismological
models in which the geometrical spreading and the
anelastic attenuation contributions are isolated and
described in terms of parametric spectral models
depending on distance, quality factor, and kappa

FitAttenuation.py

Performs fitting of source spectra in terms of seismic
moment and corner frequency, and allows to derive
other seismological parameters (e.g. stress drop,
radiated energy)

FitSource.py

Table 2 Summary of the four main GITpy modules.

Python class to manage input/output related to the

Attenuation.py attenuation

Python class to set the spectral model to fit the non-

AttParametric.py parametric attenuation curves

Python class to calculate source spectra using the w?

Brune.py Brune’s models




ConfGlTeps.py

Python class to read the configuration file with
parameters and paths to optional input files required
to run the seismological data inversion (GlTeps.py)

ConfAttFit.py

Python class to read the configuration file with
parameters and paths to optional input files required
to run the fitting of non-parametric spectral
attenuation curves (FitAttenuation.py)

ConfCorrectFas.py

Python class to read the configuration file with paths
to GIT spectral decomposition outputs required to run
the apparent source spectra (CorrectFas.py)

ConfSourceFit.py

Python class to read the configuration file with
parameters and paths to optional input files required
to run the fitting of the source term (FitSource.py)

EvtGit.py

Python class to read/write event metadata related to
source spectra

FASInv.py

Python class to to separates source, propagation, and
site contributions from the Fourier Amplitude Spectra
(FAS) of recorded S-waves; the equation system is
solved without imposing any a-priori parametric
models on the different terms

format_utils.py

Utility to manage the GITpy outputs

GeomSpread.py

Python class to fit the geometrical spreading

GitResults.py

Python class to manage outputs of the seismological
data inversion

InputFas.py

Python class to read the FAS

QualityFactor.py

Python class to parametrize the frequency-dependent
quality factor model

RegKappa.py

Python class to parametrize the exponential terms
with kappa related to the anelastic attenuation model

Source.py Python class to fit the non-parametric source spectra

Sources Python class to manage input/output related to
L source spectra

StatGit.py Python class to read/write station metadata

Stations.py Python class to manage the site term

utilities.py GITpy utilities

Table 3 GITpy Library.




3.1 GITeps.py

The GITeps.py module implements the non-parametric GIT to derive source spectra, path
attenuation, and site amplification factors (Figure 6). The GIT is based on the convolutional
assumption that the FASiJ. of earthquake i recorded at stations j can be expressed as the product
of three terms representing the source (S), propagation (P), and site (Z) contributions to the
ground shaking in the spectral domain:

FAS, (R,,f) =S(f)*P(Rf)*Z (f) @)

where Rij is the hypocentral distance and f is the frequency. By analyzing each frequency
separately, equation 1 produces an overdetermined linear system that can be solved in a least-
squares sense. The linear system is characterized by two unresolved degrees of freedom,
meaning the solution is not unique. To resolve the trade-offs between the three terms, two a
priori constraints are necessary. A common choice is to constrain the average logarithm of all
site amplifications to zero or to impose that the average amplification of a set of predefined
reference stations (typically installed on bedrock) is zero. The second constraint typically involves
the attenuation term, where a reference distance is defined at which the logarithm of
attenuation equals zero, independent of frequency.

Figure 6 Flowchart of the GITpy module that
separates the source, propagation and site
contributions from the FAS of the recorded
S-waves (GlTeps.py).

1

Source Spectra Path Attenuation Site Amplification

3.1.1 Configuration files for GITeps.py

The main sections of the YAML configuration file (Conf_GITeps.yaml) are organized into blocks as
follows: GLOBAL contains general settings; DIST BIN specifies information about distance
discretization; SUBSET provides options for removing seismic events and stations from the original
input dataset; CONSTRAINT DREF defines the characteristics of the reference distance;
CONSTRAINTS SITES includes details on the constraints for reference sites; CONSTRAINT
SMOQOTH DIST describes the smoothing condition applied to attenuation functions; and LSQR
INVERSION contains parameters related to the inversion process. A detailed description is
provided in Table 4, with an example shown in Figure 7. The YAML configuration file also includes
three fields (dist_file, event_remove, and station_remove) within the SUBSET block, which require
the reading of external files containing information about the distance bins to be used during FAS
inversion, as well as seismic events and stations to be excluded from the input ground motion
dataset. It is important to note that these options should be used with caution, as they are primarily
intended for removing outliers, not for generating modified datasets from the original data.



Compiling the FAS dataset for use with the GIT is a crucial step and should not be delegated to
the inversion module. To solve the overdetermined linear system of equations (1) using least

squares, the Isqr method from SciPy [6] is employed, which is specifically designed for solving
sparse linear algebra problems.

emp: g
plot_graph: True
save_graph: True
10 mean: "VECTORIAL"
11 fmin:

12 fmax:

1 mmin:

4 mmax:

5 DIST BIN:

type_bin: LIN

"Cs/Users/39326/INGV/PROGETTI/GIT_Python_in locale/CI/CI_FAS Dataset/"
: "C:/Users/39328/INGV/PROGETTI/GIT_Python_in locale/CI/testl/"™
‘Qt5agg®, *TkAgg', ‘nbAgg’, ‘WebAgg®]

Figure 7 Example of configuration file for
module GITeps.py.

job_name The User can associate an arbitrary name to his analysis
fas_dir Path to Directory containing the FAS files
out_dir Output directory
List of interactive backend that can be used for displaying
Ui env Matplotlib figures. Only ['Qt5Agg’, TkAgg' nbAggWebAgg'] have
sul_ been tested in GITpy. To run GITeps.py in Jupyter Notebook set
gui_env: Na
Component used for the inversion: "H": horizontal components;
cmp n n -
Z": Vertical component
lot eranh "True": shows figures during the code execution; "False": avoids
GLOBAL plot_grap the figures visualization
"True" saves figures in the output directory; "False" does not save
save_graph
figures
Option "VECTORIAL" calculates the vectorial component on the
mean two H components (sqrt(EW? + NS?)) ; option "GEOM" calculates
the geometrical mean of the two H components
fmin Min frequency to consider for the analysis
fmax Max frequency to consider for the analysis
mmin Min magnitude to consider for the analysis
mmax Max magnitude to consider for the analysis




Option "LIN": Creates a distance vector composed by a linear
distribution of values between "dist_min" and "dist_max" with a step
as given in the variable "dist_step"; Option "LOG": Creates a distance

type_bin vector composed by a logarithmic distribution of values between
"dist_min" and "dist_max" for a given number of bins defined by the
variable "nbin_dist"; Option "FILE": Uses an existing file with user
defined distance vector whose name is set in the variable "dist_file"
DIST BIN dist_min Min distance for type_bin = LIN or LOG
dist_max Max distance for type_bin = LIN or LOG
dist_step Step in km between values (used for type_bin = LIN)
nbin_dist Number of bins (used for the case type_bin = LOG)
dist file Distance filename including path with a user defined distance vector
- (see figure 8 C). used only when type_bin = FILE
Option “FILE”: to remove from inversion a list of events from a file
indicated in “event_remove” and/or a list of stations from a file
type_sel indicated in “station_remove”. Option “NONE” to keep all data for
the inversion (no files are required, “event_remove” and
“station_remove” are ignored).
SUBSET File name (including path) with a list of events to be excluded from
event_remove |the analysis (see figure 8 A); set to "NONE" to keep all events when
"type_sel" is set to "FILE".
File name (including path) with a list of stations to be excluded from
station_remove | the analysis (see figure 8 B); set to "NONE" to keep all stations when
"type_sel" is set to "FILE".
Reference distance [km] for which attenuation functions at all
dref .
frequencies is set to vdref
CONSTRAINT
DREF weight_dref | Weight of attenuation constraint at reference distance dref
vdref Attenuation amplitude at all frequencies in correspondence of dref
SITES List of site names to be used as reference ground motion. Set this
variable “ALL" to consider the average over all stations = 0
CONSTRAINTS weight_site | Weight for site condition
SITES Knot High_freq decay kappa value [s]; set to Na to skip Knot
Lower frequency bound [Hz] to use above which to estimate kappa;
Fk .
set to Na to skip Fk
CONSTRAINTS ) Weight for smoothing condition on attenuation functions, if dynamic
SMOOTH DIsT | Weight_smo | oothing, max. weight will be WSMOOTH, min can be set in
functions themselves, currently on WSMOQOTH/4
nrow_min Minimum number of lines for each FAS file
LSQR damp Damping coefficient. The default is O.
INVERSION Stopping tolerances. Isqr continues iterations until a certain
atol backward error estimate is smaller than some quantity depending

on atol and btol.




Stopping tolerances. Isqr continues iterations until a certain
btol backward error estimate is smaller than some quantity depending
on atol and btol.

iter_lim Explicit limitation on number of iterations (for safety)

Table 4 Description of the key fields included in the configuration file of GlTeps.py; for further details
about the Isgr inversion see the scipy documentation [6].

iﬁﬂm,mmm Bmmmml

[ 1 wuM:EVENTS 1 1

| 2 1:220601004054

I 2 2:150120071722 2 5

| 4 3:131223045810 3 o,
5  4:;131223042038 a 16

! 5 125

_E]m_tmmﬂl 6 15

| 1 NUM;STATIONS 1 17.5
2 1;IV.ILOS.. 8 20 &
GEEE2:IV.IST3. . 9 22.5
4 10 25

11 27 ..

Figure 8 A) file “remove_events.txt” requires the first line including the variable names (NUM and EVENTS

(%))

separated by “;”. The first column represents a progressive number, the second column shows the event ID.
The end line should not be empty. B) file “remove_stations.txt” requires the first line including the variable
names (NUM and STATIONS separated by “;". The first column represents a progressive number, the
second column shows the station ID (network_code.location_code.station_code). The end line should not
be empty. C) The distance file is composed by a single column reporting the User defined distances in
increasing order. All “txt” file names can be arbitrarily modified by the User.

3.1.2 Run Inversion module
The User can launch the inversion by executing python from the command line as:
python $code_path/GlITeps.py --config $your_path/conf_file_inversion.yaml --log logfile
Example:

python ./GlTeps.py --config Conf_GlTeps.yaml --log log_inversion.log

The description of the options useful to compose the command line is reported in Table 5.

configuration file in YAML format to
config set the Generalized Inversion of na True
seismological records

log log file in TXT format na True

Verbose mode (prints summary and

other details) True

Table 5 List of options to run GlTeps.py.



3.1.3 Output of GITeps.py

The output files are stored in “out_dir” as indicated in the configuration file. This module
generates a file named “Attenua tion.txt”, a log file, and three subdirectories: GRAPH, SITES and
SOURCES (Figure 9A). An example of “Attenuation.txt” is shown in Figure 10A. This file contains
a table of non-parametric attenuation functions. The header line includes general information:
the name of the module that created this file, the component used for the analysis (H horizontal,
Z vertical), the reference distance [km] selected in the configuration file, and the project name.
The second line shows the frequencies [Hz], and the first column the distances [km]. The other
elements of the table are the attenuation values (log10 of the amplitude in cm/s?) as a function
of frequency and hypocentral distance.

The GRAPH folder contains three plots (.jpg) summarizing the main results of the inversion for
source, attenuation, and site terms (Figure 9B). The SITES folder holds the amplification
functions for each station. These files have the extension “site”, and the filename corresponds
to the station ID (network_code.location_code.station_code), followed by instrument and
component details (Figure 9D). As shown in the example (Figure 9C), the header of each file
includes the module name that generated the file, station ID, instrument band information,
component, latitude, longitude, elevation, and a Boolean parameter, assuming the True value if
the station is used as a reference station, false otherwise. The first column of these files lists
the frequency [Hz], and the second column shows the amplification factor.

In folder SOURCES the non-parametric source curves, one for each event, are stored. The
extension of these files is “source” and the name corresponds to the event ID (Figure 9C). An
example of “source” file is in Figure 9B. Also, in this case the header line shows some general
information (module name, component, type of composition for horizontal component, event
ID, event magnitude from FAS files, latitude, longitude and depth). Note that starting from line
2 this file is characterized by two columns: the first one is the frequency [Hz] and the second
the non-parametric source amplitude (log10 scale of the amplitude in cm/s).

Figure 9 Output files and directories of GlTeps.py.
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3.2 CorrectFas.py

The CorrectFas.py module provides the Fourier spectra of an earthquake as received by the
recording stations around the source (apparent source spectra). The apparent source spectra
are calculated by subtracting from the recorded FAS the non-parametric attenuation and the
site amplification factors derived by GITeps.py module (Figure 11). The resulting apparent source
spectra can be used as input for another GITpy module, FitSource.py, to analyze ground motion
variability with respect to azimuthal and distance dependence. Additionally, CorrectFas.py can
be employed for rapid estimation of source parameters following earthquakes that are not
included in the ground motion dataset used to define the path attenuation and site amplification
properties for a specific region.

Figure 11 Flowchart of the GITpy module

FAS | Path Attenuation J,“'ﬁsite Amplification ) ]
l s | /L | /' (CorrectFAS.py) that isolates the Fourier
spectra radiated from the source and
;°°"f—°°"ectFi-{a'"j_ CorrectFas.py observed at each recording station.
Apparent

Source Spectra

3.2.1 Configuration file for CorrectFas.py

The YAML configuration file for module CorrectFas.py has only one block called GLOBAL that
includes the general settings. Detailed descriptions are given in Table 6 and configuration file
examples in Figure 12.

(T o oo et B o -5 x| Figure 12 Example of configuration file for

fle Modfica Rierca Viusiiza Fomnsto Ligusggo Configuasione Strumenti Macro Esegui Plugin Fimestrs 1
cHHRLGEB L abidec/neen

Err=er] o ‘ module CorrectFas.py

9328/ INGV/ PROGETTT/GIT_Pythor
9328/ INGV/ PROGETTI/GIT_Pythor
9328/ INGV/ PROGETT1/GIT_Pytho!
9328/ INGV/ PROGETTT/GIT_Pythor

1e/CI/testl/Attenuation. txt"
le/Data/CI/FLAT/"
le/CI/testl/SITES/™
1le/CI/test1/SOURCES APR/"

. The User can associate an arbitrary name to his
job_name .
analysis
File .txt containing the non-parametric attenuation
att_file
curves (output of GlTeps.py)
GLOBAL fas_dir Directory containing the FAS files
. . Directory containing the site amplification curves
site_dir
(output of GlTeps.py)
out_dir Directory to save the CorrectFas.py outputs

Table 6 Description of the key fields included in the yaml configuration file of CorrectFas.py.



3.2.2 Run CorrectFas.py
The module CorrectFas.py correcting the recorded spectra (FAS) for the attenuation and site
effects, using the GIT spectral decomposition outputs, provides the apparent source spectra.

The command to execute this module is:

python $code_path/CorrectFas.py --config $your_path/Conf_CorrectFas.yaml --log
$your_path/logfile.log

Example:
python ./CorrectFas.py --config Conf_CorrectFas.yaml --log logCorrFAS.log

The description of the options useful to compose the command line to run CorrectFas.py is
reported in Table 7.

configuration file in YAML format to

config execute the CorrectFas.py module

na True

log log file in TXT format na True

Verbose mode (prints summary and
Y . True
other details)

Table 7 List of options to run CorrectFas.py.

3.2.3 Output of CorrectFas.py

The CorrectFas.py module generates two files for each event: .app_source and .source (Figure 13).
These files are stored in the directory specified by the user in the configuration file (see the out_dir
variable in Table 7 and the example in Figure 14). Both files have the same header, which includes
general information such as the module name (CorrectFas.py), the component used for the
analysis, the event ID, event magnitude from the FAS files, as well as latitude, longitude, and depth.
The “app_source” file (Figure 14A) contains all the apparent source spectra, one for each station.
It is organized in matrix format, starting from line 2, where the column names are indicated. The
first column, labeled “FDSN”, shows the station ID (network_code.location_code.station_code),
the second column, “Dist”, indicates the hypocentral distance, and the third (“Az") and fourth
(“Bz") columns represent the azimuth and back-azimuth, respectively. Starting from the fifth
column, all frequencies are listed. To extract the spectrum for a specific station, the user should
select the row corresponding to the station ID of interest. The amplitudes are expressed in cm/s.
The “source” file (Figure 14B) contains the median spectrum for the event and consists of four
columns: frequency [Hz], log10 of the median amplitude, standard deviation, and the number of
amplitudes used to compute the median value. Files “source” can be distinguished from those
produced by the GlTeps.py module by examining the first field in the header of the first line.
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Figure 14 Example of CorrectFas.py output files
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3.3 FitAttenuation.py

FitAttenuation.py performs a parametric regression of GIT derived attenuation curves by using
standard seismological models of geometrical spreading, anelastic attenuation, and high
frequency decay (equation 2). The flowchart of FitAttenuation is shown in Figure 15.

/’FW Figure 15 Flowchart of the GITpy module

/ (FitAttenuation.py) which fits non-parametric
spectral attenuation curves using standard
seismological models. In this process, the
geometrical spreading and anelastic
attenuation contributions are isolated and
described with parametric spectral models that
depend on distance, quality factor, and kappa.

{ Conf_FitAttenuation.yaml

e
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Spreading | |  Attenuation

BT, b Name: G4l G Freq: 10

The FitAttenuation.py module fits the non-parametric attenuation curves using a model that
incorporates a frequency-independent geometrical spreading term and a frequency-dependent

anelastic attenuation term (equation 2):

TIRRO) ke (F - £) 2)

In[P(Ry,f) ] = In[G(R)] - Q(NHB



where G(R) is a piecewise function of the hypocentral distance R (equation 3), g is the shear wave
velocity, R is the reference distance, Qlf) = Q,f"is the quality factor, and k is the parameter describing
the high-frequency attenuation above the hinge frequency f, [Anderson and Hough, 1984].

The main challenge in reproducing the GIT-derived attenuation with equation (2) lies in the trade-
off between G(R) and Q(f). FitAttenuation.py employs a two-step approach to model the
non-parametric attenuation. In the first step, the geometrical spreading is determined by analyzing
a set of non-parametric curves around 1 Hz (i.e., from 0.8 to 1.2 Hz) to minimize the effects of
anelastic attenuation. In the second step, the attenuation is corrected for G(R) to derive the k
operator and the frequency-dependent quality factor.

Regarding the modeling of G(R), the user can define up to three hinge distances (HD,, HD,, and
HD3), while the exponents of the model (n1, n2, n3, and n4) are determined through linear
regression. The hinge distances can be defined after visually inspecting the non-parametric curves.

&)nl forR < HD:
R
( Re )Tll (HD1>n2 fOT‘HDl < R < HD;
R
miG@®) = § M A S 3 ©
( R, >n <HD1> (HDz)n for HD2 < R < HDs
I_ID1 HDZ R
R, >n1 (HD1)n2 (1@)”3 <HD3 n4 forR > HDs3
HD, HD,) \HDj R

Once the G(R) has been calibrated, a preliminary fit of the G(R)-corrected attenuation (in natural
logarithm) is performed above a user-defined hinge frequency f;, considering the linear term mk
(f—f»). This step effectively removes the kappa model from the G(R)-corrected attenuation
curves, leaving the residual attenuation to represent only the contribution of the anelastic
attenuation term (equation 4):

-tf(R-Ro)

PR, Do = C(R-Ro) = T

4)

Finally, a least-squares regression is applied in the distance range where the G(R) and k-corrected
attenuation curves exhibit linear trends, allowing for the derivation of Q(f). The frequency-
dependent quality factor can be modeled either as a monotonically increasing function of the
frequency Q(f) = Q f" , or as a piecewise linear function with user-defined hinge frequencies
(HF; and HF,) (equation 5).

Qo™ forf < HF:
Q(f) =1 Q,f" for HF1 < f < HF» (5)
Qosf™ for f = HF>

The drawback of this procedure is that the non-parametric curves around 1 Hz tend to maintain
zero amplitude across the entire distance range due to the correction for geometrical spreading.
As a result, the corresponding quality factors tend to infinity, and the Q(f) trend deviates



significantly from linearity. To address this issue, one approach is to account for the trade-off
between geometrical spreading and anelastic attenuation by also correcting the non-parametric
attenuation for the anelastic attenuation evaluated around 1 Hz [Bindi and Kotha, 2020; Bindi
et al., 2023c]. This correction can be applied in FitAttenuation.py by setting the configuration
file parameters: corr_fact_flag = 1 and QO_corr to the assumed quality factor at 1 Hz.

3.3.1 Configuration file for FitAttenuation.py

The YAML configuration file for the FitAttenuation.py module consists of the following blocks:
GLOBAL contains general settings; PLOT configures display and saving options for the figures;
FREQUENCY GS defines options for selecting the frequency to fit the geometrical spreading;
GEOMETRICAL_SPREADING provides alternatives to define a fitting model for the geometrical
spreading; ANELASTIC_ATTENUATION allows the user to specify the characteristics of the
anelastic attenuation model; KAPPA contains information about the high frequency attenuation.
Detailed descriptions of each block are provided in Table 8, with an example shown in Figure 16.

att_dir Directory of output results from GlTeps.py
GLOBAL att_file File containing the non-parametric attenuation
curves (output of GlTeps.py)
out_dir Directory to save the FitAttenuation.py outputs
lot eranh "True": shows figures during the code execution;
plot_grap "False": avoids the figures visualization
PLOT
"True" saves figures in the output directory; "False"
save_graph
does not save figures
f ste The range of variability around the frequency used to
-step calibrate the geometrical spreading (freq)
FREQUENCY GS

Reference frequency to calibrate the geometrical
freq spreading. Commonly 1 Hz is assumed [Aki and
Chouet, 1975]

Set the geometrical spreading model G(R) to use:

gs_model Rref/R = 1, bilinear = 2, trilinear = 3, quadrilinear = 4
GEOMETRICAL ] ] ]
SPREADING HD1 First hinge distance (only for gs_model 2, 3 or 4)
HD2 Second hinge distance (only for gs_model 3 or 4)

HD3 Third hinge distance (only for gs_model 4)




The User can select one of the following attenuation
models by setting this variable as follows:

1: fit by considering a G(R) term + Q(f) term and NO
kappa

2: fit by considering a G(R) term + Q(f) term and an
case UNKNOWN kappa

3: fit by considering a G(R) term + Q(f) term and a
KNOWN kappa (being G(R) the geometrical
spreading, Q(f) the frequency dependent quality
factor and kappa the high-frequency attenuation
term)

This flag allows the User to decide if correct G(R) with
an exponential term accounting for the anelastic

ANELASTIC corr_fact_flag attenuation at 1Hz or not.
ATTENUATION 1: yes (default value)
O:no

Set how to fit the frequency-dependent Q(f):
Q_type O: linear fitting
1: tri-linear fitting

QO _corr Quality factor at 1 Hz (used if corr_fact_flag = 1)
dist_min_Q Minimum distance in km to fit Q(f)
dist_ max_Q Maximum distance in km to fit Q(f)
Vs S-wave velocity [km/s]
HF1 First hinge frequency (only for case Q_type = 1)
HF2 Second hinge frequency (only for case Q_type = 1)

Hinge frequency [Hz] to fit/correct the kappa value

hingfreq (used only if case = 2 or 3)

KAPPA

k_known Kappa value if known (used only if case = 3)

Table 8 Description of the key fields included in the configuration file of FitAttenuation.py.

Figure 16 Example of configuration file for
module FitAttenuation.py.




3.3.2 Run attenuation modeling module

The User has the option to run FitAttenuation.py using an interactive mode or an automatic
mode. The interactive mode is useful to find the best model by testing various options and
immediately visualize the test results with the possibility to make many tests in a short time.
The automatic procedure uses the information from the configuration file in case the User
already knows the parameters he wants to use to model the non-parametric attenuation curves.
Interactive mode is entered by executing the python code with --input followed by the non-
parametric attenuation file (Attenuation.txt) without configuration file argument:

python $code_path/FitAttenuation.py --input $your_path/Attenuation.txt --log
$your_path/FitAttenuation.log

Automatic mode requires the configuration file:

python $code_path/FitAttenuation.py --config $your_path/ConfAttFIT.yaml --log
$your_path/FitAttenuation.log

Example:

python FitAttenuation.py --input GITOUT/Attenuation.txt --log FitAttenuation.log
(interactive mode)
python FitAttenuation.py --config Conf_FitAttenuation.yaml --log FitAttenuation.log
(automatic mode)

input TXT file containing the non- A True (only
P parametric attenuation to be fitted forinteractive mode)
confi Configuration file in YAML format to na True (only for
& set the non-parametric curve fitting automatic mode)
output Output file format are: ‘csv’ or ‘json’; all
P to save data in both formats set ‘all’
log Log file in TXT format na True
Verbose mode (prints summary and
\% . True
other details)

Table 9 List of options to run FitAttenuation.py both in interactive and in automatic way.

3.3.3 Output of FitAttenuation.py

The outputs of the FitAttenuation.py module are saved in the directory specified in the
configuration file (under the field “out_dir” in Table 8), or, if interactive execution is chosen, in the
user-defined output directory. Figures are saved only if the “plot_graph” field in Table 8 is set to
“true.” In this case, three figures are generated (example shown in Figure 17). The numerical values
of the attenuation model can be saved in two formats: “json” and/or “csv” (Figures 17 and 18).



For the csv format, the anelastic attenuation and geometrical spreading models are saved in two
separate files (Figures 18A, 18B), with the parameters described in a third file named
“dictionary.csv” (Figure 18D). If the “json” format is chosen, all the information is stored in a single
file (Figure 18C). Finally, a log file is saved in the same directory as a “txt” file.

[ ey Figure 17 Output files of FitAttenuation.py.
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output files. A) Anelastic attenuation
parameters; B) Geometrical spreading

A parameters; C) Anelastic attenuation and
o geometrical spreading parameters; D)

: glossary of each key field of the output files.

(]

3.4 FitSource.py

FitSource.py describes the source spectra using standard seismological models that account for
several source parameters, including seismic moment, corner frequency, stress drop, radiated
energy, the ratio between observed and full energy, apparent stress, and radiation efficiency.
The flowchart for FitSource.py is shown in Figure 19. The configuration file for FitSource.py
includes settings for input/output, Brune’s model constraints, and source fitting parameters. It
also supports three optional input files: one to constrain the seismic moment using reference
catalogs, another to define the magnitude-dependent frequency ranges for fitting the source
spectra, and a third to incorporate a 1D-layered crustal model instead of a homogeneous one.

Source Spectra Figure 19 Flowchart of the GITpy module that
—— performs fitting of source spectra in terms of
i seismic moment and corner frequency

Conf FitSource.yaml

e ] (FitSource.py), and allows to derive other
seismological parameters (e.g. stress drop,

radiated energy).

i




In the current version of GITpy, only Brune's w*> model [Brune, 1970, 1971] is implemented
(equation 6) to fit the non-parametric source spectra derived from the GIT.

Si(f) = L0 porf—Lt e (f-f)) 6)

4”@,33R0 14 (i)z
ic

Res represents the average S-wave radiation pattern [Boore and Boatwright 1984]; the
parameter A accounts for the free-surface amplification factor. p and B are the assumed density
[g/cm?®] and the S-wave velocity [km s71] for the study region. R, indicates the reference distance
[km] which is usually set to the lowest and well sampled bin of distance.

FitSource.py simultaneously fits the seismic moment M, [Nm] and the corner frequency f. [HZ]
of the i-th earthquake. The process begins by correcting the acceleration source spectrum above
the hinge frequency f, to remove kappa effects. In the second step, the displacement source
spectrum is fitted is fitted using Brune’s model, with the seismic moment My and corner
frequency f. constrained around the theoretical values defined by equations 7 [Kanamori, 1977]
and 8 [Brune, 1970; 1971; Kramer, 1996], respectively.

Mo = 101.5~MW+16.1 (7)

fo=49-10%p- {20 (®
Mo

M, in equations 7 and 8 is in dyne cm, while Ao is fixed to 30 bars.

Fitting the source terms for large datasets of small-to-large seismic events recorded in regions
with heterogeneous crustal properties is a complex challenge. For instance, limited bandwidth
at low frequencies often prevents the observation of the corner frequencies of large earthquakes
(M > 5.5) in their source spectra. To address this, we have implemented an option in FitSource.py
that allows the seismic moment of large events to be fixed a priori using M,, estimates from
independent sources. In this case, the only free parameter to be fitted in equation 6 is f..
Additionally, the user can define the frequency bands used for fitting the source spectra, based
on different magnitude intervals.

Once M, and f, are obtained for each earthquake the Brune stress drop is calculated as follows:

Ao = — Mo 9

1673

where r is the source radius of a circular fault model [Brune 1970; 1971]:

2.34 (10)
2nf.

The apparent stress 7, [N/m?], which is a measure of stress change at a seismic source is
calculated as defined by Wyss [1970]:



T, = U Es (11)

where 1 [N/m?] is the shear modulus of rigidity of the source material and E, [Nm] is the seismic
energy radiated from the source.

In FitSource.py, we neglect the contribution from P-waves, which accounts for less than 5% of
the total radiated energy. Seismic energy E; is assessed from both theoretical and observed
spectra. In the theoretical case, the seismic moment and corner frequency derived from the GIT
are used in equation 12 [Izutani and Kanamori, 2001], with integration extending up to 10 times
the corner frequency of each earthquake.

s =

df (12)
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In the second case, the radiated energy is estimated by equation 13:

P fmax
_ 16mopR, j Sl df (13)

° 5A2 (R0¢)2 min

where S, is the empirical velocity source spectrum at the reference distance Ry

However, since the empirical source spectra provided by GIT are limited to a finite frequency
range [ fnin - o], the energy estimation can be affected by this bandwidth limitation. Given that
more than 80% of the seismic energy may be radiated at frequencies above the corner frequency
[Ide and Beroza, 2001], a correction for finite frequency bandwidth is applied to equation 13. This
adjustment accounts for the energy radiated up to infinite frequency, as shown in equation 14:

ffmax Sva? df = kv f-:o |Svel ?

df (14)

The ratio between observed and full energy [Ide and Beroza, 2001; Hwang et al., 2022] is
reported in equation 15:

< max> <fmin>
2 fe fe

kv=— |- + + tan? fmax tan"—fmm (15)
T 1+ max>2 1+< min>2 fC f(;
fe fe
Finally, the radiation efficiency 7., is computed as the ratio between apparent stress 7, and
static stress drop Ao [Savage and Wood, 1971; Beeler et al., 2003; 2012]:




3.4.1 Configuration file for module FitSource.py

The YAML configuration file for the FitSource.py module is structured into the following blocks:
GLOBAL contains the general settings; CONSTRAINT includes constant values for calculations
and information on managing reference moment magnitudes; CRUSTAL MODEL provides details
on the crustal model to be used for source spectra estimation; SOURCEFITTING comprises the
necessary parameters for source spectral fitting; KAPPA includes settings for kappa source
fitting; PLOT allows configuration of figure display options; and SAVE contains information on
how to save the figures. Detailed descriptions of each block are provided in Table 10, with
example configurations shown in Figure 20. Figures 21 and 22 illustrate example files required
for the configuration variables “magnitude_file,” “f_range_file,” and “crustal_model”. The
“fixed_magnitude.txt” file (Figure 21) contains the moment magnitude values (M,,) for selected
events in the dataset, as inferred from reference catalogs. It consists of three columns: the
“Event_ID” column, which includes the event identifier; the “MW” column, which shows the
independent moment magnitude value; and the “fixflag” column, which indicates how the M,,
value is used within FitSource.py. Events with a fixflag value of 1 are used to constrain the source
fit by fixing the seismic moment of each event to the M,, value (typically for large events, to
mitigate the effects of limited bandwidth). Events with a fixflag value of O are used to anchor
the seismic moments derived from the source spectral fit to a reference moment magnitude. In
these cases, the average offset between GIT-derived seismic moments and the M, values
inferred by reference M,, catalog is calculated. This offset is then used to shift all source spectra
to correct for any bias with respect to the reference catalog.

Title for the analysis (not used at the moment but will be

job_name added to the plots)

Directory containing the non-parametric source spectra

GLOBAL source_dir (output of GITeps.py) or directory containing the apparent
spectra (output of CorrectFas.py)
out_dir Directory to save the FitSource.py outputs
Reference distance [km] for which attenuation function is set
dref to vdref (Table 8). For coherence the User should set this
value as in the inversion configuration file (Table 8)
Rp S-wave average radiation pattern
Fs Free-surface coefficient
En Coefficient that accounts for the separations of S-wave
energy onto two horizontal components
CONSTRAINT File including a list of events with independent Mw. This file

has 3 columns: the first is the event ID, the second the Mw
value, the third is a flag: 1 means that this Mw is fixed for
the event; O means that the event is one of those used to
calculate the difference between the independent Mw and
the calculated Mw. More details are in Figure 22

magnitude_file

The User can decide to anchor the estimated M, to the
average of the difference with respect to an independent
AnchorageMw M,, catalog or not

0: no

1:yes




Possible settings:

HOMOGENEOUS: in this case variables "Vs" and "rho"
type_model are used for the source model.

HETEROGENEQUS: in this case Vs and rho are set reading
the file indicated in the variable "crustal_model"

CRUSTALMODEL crustal_model | File name (including path) containing the used crustal model

S-wave velocity [km/s] in the source region. For coherence
Vs the User should set this value as in the inversion
configuration file (see Vs in Table 8)

rho Density in the source region [g/cm?]

type 1 : simultaneous fit for My and f,

Option to choose the source model for future
implementations. At the moment this parameter can be set

sourcemodel
as follows:
1: Brune’s model
Option to manage the range of frequency for spectrum fit:
f_range
1: fin and f,, from file
SOURCEFITTING File name (with path) used when variable "f_range" is 1
f_range_file

(Figure 23)

As FitSpectra.py can be used to fit both output of GITeps.py
and CorrectFas.py it is important to set on which outputs to
appflag perform the fitting:

O:working on median source spectra (*.source);

1:working on apparent source spectra (*.app_source)

list_eve List of events to fit (used only for the case appflag=1)

Lower frequency bound above which to estimate kappa

KAPPA hingfreq cource

Option to decide how create figures:
#ACC : in acceleration (y-axis: m/s)
#VEL : in velocity (y-axis: m)

PLOT #DISP: in displacement (y-axis: m*s)

param

plot_graph Option to show figures on the screen : TRUE or FALSE

list_eve List of events for which to show plots on the screen

save_graph Option to save the figures: TRUE or FALSE
SAVE

list_eve List of events for which to save plots

Table 10 Description of the key fields included in the configuration file of FitSource.py.

Figure 20 Example of configuration file for
module FitSource.py.

017, 160824013632, 1606260004091




Eifued oot 3| Figure 21 File required by the yaml configuration

161030064017:6.33:1

1606824013632;5.97;1

161026191805;5.87;1

161026171036:5.30;1

170118101409;5.43;1

160824023328;5.29;1

170118102523;5.35;1

161103003501;4.745083929;0
10 170118092540;5.140604226;0
11 170118133336:5.024053683.:0
12 160824031759;3.842516898:0
13 160915144351,;4.053625655;0
14 161027082145;4.361130092;0
15 161031070203;3.102985608;0
16 161123000242:3.574964848.0
17 161125114909;3.145501967.0
18  161127195112;3.137132867;0
18 161129041856:3.478194921;:0
20  161203020656,3.190466198;0
21 161204202220;3.509191832;0
22 170118140109;3.971660758:0
23 170118151610;4.381765871;0
24 170203160825;3.475756243;0
25 170214082804:;3.63967961:0
26 170215062812;2.823514214;0

Wom s W

1 Event_ID;MW;fixflag file for FitSource.py (variable “magnitude_file”).

' _range b m| Figure 22 Example file “f_range.txt” for the variable
L NUM;MMIN;MMAX;FMIN; FMAX “f_range_file” of the configuration file (Table 10).
i ZEN1:0;2;0.8;25
3 2:2:3:0.5;25
4 3;3;4;0.3;25
5 4;4;5;0.1;25
6 5;5:10:0.05:25
7

3.4.2 Run source modeling module

FitSource.py can be executed to fit the median source spectra (GlTeps.py output source files)
or the apparent source spectra (output of CorrectFas.py). In both cases the code is launched in
the same way, as the configuration file has the information on the spectra to be fitted (see Table

10 variable “appflag” and “sourc_dir”):

python $code_path/FitSource.py --config $your_path/Conf_FitSource.yaml --log

$your_path/logsource.log
Example:

python FitSource.py --config Conf_FitSource.yaml --log logsource.log

Table 11 List of options to run the FitSource.py.

Configuration file in YAML format to set the
config . na True
source fitting
output Output file format are: ‘csv’ and ‘json’; to save data all
P in both formats set ‘all’
log Log file in TXT format na True
v Verbose mode (prints summary and other details) True



3.4.3 Output of FitSource.py

The FitSource.py outputs are different depending on whether the module is applied to median
source spectra (files “source”, output of GlTeps.py) or to the apparent source spectra (files
“app_source”, output of CorrectFas.py).

3.4.3.1 Fit median source spectra derived from GITeps.py

When FitSource.py is applied to the non-parametric source spectra generated by GlTeps.py, the
module fits the source spectra according to the specifications in the configuration file (Section
3.4.1). An example of the output files is shown in Figure 23. Based on the configuration file
settings, users can choose to save the corresponding source spectra and models in acceleration,
velocity, or displacement (refer to the PLOT and SAVE blocks in Table 11). Additionally, three
figures summarizing the results for the entire dataset are produced (Figure 24). If the source
fitting process fails to find a solution for a specific earthquake, the corresponding event ID is
recorded in a file named “source_spectra_err,” allowing the user to easily identify and review
the problematic event. Another output of the module is a table of source parameters, available
in both “.csv” and/or “json” formats (see Table 11). The parameters listed for each event are
described in Table 12, with an example shown in Figure 25. Finally, a log file is generated at the
end of the execution of FitSource.py.

Figure 23 Example of source_parameters.csv.
MWcat = -9 means that the seismic event is not
included in a reference moment magnitude catalog
(see “magnitude_file” in Table 10).

$5EEEEEEEE

88

RSN URUEY

Figure 24 Output files of FitSource.py when applied
to the median non-parametric source spectra
derived from Gl Teps.py (*.source files).

Eveld Event ldentification Number

Magnitude from FAS input files (the User should know what kind of

M magnitude he included in his input data files)
MWocat Mw derived from reference catalog
fmin [Hz] Min frequency used for the source spectra fitting

fmax [Hz] Max frequency used for the source spectra fitting



MO [Nm]

Seismic moment [Nm]

MO_err Standard error on seismic moment [Nm]
fc [Hz] Corner frequency [Hz]
fc_error Standard error on corner frequency [Hz]
MO_fc_corr Correlation coefficient between MO and fc
kappa [s] Source kappa [s]
k_err Standard deviation of the source kappa [s]

stress_drop [MPa]

Stress drop [MPa]

stress_drop_err

Error propagation on stress drop

log10_Er_mod [J]

log10 of radiated energy (from Brune’s model)

AppStress [Pa]

Apparent stress by Wyss [1970] (using Er_mod)

log_10_Er_oss [J]

log10 of radiated energy [J] obtained from non-parametric spectrum

log_10_Er_oss_fit [J]

log10 of radiated energy [J] obtained from fitted spectrum in the
range fmin and fmax

AppStress_oss [Pa]

Observed apparent stress by Wyss [1970] (using Er_oss)

log_10_Er_tot [J]

Total energy: Er_oss and extrapolated for low and high frequency
[lde and Beroza, 2001]

log_10_Er_tot_fmin_fmax_fit [J]

Total Energy: Er_oss_fit and extrapolated for low and high frequency
[lde and Beroza, 2001]

NSW

Savage-Wood seismic efficiency NSW (Apparent stress / stress drop)

Kv

Ratio between the estimated energy and the total energy
considering the entire frequency range [lde and Beroza, 2001]

Kv_fmin_fmax_fit

Ratio between the estimated energy and the total energy
considering the frequency range [fmin,fmax] [Ide and Beroza, 2001]

Mw

Moment magnitude

Table 12 Source parameters saved in the output file “source_parameters.csv”.

3.4.3.2 Fit apparent source spectra derived from CorrectFas.py

When FitSource.py is applied to the apparent source spectra generated by CorrectFas.py, the
module fits each apparent source spectrum (files with the “app_source” extension) according to
the specifications in the configuration file (Table 7). Specifically, source fitting and the calculation
of source parameters are performed for the events listed in the configuration file (under the
SOURCEFITTING block, field “list_eve” in Table 10). For each event, a file named
“*_appsource_param.csv” (where * corresponds to the event ID) is created (Figure 25A),
containing the source parameters derived for each available station. An example is shown in
Figure 25B, where a table of values is provided for a sample event. In the first column, the list
of parameters is displayed, while from the second column onward, the corresponding values for
each station are provided, with the station names indicated in the header row.



Figure 25 Output files of FitSource.py when applied A

TN > GIT.Pythoninlocale > €I > output > FT > SrcAPP_Model

to the apparent source spectra derived from RO
CorrectFas.py (*.app_source files).

@ 120225155121_appsource_param.csv
@ 210222120321 _appsource_param.csv

Tipo Di

File et

Filec

B tagoumceiat File TXT
A 5 {0 ) 5 F S H I K L M N
1 [FOSN STZIAN.. ST.VARA.. ST.RONC..ST.PANI.. ST.0ZOL. ST.GAGG.. ST.DSPE., ST.DOSS. ST.CARE. SLMOSL. SLLUSL. SLABSL. IV.OPPE. |
2 Dist 707 129 363 408 689 34 159 24 M4 99 24 1076 %68
e 2201 185 1265 2238 1845 1767 285 2387 1623 1508 1706 1942 3447
4B 397 2986 3068 435 45 3567 1049 586 325 3401 3507 139 1646
5 ideve 210E+11 210E¢11 240E411 2.10E+11 240E+11 210E+11 210E+11 210E+11 210B+11 210E+11 2108411 210E+11 2.10E+11
6 M 37 37 371 371 37 an 37 371 3.71 an 3 37 3
7 Mcat 371 371 37 3.71 371 37 371 371 371 3 3 371 3.7
8 MwWflag o o o 0 o 0 0 0 o o o o 0
9 fminl 03 03 03 03 03 03 03 03 03 03 03 03 03
10 fmaxh 2% 2 % 2% 2 2% 2 % 2 2% 2 2 2%
11 |Mo 199416 285E+15 5.85E415 2456416 341E15 1.93E415 18SE17 LI3EHI6 LSAEHS 267E+16 414E+15 346EHS L42E+16
12|MO_error  359E45 7.87E+14 875E414 37115 5.1SE414 3.59E414 48SE16 LBOEHIS 366E414 359E+I5 G.00E+14 4G4EHA J.IBELS
1l 0420974 2.492357 1340656 0.36948 2360571 5.065484 0118726 067112 4468196 0354149 1787455 99.99989 0.586297

14 fe_error 0.040682 0.508431 0.128128 0.029583 0.259769 0.881785 0.015299 0.060483 0.950444 0.025047 0.177143 459.5128 0.078079
15 |M0_fc_corr -0.9933 08562 -0.9266 -0.9955 -0.863 -0.7605 -0.9999 -0.978 -0.7781 -0.99% -0.8961 -0.5179 -0.9838

16 kappa -0.00889 0.092842 0.020591 0.005747 0057343 0.084919 -0.0155 0.028925 -0.00147 0.001166 0.021287 0.035176 -0.0021
17 kappa_error | 0.001522 0.015137 0.00234 0.000613 0.008172 0.0077 0.000948 0.00334 0.020368 0.001069 0.00525 0.015167 0.004375
18 stressd 0.383401 11.41434 3641172 0319499 1150813 649828 0.061956 0.882902 354295 030657 6.104655 893305.3 0.74571

19 stressd_error 0.069395 3.155353 0.54516 0.048429 1755391 12.06126 0.021058 0.141173 8.456888 0.041264 0.891199 120010.6 0.178813

4. Tutorial Guide for New Users

The following is a step-by-step guide for a specific example taken from the Central Italy region.

4.1 Example Dataset

An example dataset (GITpy_db) is available for download from the GitLab README page [7] to
test the GITpy package. GITpy_db consists of ~7,000 three-component accelerometric
waveforms associated with 209 seismic events (3.0 < Ml < 6.14) recorded in Central Italy by 53
stations (Figure 26). The dataset includes the mainshocks from the most recent seismic
sequences in the study area, such as the L'Aquila (2009) and Amatrice-Visso-Norcia (2016)
events. GITpy_db is well-sampled in the near-field region Repi [20-40 km], and the average
hypocentral depth is less than 10 km (Figure 27). However, the azimuthal coverage is poor, with
most of the stations located in the NNW-SSE direction (Figures 26 and 27). It is important to
note that GITpy_db does not fully capture the ground motion characteristics of Central Italy. It
is primarily intended for testing the functionalities of GITpy before using more accurate datasets
to derive region-specific source, attenuation, and site spectral parameters.

Figure 26 Left: Spatial distribution of events B o -
and stations included in the GITpy example "'} & : ‘: = . -
dataset (GITpy_db); Right: magnitude- - R v ”
distance distribution in function of the *'[  * il -
number of waveforms. = *oam : K ] e .,:

Figure 27 Top panel: Number of records - f g
according to events magnitude (left) and depth 0o
(right). Bottom panel: Number of records in
function of recording stations azimuth (left) and ™"
hypocentral distance (right). e A
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GITpy_db consists of a collection of flat files containing three-component FAS and related
metadata for 69 events, analyzed in the frequency range 0.5 - 25.06 Hz. The FAS were computed
from S-wave windows, which were selected based on a frequency-dependent threshold for the
signal-to-noise ratio (SNR). For instance, SNR = 10 for frequencies between 0.2-0.4 Hz, SNR =
5for0.4-15 Hz, and SNR = 10 for frequencies above 15 Hz. The time windows used to calculate
the spectral amplitudes were chosen based on the cumulative energy fraction: 90% for data
recorded within a hypocentral distance of 25 km, 80% for distances between 25 and 50 km, and
70% for greater distances, with a minimum duration of 4 seconds. The FAS were then smoothed
using the Konno and Ohmachi [1998] algorithm with a smoothing parameter of b = 40.

e e i e, . et 5 et Figure 28 Graphical example of output by using
. the GITpy_db dataset.
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An example of graphical output for source spectra, attenuation curves, and site amplification is
shown in Figure 28. Each file in GITpy_d has the extension “fas”. Below is an example (file
FAS_001.00.fas in Figure 29):

Ble Medfics Bgows Yok Fopwio Lngigge Corfqucens Srumesi Mycrs Giegu Bgn Fogina 1
SERE ol ke PalnE R

MG s R &MRIDc/aN2xTT 1ER
Rl
1 Id Ml Eviat Evion EvtDpt Ty Stat FDSN CMP MSta StlLat StLon StElev Depi Dipo Az FAS_Z FAS_NS FAS_EW LenZ LenNs LentW Freq TP TS ZE 1S
2 050514014711 1.€3 €807 14.9190 29.87 N BSSO 1Iv.BSSO.. HH 1.41 41.5461 14.5938 0.0 30.9 43.0 241 2.954e-05 9.691e-05 |

3 050514014711 1.63 41.6807 14.9190 29.87 N TRIV IV.TRIV.. BH 1.47 41.7666 14.5502 0.0 32,0 43.8 287 4.512e-05 1.850e-04
4 050514014711 1.63 41.6807 14,9190 29.87 N  SACR IV.SACR.. HH 1.51 41.3974 14.7057 0.0 36.1 46.9 209 3.307e-05 4.387e-05
5 050514014711 1.3 41.6807 14,9190 29.87 N MIDA IV.MIDA.. HH 1.77 41.8419 14.2540 0.0 55.4 62.9 266 5.230e-05 3.19%¢-05
€ 050514014711 1.63 41.6807 14.9150 29.87 N 566G IV.S566.. EH 1.45 41.3867 14.3792 0.0 55.5 63.1 234 1.982e-05 1.701e-05
7 050514014711 1.63 41.6807 14,9190 29.87 N  VAGA IV.VAGA.. HH 1.84 41.4154 14.232 0.0 64.1 70.8 243 7.941le-06 7.572e-05
8 051223042510 2.80 41.8%15 15.2752 16.76 N cIGN IV.CIGN.. BH 2.15 41.6542 14.9050 0.0 40.5 43.8 229 6.65le-04 7.35%-04
9 051223042510 2.80 41.8915 15.2752 16.76 N  FRES IV.FRES.. HH 2.53 41,9735 14.6693 0.0 50.9 53.6 28l 6.893e-04 3.207e-04
10 051223042510 2.80 41.8915 15.2752 16.76 N  TRIV IV.TRIV.. HH 2.62 41,7666 14.5502 0.0 61.6 63.9 257 1.4752-03 1.948e-03
11 051223042510 2.80 41.8315 15.2752 16.76 N  BSSO IV.BSSO.. HH 2,36 41.5461 14.5938 0.0 68.3 70.4 236 7.645e-05 3.157e-04
12 051223042510 2.80 41.8915 15.2752 16.76 N  PSBIL IV.PSBl.. HH 2.72 41.2234 14.8108 0.0 83.7 85.4 208 3.797e-04 6.123e-04
13 051223042510 2.80 41.8915 15,2752 16.76 N MIDA IV.MIDA.. HH 2.66 41,6419 14.2540 0.0 9.1 90.& 252 €.128e-04 5.749%-04
14 051223042510 2.80 41.8915 15.2752 16.76 N  CAFE IV.CAFE.. HH 3.16 41.0280 15.2366 0.0 96.0 97.5 182 1.864e-04 4.081e-04
15 060430210757 2.99 41.4740 15.6668 15.21 N  MOCO IV.MOCO.. HE 2.97 41.3700 15.1580 0.0 44.0 46.5 255 2.050e-03 2.738e-03
16 060430210757 2.99 41.4740 15.6668 15.21 N SGTA IV.SGTA.. HH 2,99 41.1350 15,3650 0.0 45.3 47.8 214 1.860e-03 2.605e-03
17 060430210757 2.99 41.4740 15.6668 15.21 N  PSBL IV.PSBl.. HH 2.89 41.2234 14.8108 0.0 76.7 78.2 249 1.286e-03 1.511e-03
18 060430210757 2.99 41.4740 15.6668 15.21 N  MRLC IV.MRIC.. HH 3.36 40.7564 15.4889 0.0 81.1 82.5 191 7.769%e-04 1.380e-03
18 060430210757 2.99 41.4740 15.6668 15.21 N SACR IV.SACR.. BH 3.04 41.3874 14.7087 0.0 80.5 82.0 264 €.865e-04 2.953e-03
060430210757 2.99 41.4740 15.6668 15.21 N AMUR (AMUR.. HH 3.06 40.9071 16.6041 0.0 100.6 101.7 128 7.841e-05 3.155e-04
060430210757 2.99 41.4740 15.6668 15.21 N CDRU IV.CORU.. HH 2,97 40.4896 15.3046 0.0 113.6 114.6 196 3,263e-04 2.50%-04
060806193331 3.86 41.8838 15.4517 18.25 N SGRT IV.SGRT.. HH 4.11 41.7546 15.7437 0.0 28.1 33.5 121 4.316e-02 3.99¢e-02
23 060806193331 3.86 41.8838 15.4517 18.25 N  MSAG IV.MSAG.. HH 4.29 41,7120 15.9086 0.0 42.5 46.2 117 2.77de-02 4.031e-02
4 060806193331 3,86 41.8838 15,4517 18.25 N CIGN IV.CIGN.. BH 3.53 41.6542 14,9050 0.0 52.0 55.1 241 1,119e-02 &.960e-03
25 060806193331 3.86 41.8838 15.4517 18.25 W MOCO 1V.MOCO.. HH 3.64 41.3700 15.1580 0.0 62.1 64.7 203 9.545e-03 6.046e-03
26 060806193331 3,86 41.8838 15,4517 18.25 N  TRIV IV.TRIV.. HH 3.70 41.7666 14.5502 0.0 75.8 78.0 260 1.914e-02 1.860e-02
27 060806193331 3.86 41.8838 15.4517 18.25 W BSSO IV.BS50.. HH 3.50 41.5461 14.5938 0.0 80.5 B2.5 242 2.85%-03 3.422e-03
28 060806193331 3.86 41.8838 15.4517 18.25 N  SACR IV.SACR.. HH 3.42 41,3974 14.7057 0.0 82.2 84.2 229 2.458e-03 3.708e-03
29 060806193331 3.86 41.8838 15,4517 18.25 N  SGTA IV.SGTA.. HH 4.05 41,1350 15,3650 0.0 §3.5 85.5 185 4.4056-03 4.929e-03
e g O w10 it o) Byt L L L.

Figure 29 Example of FAS file (file with extension “fas”).

The User can create its own input files with an arbitrary number of columns to include various
information (as in the example file above). GITpy will read only mandatory fields, the other
columns will be ignored (Table 13).

Id Identification number of the event string yes

Ml Local Magnitude float yes

EvLat Event latitude [°] float yes

EvLon Event longitude [°] float yes

EvtDpt Event depth [Km] float yes



Ty

Stat
Code to identify the seismic station. The identifier is
FDSN composed of the FDSN network_code, the char yes
location_code, and the station_code separated by a
Identifier code composed of two letters: the first
CMP o ofthe data sources th second one species] <M1 ves
the family to which the sensor belongs.
MSta
StLat Station latitude float yes
StLon Station longitude float yes
StElev Station elevation [m] float yes
Depi Epicentral distance [km] float yes
Dipo Hypocentral distance [km] float yes
Az Event to station azimuth [°] float yes
FAS_7 Fourier amplitude on vertical component [cm/s] float yes
FAS_NS Fourier amplitude on NS component [cm/s] float yes
FAS_EW Fourier amplitude on EW component [cm/s] float yes
LenZ
LenNS
LenEW
oq ey of e forhe
TP
TS
ZE
ZS

Table 13 Description of the fields included in the GITpy_db FAS files (*.fas). The mandatory fields are
required to run GITpy, while the metadata related to the optional ones (in yellow) contribute to qualify the
dataset. Note that in GITpy_db we provided the local magnitude M. In a further release of GITpy we will

implement the possibility to consider different types of magnitude.

4.2 Example Jupyter Python Notebooks

In this section we provide some Jupyter Notebooks tutorials to guide the User on how to run the
four main python modules of GITpy (Table 2). Make sure you have Jupyter installed on your laptop.
If not, you can install Jupyter in the gitpy python environment as follows if you are a LINUX User:

pip3 install notebook

To run the notebook:

jupyter notebook



On Windows, the user can launch Jupyter through the Anaconda shortcut. In both cases, this
will open a new tab in the default web browser, which should resemble the screenshot in Figure
30. The Jupyter Notebooks (.ipynb files) from the GITpy project serve as tutorials to guide new
users in running the code, displaying results, and reading explanations for each block of the
source code. Examples of Notebooks for the GlTeps.py (Figure 31), FitAttenuation.py (Figure
32), and FitSource.py (Figure 33) modules are provided below. These notebooks allow users to
execute the three modules step-by-step, following the comments and instructions in each code
block. This approach is particularly useful for familiarizing oneself with the software package
before applying it to relevant case studies. Users should ensure that they correctly edit the paths
and filenames of the input files, making sure they align with the directory structure of their
operating system.

Sponer Figure 30 Example of dashboard, specifically
™ designed for managing Jupyter Notebooks

pros ey P e [ w205 ©
r

(.ipynb files).

Figure 31 Example of Jupyter Notebook to run the
GITpy inversion module (GlTeps.py) to separate
Ovsrview ~_ A the FAS into the following three terms: A) path

DS e — ' NI attenuation; B) Source spectra; C) site

- amplification. The blue lines in the plot of the
frequency dependent site amplification factors
indicate the reference ground motion used to
constrain the solution of the overdetermined
linear system (eq. 1), whereas the red lines indicate
i = the median reference site seismic response.
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S —g S e Figure 32 Example of Jupyter Notebook to run

) the GITpy module (FitAttenuation.py) developed
for the physical parametrization of the non-
parametric attenuation curves (A) in terms of:
geometrical spreading (B) and frequency
dependent quality factor (C).




Figure 33 Example of Jupyter Notebook to run
the GITpy module (FitSource.py) developed for
the physical parametrization of the source
spectra in terms of: seismic moment M, and
corner frequency f. (A) and frequency k (B).

5. Conclusions

Although the generalized inversion of FAS for earthquakes is a well-established and widely used
methodology in the scientific community, there is a lack of open-source software that
implements this technique. GITpy is the first open-source tool designed to apply the generalized
inversion technique to isolate and model the contributions of source, propagation, and site
effects on ground shaking within the spectral domain. Specifically, GITpy is an object-oriented
Python software package comprising four primary modules that calculate: 1) non-parametric
source, path, and site terms derived from S-wave FAS; 2) apparent source spectra; 3) geometrical
spreading, anelastic attenuation, and source-to-site kappa effects; and 4) source parameters
inferred from seismological models and earthquake scaling laws.

The version presented in this technical report enables users to manage various levels of
complexity in parameterizing geometrical spreading and anelastic attenuation. Although the
current implementation is limited to Brune’s standard model for describing source spectra in
terms of moment magnitude, corner frequency, and stress drop, the software also includes the
estimation of additional parameters (i.e., radiated energy, the ratio of observed to full energy,
apparent stress, and radiation efficiency). Furthermore, a specific tool is provided to compute
the source spectra as observed at each station, correcting the empirical FAS for site amplification
and non-parametric attenuation. These apparent source spectra are particularly valuable for
investigating spatial variability in ground motion (e.g., directivity effects) and for rapid estimation
of source parameters after the occurrence of a significant earthquake.

Finally, the modular and flexible architecture of GITpy ensures that future software releases can
easily incorporate more advanced models, further expanding its functionality.

License

GITpy is licensed under the GNU Lesser General Public License (LGPL) v3.0.

Citation

Permission to use, copy or reproduce parts of the GITpy code and/or related outputs is granted,
provided that GITpy is properly referenced as:

D’Amico M., Morasca P., Spallarossa D., (2024). GITpy, a python framework for the Generalized
Inversion of Fourier Amplitude Spectra and the physical parametrization of Attenuation and Source
Spectra, Istituto Nazionale di Geofisica e Vulcanologia and Genova University Software Release.
https:/gitlab.rm.ingv.it/inversion/gitpy/-/releases


https://gitlab.rm.ingv.it/inversion/gitpy/-/releases

Getting Help

If you need help, please browse and search this documentation. To stay updated on the latest
code developments and updates, please refer to the GitLab project
https:/gitlab.rm.ingv.it/inversion/gitpy and the related README. Additionally, you can submit
questions, bug reports, and feature requests on the issue tracker on GitLab
(https:/gitlab.rm.ingv.it/inversion/gitpy/-/issues). All feedback and suggestions at
maria.damico@ingv.it or paola.morasca@ingv.it are welcome.

Disclaimer

This software is preliminary or provisional and is subject to revision.

GITpy is provided on an As Is, with all faults, and As Available basis, without any warranties of any
kind. We specifically do not warrant that GITpy is complete, accurate, reliable, or secure in any
way, suitable for, or compatible with any of your contemplated activities, devices, operating
systems, browsers, software and tools, or that their operation will be free of any viruses, bugs or
program limitations.

The use of GITpy for the inversion of seismic records and the parametrization of related spectra
are devoted to qualified users. No warranty, implicit or explicit, is attached to GITpy data and
metadata. Every risk due to the improper use of data or related information is assumed by the User.
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