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Supplemental Material

Integrated Seismic Program (ISP) is a graphical user interface designed to facilitate and
provide a user-friendly framework for performing diverse common and advanced tasks
in seismological research. ISP is composed of fivemainmodules for earthquake location,
time–frequency analysis and advanced signal processing, implementation of array tech-
niques to estimate the slowness vector, seismic moment tensor inversion, and receiver
function computation and analysis. In addition, several support tools are available,
allowing the user to create an event database, download data from International
Federation of Digital Seismograph Networks services, inspect the background noise,
and compute synthetic seismograms. ISP is written in Python3, supported by several
open-source and/or publicly available tools. Its modular design allows for new features
to be added in a collaborative development environment.

Introduction
Seismic programs have been commonly designed by seismol-
ogists to help analyze large amounts of data and implement
complex workflows. In addition, they are used to create models
such as synthetic seismograms, and to run routines that require
visualization for inspection (e.g., earthquake location and focal
mechanisms).

The usability of a software depends strongly on its installabil-
ity, performance, and robustness. Most of the freely available
and widely used seismic programs such as Seismic Handler,
Seismic Analysis Code, or Computer Programs in Seismology
(Stammler, 1993; Goldstein et al., 2003; Herrmann, 2013) are
command line tools. Although appropriate for automating
repetitive tasks, command line tools generally have a steep learn-
ing curve and require certain expertise to be used efficiently.
Software packages with a graphical user interface (GUI) are usu-
ally more intuitive, and thus usable even for beginner-level users,
and facilitate tasks that require user interaction.

Recently, open-source software such as SeisGram2K (see
Data and Resources), SEISAN or Geopsy (Havskov et al.,
2020; Wathelet et al., 2020) that partially provide GUIs have
been published, which make it possible for users to analyze
seismic data without previous knowledge in programming
or the necessity to use the terminal to run software commands.
However, these programs execute multiple tasks in a single

toolbox. This nonmodular design makes it difficult to maintain
the software and continue its development past its intended
use. On the other hand, programming language libraries such
as ObsPy (Krischer et al., 2015), dedicated to managing seismic
data, lack interactivity between the user and the graphical part
of the software, for example, to retrieve data directly through a
graphical interface, and inhibit introspection of the code to
change default algorithm parameters.

Integrated Seismic Program (ISP) is a set of GUI-equipped
toolboxes (Fig. 1) for which the main objective is to offer an
interactive and amendable environment for earthquake seismol-
ogy and signal processing. ISP offers five independent modules
in the current version, each performing a common seismological
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research task, and several accompanying tools that allow the
user to create an event database, retrieve data from International
Federation of Digital Seismograph Networks (FDSN) services,
and compute probability power spectral density functions
(PPSDs) and synthetic seismograms.

ISP is written in Python and uses the PyQt5 library (see
Data and Resources), which is commonly used for GUI devel-
opment. The ObsPy library is used for data download routines,
several signal processing methods, and read and write support
for different seismological data formats. ISP incorporates three
third-party software packages, with permission from their
respective authors: NonLinLoc (Lomax and Curtis, 2001)
for earthquake location using 3D velocity models (Silva et al.,
2017; Cabieces et al., 2020), Bayesian ISOLated Asperities
(ISOLA; Vackář et al., 2017) for centroid moment tensor
(CMT) inversion, and the classic FOCal MEChanism determi-
nations (FOCMEC) software (see Data and Resources) for
determining and displaying double-couple earthquake focal
mechanisms using the polarity and amplitude ratios of P
and S waves.

The ISP project is focused on the transparency of the code
and its development (Smith et al., 2018) and provides an intui-
tive documentation of the software. Its availability through
GitHub (see Data and Resources), a website designed for soft-
ware version control, provides access to the current version of
the code and updated software documentation. Tracking and
version control are achieved through Git (Loeliger and
McCullough, 2012). The ISP documentation was created using
MkDocs (see Data and Resources) and is linked to the ISP
GitHub project, thus enabling direct access for the end user
through a web browser or their own software. ISP is a free

open-software licensed under the GNU Lesser General
Public License version 3.0 (v.3.0).

In the following sections, we describe the modular structure
of ISP and the functionality of each toolbox.

Main ISP Modules
Earthquake analysis
The earthquake analysis module allows earthquake location,
magnitude estimation, polarization analysis, and focal mecha-
nism determination using the polarity of P and S waves. The
focal parameters obtained with this module form the basis for
further analysis of the event with ISP. The GUI of the earthquake
analysis module is divided into three different frames to pick an
event, perform polarization analysis, and locate the event.

Figure 2 shows the frames to pick an event (Fig. 2a) and
locating it (Fig. 2b). In the former, the user has loaded and
processed six waveforms and selected time windows corre-
sponding to body waves (red) and surface waves (blue). In this
frame, the seismic phases can be identified either manually or
automatically using different picking algorithms, based on the
energy of the seismic signal using the continuous wavelet
transform (CWT; Cabieces et al., 2020), the trace envelope
and the spectral entropy, or using a neural network trained
on more than 20,000 local, regional, and teleseismic events
(Ross et al., 2018). The software is designed to easily incorpo-
rate additional neural networks.

Figure 1. Integrated Seismic Program (ISP) framework. General
scope of software modules and auxiliary tools. RF, Receiver
Function. The color version of this figure is available only in the
electronic edition.
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The arrival times and first-motion polarity of the different
phases can be marked in the metadata header of each trace and
saved to a file for later use during locating the event and deter-
mining its focal mechanism. In addition, the event picking
frame provides a dedicated tool for magnitude estimation that
implements the methodology introduced by Bormann and
Dewey (2012). Preprocessing (i.e., filtering, tapering, detrend-
ing, etc.) of the seismic waveforms is handled by the fully

Figure 2. Earthquake analysis module, (a) event picking frame,
(b) event location frame showing the results of a regional
earthquake and its focal mechanism obtained from first motions,
and (c) probability density function of the earthquake location
search. The color version of this figure is available only in the
electronic edition.
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customizable macro processing tool (for further details, see the
Macros for seismic signal processing section).

The polarization analysis tool (Fig. S1, available in the
supplemental material to this article) can be used to rotate
the data to the ZRT or LQT reference systems. The particle
motion for the determination of the polarization angles of
the waveforms is analyzed following Flinn (1965). This
approach allows characterizing the temporal evolution of
the azimuth and incidence angle with the planarity and/or rec-
tilinearity.

The event location frame (Fig. 2b,c) provides a GUI for the
well-known nonlinear location (NLL) algorithm (Lomax and
Curtis, 2001). This algorithm allows locating events using
either a 1D or 3D Earth velocity model based on direct search
methods such as the stochastic Metropolis-Gibbs (Sambridge
and Mosegaard, 2002) or the Oct-tree sampling algorithm
(Lomax and Curtis, 2001). NLL uses the Eikonal finite-differ-
ence algorithm implemented by Podvin and Lecomte (1991) to
estimate the travel times and complete probabilistic solution
through the equivalent differential time (Zhou, 1994; Font
et al., 2004).

The event location frame also contains the FOCMEC soft-
ware (see Data and Resources) for the computation of focal
mechanisms, which allows obtaining a fast and reliable estima-
tion of the fault planes and their uncertainties for events with
good station coverage. The input parameters are retrieved from
the output file generated by the earthquake location routines
containing the first arrival polarities picked by the user. To
help the user select the parameters used for the computation
of synthetic travel times, the earthquake analysis module
includes a tool for visualizing 3D velocity models. The hypo-
center location, fault-plane solution, and magnitude estimate
along with their corresponding uncertainties can be saved in
an SQLite database (further details in the Event database sec-
tion) for later use to compile statistics.

Time–frequency analysis
The main purpose of the time–frequency analysis module is to
provide a quick and convenient way of representing signals in
the time–frequency domain. This module provides dedicated
signal processing tools such as the CWT (Daubechies, 1992;
Torrence and Compo, 1998; Mallat, 2009) using the Morlet,
Paul, and Mexican Hat wavelets, the possibility of computing
a multitaper spectrogram (Thomson, 1982; Prieto et al., 2009)
and the Wigner–Ville distributions (Boashash and Black,
1987), among others.

The tools provided by this module facilitate comparisons
between two signals using the power spectrum, magnitude
square coherence, transfer function, cross- and autocorrela-
tion, and cross-continuous wavelet, among other methods.

Figure 3 shows a screenshot of the GUI of this module, in
which the time–frequency domain representation of a regional
earthquake (Fig. 3a files selector and plotting parameters), has

been computed at two different stations, using the CWT
(Fig. 3b) and the multitaper spectrogram (Fig. 3c). The param-
eters used for the computation of the time–frequency represen-
tation, as well as different plotting methods, can be easily
changed in the bottom-left area of the GUI (Fig. 3d paramet-
rization widgets).

Array analysis
The design of this module is aimed at researchers and institu-
tions managing seismic arrays using common array techniques
to study regional and teleseismic events. The array analysis
module includes tools to determine the array response function
(ARF; Nawab et al., 1985; Ruigrok et al., 2017), the frequency–
wavenumber (f-k; Capon, 1969; Gal et al., 2014) análisis, and
the Vespagram (Rost and Thomas, 2002). Figure 4 shows an
example in which the f-k frame has been used to analyze the
2017 North Korea nuclear test from the Eielson Alaska Long
Period Array Research. In the left panels (Fig. 4a), the user con-
figures the f-k parameters and displays the slowness map of a
time window (Fig. 4b). On the right panels, the temporal evo-
lution of the f-k analysis (Fig. 4c) and the stack for a specific
time window (Fig. 4d) are shown.

In the first frame of this module (Fig. S2), the user has the
option to compute the ARF, which helps to design the geometry
of an array, given the wave parameters slowness or wavenumber
and the frequency range. The estimation of the ARF is intended
to optimize the configuration parameters for f-k analysis. In the
second frame, the f-k analysis is used to estimate the slowness
vector using overlapping time windows. The broadband f-k
spectrum can be computed using the conventional method
or using the multitaper coherence algorithm (Prieto et al.,
2009). This method differs from the conventional methods in
the tapering of the time windows (Thomson, 1982). In the
multitaper method, the signals are convolved with the discrete
prolate spheroidal sequences, which generally decreases the vari-
ance of the spectral estimates. This improved accuracy reduces
the size of the main lobe in the f-k slowness map, which in turn
improves the slowness vector estimation. In addition, waveform
stacking can be done using different algorithms (linear, nth root,
or phase weight stack; Schimmel and Paulssen, 1997; Ventosa
et al., 2017), according to the slowness vector with themaximum
relative power or coherence.

The last tool included in this module is designed to compute
the velocity spectral analysis. The vespagram (Fig. S3) time
function allows establishing a slowness or a backazimuth
and thereby obtaining the time-dependent f-k based on these
parameters.

Seismic moment tensor inversion
ISP includes a module to perform a seismic moment tensor
inversion. The functionality of this module is based on the
Bayes-ISOLA code (Vackář et al., 2017), a tool for automated
CMT inversion in a Bayesian framework. This module includes
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a function to calculate an optional data covariance matrix from
pre-event noise that yields an automatic weighting function for
the receiver components according to their noise levels. This
also serves as an automated frequency filter that suppresses
noisy frequency ranges. During the inversion, a grid search
is performed over time and space, combined with an analytical
(least squares) moment tensor inversion at each grid point,
which accelerates the inversion process. The more time-con-
suming tasks like the Green’s function computation and the
grid search are parallelized for efficiency. The results provided
by the module contain the best-fit solution, as well as the full
posterior probability density function (PPDF), which allows
the user to plot the marginal probability density functions
(PDFs) for any of the CMT parameters. This method provides
a best-fitting CMT solution and a full (non-Gaussian) PPDF
(Sambridge and Mosegaard, 2002; Sambridge, 2013).

Figure 5 shows the main window of the moment tensor
inversion module. The widgets in the left panel allow (Fig. 5a)
the user to change the inversion parameters. The results of the
inversion are shown in the right panel (Fig. 5b).

The moment tensor inversion module also handles data
preprocessing using the macro tool (for details, see the
Macros for seismic signal processing section subsequently),
and includes a graphic tool to create 1D Earth velocity models
to be used in the inversion. The GUI allows the user to select
the frequency range and grid size, to calculate the data covari-
ance matrix, and to filter receiver components, giving full con-
trol over the inversion process.

Receiver functions
The receiver functions module computes and analyzes receiver
functions. The GUI for this module is divided into two frames,
which implement different analysis methods: H-k stacking and
common conversion point (CCP) stacking (Fig. 6). Receiver
functions are computed using the water-level deconvolution
method (Langston, 1979) and are shown in the H-k stacking
frame (Fig. 6a). This frame allows the user to choose the water-
level parameter and the Gaussian filter width that can be used
to apply a prior band-pass filter to the raw waveforms if nec-
essary. The GUI provides a convenient way of performing vis-
ual quality control over the computed receiver functions and
allows discarding selected receiver functions from further
analysis. The remaining receiver functions can be used to
determine the crustal thickness and the VP=VS ratio below
the receiver using a semblance-weighted H-k stacking method
(Zhu and Kanamori, 2000).

The CCP stacking of receiver functions is a method used
to image the topography of subhorizontal interfaces below

Figure 3. Time–frequency analysis module. (a) Files selector and
plotting parameters, (b) time–frequency energy plane of a seis-
mogram from the continuous wavelet transform using the
Morlet wavelet, (c) time–frequency energy plane from the
multitaper spectrogram for a different waveform, and
(d) parameterization widgets. The color version of this figure is
available only in the electronic edition.
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the receivers. Receiver functions are treated as rays and,
assuming a 1D velocity model, backprojected away from
the receiver in the direction of the seismic source. At each
step of this backprojection, the amplitudes of the receiver
functions are assigned to their appropriate positions using
a time-to-depth conversion. The 3D volume below the receiv-
ers is divided into a grid of regular cells, and the amplitude
of the backprojected rays at any given depth is stacked into
the cells inside the Fresnel zone of the ray at that depth. This
procedure can be performed in the CCP stacking frame
(Fig. 6b) using the receiver functions computed and saved
in the H-k stacking frame. After loading the receiver func-
tions, the positions of the receivers are shown on a map
(Fig. 6b). The CCP stacking frame contains several parame-
ters the user may edit such as the grid design (coordinates,
maximum depth, and cell size) and the 1D model used for
the backprojection of the rays. The user can interact with
the map to design the grid for the backtracing (i.e., setting
the grid boundaries) or to generate cross sections of the com-
puted CCP stack (Fig. 6c).

Support tools
Macros for seismic signal processing. The macros are
one of the most important parts of the ISP core and can be
called from all the main modules to preprocess the raw seismo-
grams. In ISP, the seismic signal processing (i.e., filtering,
tapering, detrending, denoising, etc.) is carried out within
the macro frame (Fig. 7) that allows the user to select the

parameters for each processing step, as well as the order in
which they are performed. The design of this frame facilitates
tracking the signal processing and adjust its steps and
their order.

The structure of the macro framework is as follows: the
order of the process is set in the first column (Fig. 7a); addi-
tionally the user can remove or change the order of the proc-
ess. The second column reports about the selected method
(Fig. 7b), and the third column is designed to parameterize
that method (Fig. 7c). The user can select and add more
methods to the macro (Fig. 7d), and the complete signal
processing macro can be saved for later use and loaded in
all ISP modules (Fig. 7e).

Event database. The focal parameters of events located
using the earthquake location module, as well as additional
information including the slowness vector and CMT inversion
results, can be saved in an SQLite database. This database can
be accessed through a dedicated GUI (Fig. 8) to search and

Figure 4. Frequency–wavenumber (f-k) analysis in the array analysis
module. Example of a slowness vector estimation from a nuclear
explosion detection at the Eielson Alaska Long Period Array
Research (ILAR) array in 2017. (a) Parameterization widgets,
(b) slowness map, (c) time evolution f-k analysis, and (d) stack for a
slowness vector test with the maximum power or coherence. The
color version of this figure is available only in the electronic edition.
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manage the stored data. The user can filter the database,
searching for events by period or study region (Fig. 8a).
The result of the database query can be shown on a map
(Fig. 8b), in which the user interaction is made possible
through the table (Fig. 8c) that displays the selected data.

ISP uses SQLAlchemy (see Data and Resources) with an
object relational mapping design. The main advantage of this
design is that it allows easy conversion of the targeted database
(i.e., PostgreSQL, Oracle, and SQLite). The main structure of
the ISP database is shown in the Appendix.

PPSD analysis. This tool is aimed at evaluating the data
acquisition performance of seismic stations through the esti-
mation of PDFs (McNamara and Buland, 2004). PDFs are
computed from locally stored data using the ObsPy library,
and the results can be saved to a database for later use or loaded
into the GUI, which offers multiple visualization options
including displaying diurnal or seasonal plots. Diurnal seismic
noise levels can be compared with the standard low- and
high-noise models (Peterson, 1993, respectively) or with mod-
els for earthquakes of different magnitudes (Clinton and
Heaton, 2002).

Figure 9 shows the GUI of the PPSD analysis tool, in which
seismic noise has been analyzed on continuous data recorded
on three channels from three different stations over a period of
two months. The users can modify the display settings (Fig. 9a)

to visualize the PPSDs or the diurnal and seasonal variation in
the plotting widget (Fig. 9b).

Data retrieval. The data retrieval tool (Fig. S4) can be used
to request data from FDSN or Earthworm servers, using
ObsPy’s client class. Data servers can be queried for continuous
data or for earthquake recordings. In the latter case, the user
can download an event catalog from an institution of their
choice. For each selected event, P-wave arrival times at each
station are estimated using the TauP library, and the wave-
forms are downloaded between a set amount of time before
and after the estimated P-wave onset. The data retrieval
GUI can also be used to download and save instrument
responses for later use.

Synthetic seismograms. The synthetic seismogram tool
allows the user to easily compute and download synthetic wave-
forms for a set of sources and receivers using Syngine, the
Incorporated Research Institutions for Seismology Synthetics

Figure 5. Seismic moment tensor module. (a) Parameterization
widgets and additional action buttons to run the inversion and
plotting seismograms and stations map and (b) widget to show
the inversion results. CLVD, compensated linear vector dipole;
DC, double-couple; ISO, isotropic. The color version of this figure
is available only in the electronic edition.
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Engine (see Data and Resources) and ObsPy, through a dedi-
cated GUI. Syngine generates the Green’s functions using
AxiSem (Nissen-Meyer et al., 2014), an axisymmetric spectral
element method for 3D anelastic, anisotropic, and acoustic wave
propagation in spherical domains, whereas the synthetic seismo-
grams are calculated using Instaseis (van Driel et al., 2015) for
different Earth models. The available Earth models for these
computations are explained in Syngine. The synthetic seismo-
grams GUI can be used to visualize the synthetic waveforms

for different focal parameters, which can be plotted in a map.
Figure 10a,b shows the visualization GUI and the synthetic
generation dialog, respectively.

Figure 6. Main view of the receiver function analysis module.
(a) H-k stacking and crustal thickness determination, (b) common
conversion point (CCP) stack using the receiver functions shown
in the H-k frame, and (c) cross section. The color version of this
figure is available only in the electronic edition.
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Figure 7. Macro frame. Example of a macro with seismic signal
processing steps. (a) Widgets to set the order of the processing
steps, (b) the processing type and (c) to set the parameters for
each processing step. (d) Selection of processing steps to be

added into the macro and (e) widgets to save and load pre-
viously set macros. The color version of this figure is available
only in the electronic edition.

Figure 8. Database manager. (a) Widget to set a filter search,
(b) map with the database plots, and (c) database table

attributes. The color version of this figure is available only in the
electronic edition.
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Future Development
The core and the functionality of ISP have been thoroughly
tested. The ISP repository includes a wide variety of test exam-
ples gathered from publicly available seismic networks, includ-
ing regional and teleseismic earthquakes, nuclear explosion
recordings, and empirical Green’s functions. As well as being
useful for verifying that the software is working correctly, these
data examples are used as a tutorial for new users.

Because they are independent, all modules of ISP can be run
at the same time, allowing the user to use the different process-
ing routines simultaneously. Some highly demanding routines
are performed in multiple threads to avoid interference
between the events in each module. Some signal processing
tools (such as prewhitening or spectrogram computation)
are run in parallel jobs to boost the overall performance.

The modular approach of ISP simplifies the continued
development of new tools and will thus allow for its function-
ality to grow and evolve over time. The current ISP design is
focused on a thorough non-real-time earthquake analysis and
offers a broad variety of algorithms and routines for this pur-
pose. Nevertheless, a module aimed at the analysis of real-
time data streams is being developed and will be implemented
in the near future. Even though progress has been made to
allow the near-real-time retrieval of data, it is still necessary
to develop a specific tool to link the earthquake analysis tools

(e.g., automatic earthquake location, magnitude estimation,
moment tensor inversion, slowness vector estimation, etc.)
with the collected data.

In addition, we plan to expand ISP’s capabilities toward
imaging the Earth at different scales through the inclusion
of a seismic ambient noise-related module. The study of ambi-
ent seismic noise and its properties is a computationally
demanding task. There are only a few freely available packages
written in Python to study ambient seismic noise (e.g., Lecocq
et al., 2014; Goutorbe et al., 2015; Jiang and Denolle, 2020), and
all of them are designed as command line tools. Nevertheless,
implementing such a module should be specifically done either
in a low-level language (i.e., C, Fortran, and Julia) or in Cython
(i.e., C-extension for Python) so that the large amount of data
often used in seismic noise tomography studies (>1 TB size)
can be processed in a reasonable amount of time.

Figure 9. Probability power spectral density function (PPSD)
framework. Shown is an example of a probability density
function (PDF) visualization from a database with three com-
ponents at each of three stations. (a) Widgets to set PPSD
plotting parameters and (b) plotting widget to visualize PPSDs
and diurnal or seasonal variations. The color version of this figure
is available only in the electronic edition.
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Conclusions
ISP is a modular, GUI-equipped compilation of software aimed
at providing a user-friendly environment for performing
diverse tasks in earthquake seismology. As of now, ISP includes
modules aimed at earthquake location, focal parameter deter-
mination, computation and analysis of ARFs, representation
and analysis of signals in the time–frequency domain, moment
tensor inversion, and receiver function analysis. The graphical
environment will allow a wide variety of researchers, from stu-
dents with no coding experience to experienced data analysts,
to use the provided algorithms and obtain useful results. The
structure of ISP and its collaborative development environ-
ment will allow its functionality to be easily extended in
the future by creating and/or incorporating new modules
and tools.

Data and Resources
Integrated Seismic Program (ISP) is freely available at https://github
.com/ProjectISP/ISP (last accessed February 2022). A complete tutorial
for ISP can be found at https://projectisp.github.io/ISP_tutorial.github.
io/ (last accessed February 2022), as well as real-data examples for each

of the modules. The tutorial also includes links to the Python libraries
that support the software. ISP makes use of the ObsPy library (Krischer
et al., 2015) and the graphical user interfaces are built upon the PyQt5
library (https://www.riverbankcomputing.com, last accessed November
2021). The graphics are plotted using Matplotlib (Hunter,
2007), and the maps are generated using Cartopy (https://scitools.
org.uk/cartopy/, last accessed November 2021). Multitaper coherence
has been implemented using the Python library NiTime (https://
nipy.org/nitime/, last accessed December 2021). Waveform data used
to test ISP were retrieved from the Western Mediterranean network
(https://doi.org/10.14470/jz581150), the Instituto Geográfico Nacional
(IGN, https://doi.org/10.7914/sn/es, last accessed December 2021), the
Instituto Português do Mar e da Atmosfera (IPMA, https://doi.org/
10.7914/sn/pm), and Global Seismograph Network—Incorporated
Research Institutions for Seismology and U.S. Geological Survey
(IRIS and USGS; https://doi.org/10.7914/SN/IU). Other relevant
data and resources were obtained from the following websites:

Figure 10. (a) Synthetic seismogram analysis based on the
(b) synthetic generator dialog. The color version of this figure is
available only in the electronic edition.
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SeisGram2K (http://alomax.free.fr/seisgram/SeisGram2K.html, last
accessed December 2021), FOCal MEChanism determinations
(FOCMEC) (https://seiscode.iris.washington.edu/projects/focmec, last
accessed December 2021), MkDocs (https://www.mkdocs.org/, last
accessed December 2021), SQLAlchemy (https://www.sqlalchemy.
org/, last accessed December 2021), and Syngine (http://ds.iris.edu/
ds/products/syngine/, last accessed November 2021). The supplemental
material includes a short description of the following ISP tools:
Polarization Analysis, Array Response Function, Vespagram, and Data
Retrieval toolbox.
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Appendix
The SQLite database included in Integrated Seismic Program
(ISP), accessible through the Database tool, is designed to
store the focal parameters (including the results of moment
tensor inversions) and slowness vectors computed by
the user. Figure A1 shows the structure of the database in
detail.
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Figure A1. Structure of the Integrated Seismic Program (ISP)
database and its connections to the main modules.
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