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ABSTRACT

Efficient computer programming is becoming a central require-
ment in quantitative Earth science education. This applies not
only to the early career stage but—due to the rapid evolution
of programming paradigms—also throughout professional life.
At universities, workshops, or any software training events, ef-
ficient practical programming exercises are hampered by the
heterogeneity of hardware and software setups of participants.
Jupyter notebooks offer an attractive solution by providing a
platform-independent concept and allowing the combination
of text-editing, program execution, and plotting. Here, we
document a growing library with dozens of Jupyter notebooks
for training in seismology. The library is made “live” through a
server that allows accessing and running the notebooks in the
browser on any system (PC, laptop, tablet, smartphone), pro-
vided there is internet access. The library seismo-live contains
notebooks on many aspects of seismology, including data
processing, computational seismology, and earthquake physics,
as well as reproducible papers and graphics. It is a community
effort and is intended to benefit from continuous interaction
with seismologists around the world.

INTRODUCTION AND MOTIVATION

Discoveries in seismology are largely driven by increasingly so-
phisticated computer programming methods and the applica-
tion of these methods to large amounts of data. A consequence
is that every practitioner in the earthquake sciences has to be
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capable of reading, writing, and understanding code. Advanced
programming courses are unfortunately still not part of every
university’s curriculum, resulting in a training gap hindering
scientific progress. Projects like Software Carpentry (Achter-
berg et al., 2017; see Data and Resources) have been created
to aid in closing it and seismo-live, the topic of this manuscript,
aims to improve that situation specifically for seismology.

seismo-live is a growing, open-source, online collection of
executable Jupyter notebooks (Shen, 2014; Kluyver ez 4l., 2016)
covering a wide range of seismological topics with the explicit pur-
pose of offering in-depth, hands-on tutorials, and exercises cover-
ing theory as well as practical implementations in Python. Jupyter
notebooks combine documentation with editable and interactive
code. Aiken et al. (2018) recently demonstrated the rational be-
hind using these notebooks to teach seismology.

The assembly of Jupyter notebooks was initiated in 2014
with the preparation of programming practicals for the annual
Munich Winter School (see Data and Resources) focusing on
seismic data processing using ObsPy (Beyreuther ez al, 20105
Megies et al., 2011; Krischer, Megies, ¢t al, 2015) and on
the various numerical approaches in computational seismology
(Igel, 2016). Our success with Jupyter notebook training sessions
kicked off the preparation of a number of workshop program-
ming sessions (e.g, for the TIme DEpendent Seismology
[TIDES] project funded by the European Science Foundation).
This was followed up by dedicated seminars at the Ludwig-Max-
imilians-University Munich at the M.Sc. level, during which stu-
dents were involved in developing new notebooks for seismo-live,
solving scientific or technological problems (e.g., carthquake lo-
cation using probabilistic methods, simple earthquake rupture
problems, parallel programming), and documenting them with
the powerful combination of text, graphs, and executable codes.

While seismo-live could incorporate tutorials in many
other open-source programming languages, all currently
existing notebooks utilize the Python programming language
(see Data and Resources; Van Rossum, 2011). Python is an
interpreted, cross-platform, highly expressive language, and
in recent years its large ecosystem of high-quality scientific
third-party packages have been established as one of the most
widely used languages across all sciences (Perkel, 2015). Avail-
able packages in seismology include the widely used ObsPy li-
brary, MSNoise (Lecocq ez al., 2014), and many others (e.g.,
MacCarthy and Rowe, 2014; Krischer, Fichtner, er al., 2015;
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van Driel et al., 2015; Chen and Holland, 2016; Chamberlain
et al., 2017; Durand et al., 2018).

The notebooks and libraries used are platform indepen-
dent and can be run on any operating system. An important
appeal of seismo-live is that all notebooks are hosted online in
the cloud and can be run without installation. This removes
any initial hurdle or barrier to getting started, as the sole pre-
requisite is a working internet connection and a modern web
browser with javascript enabled.

seismo-live’s long—term ambition is to be a community
driven and organized library of high-quality interactive pro-
gramming tutorials and exercises that can be run anywhere.
Its scope is seismology-education focused notebooks that dem-
onstrate theoretical concepts, practical applications, tutorials

for libraries, and reproducible figures of published papers.

PHILOSOPHY AND CONCEPT

seismo-live’s main purpose is to serve as an educational tool for
new generations of seismologists. We believe that seismology is a
golden opportunity for seismo-live in that our basic data (time
series) are openly and easily accessible to all. An emphasis of each
notebook is thus the educational aspect which is met in a number
of ways: (1) clear and comprehensive explanations of theoretical as
well as practical aspects including formulas, citations, and further
references where appropriate, (2) code examples with extensive
comments that aim to be as simple and understandable as possible,
(3) embedded exercises where some pieces are left out on purpose,
(4) notebooks with reference solutions for these exercises, and (5)
successive notebooks that build on each other and introduce in-
creasingly difficult subjects that together make up full courses.

Many of these notebooks have been designed for short or
multiday workshops and tutorials. Nonetheless, care is taken that
cach notebook can be understood and used for self-study. We
anticipate that this will increase in the future and plan to accom-
modate any well-designed workshop material. A few workshops
have already been taught using the hosted solution on the seismzo-
live website. Even in cases where a local installation of workshop
material on participants’ computers is desired, the hosted version
can still serve as a fallback in case of broken installations. Fixing
those onsite would otherwise reduce teaching time.

Reproducible papers are another building block of seisnzo-
live. We collect Jupyter notebooks that reproduce figures or
results of papers. The need for and the growing concern regard-
ing the current lack of reproducible results is generally recog-
nized (Nature-Editorial, 2016) but changing this is a daunting
task. Interactive notebooks that can recreate full papers or parts
thereof, and in which interested readers can study the imple-
mentation and experiment with the parameters, are an impor-
tant step toward that objective.

LIBRARY CONTENT

In the following, we summarize the current content of the
library, which is also shown in Table 1. In the interest of space
we cannot present an outline of every currently available note-
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book. Notebooks are grouped by topic and a hierarchical list of
all available notebooks is shown to users upon entering seismo-
live (see Fig. 1). Some exemplary illustrations of seismo-live’s
graphical output are shown in Figure 2.

General

Even though Python is becoming increasingly popular in many
fields, experience shows that in many cases prior knowledge of
Python programming is very heterogeneous. Therefore, seismo-live
offers a “Python Crash Course” that introduces some of the fun-
damental concepts of Python. It introduces the most important
functionalities for seismic applications: numbers, strings, diction-
aries, lists, and functions. This is complemented by a short course
on “data visualization” using the 7zaplotlib library (Hunter, 2007)
with seismological examples: line and scatter plots, plot combina-
tions, annotations, and high-quality plots for publications.

Seismic Data Processing
The analysis of seismic data is at the heart of most seismologi-
cal research. The Python-based ObsPy library now provides
stable solutions for the entire workflow from (potentially mas-
sive) data download to parallel data processing using the recent
parallel Adaptable Seismic Data Format (ASDF; Krischer ez al.,
2016). seismo-live contains an extensive introduction into
the functionalities of ObsPy. This includes an introduction
to the zoo of seismic data formats, access to a large number
of data providers (FDSN compatible webservices, ArcLink,
SEEDLink, Earthworm, NCEDC, etc.), exercises on metadata
associated with seismic data, as well as basic processing tasks
(instrument correction, filtering,...) using ObsPy modules.
An essential ingredient in teaching seismic data processing
is spectral analysis. seiszmo-live contains notebooks introducing
the sampling theorem, windowing, tapering, the forward and
inverse Fourier transforms, time—frequency analysis, and filter-
ing, with specific applications to seismic data. These tools are
used in the notebooks presenting ambient noise analysis, one of

the most rapidly developing fields of seismology.

Rotational Seismology

Though still an exotic field of seismology, the analysis of joint
translational and rotational motions, also called 6 degree-of-free-
dom (6 DoF), is gaining momentum (e.g, Igel er al, 2015;
Schmelzbach ez al., 2018). The 6 DoF concept implies that by
combining translational and rotational motion observations at
the same measurement point, one can obtain wavefield informa-
tion (e.g,, phase velocities, propagation directions) otherwise only
accessible using seismic arrays. Also, a number of notebooks are
demonstrating how to (additionally) download rotational ground
motions (e.g, from ring lasers), and to make use of the powerful
processing options deriving phase velocities, or back-azimuth in-
formation from point measurements. The processing steps trained
with these notebooks are those automatically generating the out-
put of the rotational event database (Salvermoser ef al, 2017).

Computational Seismology
Many research projects in seismology use open-source software
to calculate synthetic seismograms. This is often a sensible
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A Figure 1. Screenshot of the hierarchical list of available notebooks shown to users upon entering seismo-live. Notebooks are organ-
ized by topic, and many notebooks exist in two variants; one with exercises, and one with the reference solution suitable for self-study.

Table 1
List of Notebooks Pof seismo-live at the Time of Writing
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Topic Summary Notebook Count
Ambient Seismic Noise Studying the ambient seismic noise field 1
Computational Seismology Introduction to various techniques for numerical wave propagation 52
Data Visualization How to plot date 1
Earthquake Physics Rate-and-state friction 1
General Seismology Cross-topic seismological application 1
Glacial Seismology Seismology on glaciers 2
Instaseis-Syngine Tutorials for Instaseis and Syngine 9
ObsPy An in-depth multiday ObsPy workshop 17
Python Introduction Python crash course 2
Rotational Seismology Work with rotational data 3
Reproducible Papers Notebooks to reproduce papers 7
Signal Processing Filtering and other topics 6
Workshops Notebook collections for workshops 19

Total: 121
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A Figure 2. Visual impressions of seismo-live Jupyter notebooks and output: (a) Gauss-Lobatto integration used in spectral-element
methods; (b) illustration of various filter types on seismograms; (c) combination of equations and codes for numerical schema; (d) time
reversal using the finite-difference method; (e) example of Instaseis seismograms; and (f) snapshots of seismograms for 2D acoustic wave

propagation.

choice, because the software may handle challenging complex-
ities (anisotropy, complex Earth geometries, ...), and the soft-
ware may have been carefully verified with analytical solutions
based on simple Earth models. The drawback for users is that
the theoretical concepts of these tools are often not well under-
stood and therefore the potential traps are overlooked. To pro-
vide a simple introduction to computational methods in
seismology, a substantial number of seismo-live notebooks
present the simplest possible numerical solutions to seismic
wave propagation problems (mostly in 1D), following the
strategy presented in Igel (2016). This allows researchers to
at least grasp the fundamental concepts and differences among
the various available methods. These include the finite-differ-
ence and pseudospectral methods, including the generation of
high-order operators, the concept of optimal operators, finite-
and spectral-clement methods, and the finite-volume and dis-
continuous Galerkin methods. Further examples are numerical
solutions to the seismometer equation (damped harmonic
oscillator), and the advection and diffusion-reaction equations.
A number of analytical solutions are provided to allow
proper  verification and benchmarking of computational
solutions. These include the acoustic wave equation (1D, 2D,
and 3D), the full-space solution for a double-couple point source
(Aki and Richards, 2002), and Lamb’s problem (source in a half-
space, Johnson, 1974). This is complemented by notebooks
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illustrating some fundamental properties of the seismic wave
equations such as reciprocity (time reversal), and the illustration
of numerical solutions as linear systems (i.c., pre/post filtering of
numerical solutions based on the convolution theorem).

A tutorial is provided on the rapid (instantaneous) calcu-
lation of global synthetic seismograms in a spherically symmetric
Earth model using AxiSEM/Instaseis/Syngine (Nissen-Meyer
et al., 2014; van Driel et al, 2015; Krischer et al, 2017). Axi-
SEM can generate spectral-element Green’s function databases
that can be used with Instaseis to very quickly generate synthetic
seismograms at high frequencies without numerical calculations.
Syngine is the corresponding webservice hosted by Incorporated
Rescarch Institutions for Seismology (IRIS; see Data and Re-
sources). Examples are given in which real data are compared
with Instaseis synthetic seismograms.

For the simulation of dynamic rupture, a rate-and-state
friction toolbox is provided that enables modeling of frictional
response to dynamic events such as velocity steps and time-
dependent frictional healing.

Reproducible Research

There is a strong push from the science community to make
scientific results and publications fully reproducible. Jupyter
notebooks are excellent for this purpose. Therefore, we dedi-
cate a section of the seismo-live project to reproducibility, and
provide examples of notebooks that regenerate the results
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tools for six-component processing for terres-
trial and planetary seismology, and (4) computa-
tional solutions for carthquake physics.

A massive-open online course (MOQOC) for
the COURSERA platform (see Data and Resour-
ces) focusing on the teaching of numerical meth-
ods for the acoustic and clastic wave equation
(called “Computers, Waves, Simulations”) is in
preparation and will be accessible in 2019.

DATA AND RESOURCES

Users per city

A Figure 3. Unique users of seismo-live per city from October 2015 to March 2018,

gathered with Google Analytics.

(graphics) of specific publications. This serves as an incentive
to researchers to think “reproducible” during their projects and
use Jupyter notebook (or similar) technology as a standard for
preparing publications. Interested researchers are welcome to
offer their research results as Jupyter notebooks.

Workshops

By now a number of workshops in seismology have been
organized on a variety of topics with programming practicals
based on Jupyter notebooks. In many cases, these workshops
are focused on specific topics with accordingly adapted note-
books. To make these topical notebook collections available to
the community we gather them under a specific workshop
section. At the moment these include a course on specific
webservices to access seismic data archives, as well as an ObsPy
tutorial held at an IRIS co-organized workshop.

CONCLUSION AND PERSPECTIVE

The open-source, online, Python-based Jupyter notebook li-
brary seismo-live provides access to a substantial number of
notebooks that can be used as (1) material for workshops
and academic training, as well as (2) seeds for seismological
research projects. The server-based online-executable opportu-
nities removes the need (but does not exclude the option) to
install the software locally on individual hardware. seismo-live is
organized through an open-source GitHub project and is in-
tended as a community effort that develops with the interac-
tion and contributions of the seismological community. Early
usage indicates global interest in the effort (Fig. 3). We suggest
that Jupyter notebooks provide an excellent basis for collabo-
rative and reproducible research projects.

Imminent extensions include notebooks on (1) probabilis-
tic and linear(-ized) inverse problems with applications in seis-
mology, (2) analysis of Earth’s free oscillations, (3) processing

All data and results reported in this article are
accessible on the seismo-live website (www
.seismo-live.org). At the time of writing, the
seismo-live server is based on the mprb
(https://github.com/jupyter/tmpnb)  project,
which internally uses light-weight Docker contain-
ers (https://docker.io). These technical details are
prone to change over time as technologies evolve.
Software Carpentry is available at https://
software-carpentry.org; Munich Winter School website is avai-
labe at www.geophysik.uni-muenchen.de/MESS; Python is avail-
able at https://python.org. Syngine is available at ds.iris.edu/ds/
products/syngine/. A massive-open online course (MOOC) us-
ing Jupyter notebooks in the field of computational geophysics for
the COURSERA platform is soon available at https://
coursera.org. All websites were last accessed on September
2018. K4
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