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SeisTomoPy: Fast Visualization,
Comparison, and Calculations in Global
Tomographic Models

by S. Durand, R. Abreu, and C. Thomas

ABSTRACT

We present SeisTomoPy, a new Python tool that facilitates the
use of a suite of tomographic models available to the public,
with a single program. We placed particular emphasis on pro-
viding a tool that will be freely available on a GitHub platform
and that is based on free software, Python and Fortran.
SeisTomoPy provides six tools that allow the user to visualize
tomographic models, compare them, and extract information
for further scientific purposes. The tool comes with a graphical
interface with intuitive buttons and simple parameters but the
same information can also be gained using the Python classes
that can be run routinely in Python scripts. This tool is suitable
for global and spherical tomographic models and is provided
with a default list of eight recent tomographic models. How-
ever, the users can also upload their own model if desired. By
facilitating the wider use of tomographic models, SeisTomoPy
aims at encouraging a wider community of geophysicists to
explore tomographic models in more detail.

Electronic Supplement: User manual for SeisTomoPy.

INTRODUCTION

For some time, we are facing an increase of global mantle
tomographic models (e.g, Ritsema ez 4/, 2011; French and
Romanowicz, 2014; Moulik and Ekstrém, 2014; Chang ez 4l.,
2015; Simmons et al, 2015; Durand et al, 2016, 2017;
Koelemeijer ez al., 2016) including both P- and S-wave models.
The most recent ones are generally based on a combination of
surface and body waves with or without including normal-mode
data. Some of them invert surface-wave phase velocities, body-
wave travel times as well as normal-mode splitting and coupling
coefficients, whereas others use waveform tomographic inver-
sions. These models are generally made public to be utilized in
various studies; however, in general their formats and the places
where they are stored are different, which allow neither an easy
use nor the exploitation of the features within them.

doi: 10.1785/0220170142
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In the frame of the Earth Model Collaboration (EMC)
project, Incorporated Research Institutions for Seismology
(IRIS) proposed to collect various models and make them avail-
able in a single format, netCDF (IRIS Data Management
Center [DMC], 2011). As part of this initiative, they developed
visualization tools (Hutko ez 4/, 2017), but tools for quantita-
tively exploiting those tomographic models are still missing,

Here we present a Python package SeisTomoPy that
allows the user:

e to visualize the most recent global tomographic models,
without need of reformating, as well as models that the
user would have at their disposal;
to extract quantitative information about these models;
to facilitate comparisons about different aspects of these
models;
to extract information for further use in other studies such
as travel-time variations due to velocity changes; and
to store the models in formats that can be used, for exam-

ple, for computing synthetic seismograms for waveform

modeling studies.

Our project SeisTomoPy thus provides tools that enable us
to visualize, compare, and derive useful information on the
most recent tomographic models, as well as on models that the
user would have at their disposal. It includes both a graphical
interface that makes the tool user friendly, and Python classes
that can be used routinely in Python scripts.

SeisTomoPy can be used to answer scientific questions.
For instance, because every tomographic model is generated
with different inversion techniques, from classical ray theory
(e.g.» Romanowicz, 2003; Mosca and Trampert, 2009) to wave-
form inversion (e.g., Nolet, 1990; Stutzmann and Montagner,
1993), and is based on different datasets, it is not always casy to
understand how these different approaches affect the resulting
tomographic images (see Liu and Gu, 2012, for a review).
Using SeisTomoPy, the comparison and analysis of effects of
these different choices on imaged mantle structures are facili-
tated. Comparing different models may also help find a best-
fitting tomographic model for other studies. Tomographic
models are also often used to correct travel times for mantle
heterogenecities, for example, before stacking (e.g., Schmerr and
Garnero, 2006). However, extracting travel times from
different tomographic models may be time consuming but
with our tool we provide the possibility to compute body-wave
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travel times in various tomographic models for many seismic
phases in any given 2D Earth’s profile in a short time. In ad-
dition, SeisTomoPy also provides input files ready to be used
for computing synthetic seismograms with AxiSEM (Nissen-
Meyer et al., 2014). Finally, by collecting the available tomo-
graphic models, SeisTomoPy will serve as a library of available
global tomographic models published after 2010 that will be
regularly updated.

In the following sections, we first present the different op-
tions that are included in SeisTomoPy and the outputs that can
be obtained. We then present an application of SeisTomoPy
for a study where we investigate the Pacific low-velocity
anomaly. We finally present future functionalities that will
be added to the tool but that are beyond the scope of this first

version.

GENERAL DESCRIPTION

SeisTomoPy includes several recent tomographic models that
are available to the community. They are mostly global shear
velocity tomographic models, but we also include one model of
the upper mantle to show that the tool can be used for a wider
list of tomographic models. We will add more tomographic
models as they become available, also including dedicated P-
wave models and more upper-mantle models. In Table 1, we
summarize the characteristics of the different models included
in the first version of SeisTomoPy. For detailed information on
each model, the reader is referred to the original publication.

Associated to this first library of models, we provide six
tools that will aid:

e generating cross sections and extracting values of Vg, V'p,
and density as input for AxiSEM to generate synthetic seis-
mograms;

e producing global tomographic maps at a given depth;

e computing the amplitude spectrum at any depth;

e computing the correlation at any depth between the dif-
ferent models;

o plotting wavepaths on the top of tomographic mod-
els; and

e computing travel times of body waves for the different to-
mographic models.

We will explain the usage of each of these tools below, and
more details about how to use the interface and the Python
classes can be found in the documentation available in the
® eclectronic supplement to this article. A jupyter notebook
tutorial is also provided to help the user become familiar with
SeisTomoPy.

SeisTomoPy has been developed for saving the generated
results from each of the functions in output files or figures that
can be used for further scientific studies.

MODEL FILES

Construction
For an easy use of the different tomographic models, as detailed
above, we have to convert the models into a new format that is
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then used in SeisTomoPy. We decided to use spherical harmon-
ics because it enables us to store the models in reasonable size
files but still achieve fast calculations. However, this limits the
use of SeisTomoPy to spherical models built using homo-
geneous parameterizations such as continuous functions
(spherical harmonics or splines) and regular grids. Still, spheri-
cal harmonics offer a good compromise between numerical
costs and the number of usable models. Using the packages
that arc usually distributed with the models, we create model
files at every kilometer that are then decomposed in spherical
harmonics up to degree 60 following

Z Z (— (z)) Y,,,(6, 4), (1)

=0 m=-/

V(6 ¢,2) =

in which 7 is the velocity at every locations (6, ¢) for a given
depth z, (57V (2))1,» is the spherical harmonic coefficients at
every degree / and order 72, and Y,,(6, ¢) are the complex
fully normalized spherical harmonics according to the defini-
tion of Edmonds (1960). Because we compute every model at
every kilometer depth, we are able to capture internal discon-
tinuities that may be included in the models such as in
S362WMANI+M that includes a discontinuity at 660 km
depth that is well recovered by SeisTomoPy (see Fig. 1b). We
cut the spherical harmonic expansion at degree 60. It implies
that for models with lower resolution, simply no energy for
degrees greater than the resolution will be introduced and we
verified that degree 60 is high enough to capture the complete
spectrum of the included models. Unifying the models in this
way also allows to filter a model below a certain harmonic
degree if desired.

For the anisotropic models, we choose to represent the

Voigt average which is defined for the shear velocity 704 s ot by

oi V2 202
V}/ gt __ SH ‘; SV} (2)

in which Vg and Vg are, respectively, the horizontal and
vertical shear-wave velocities (Montagner and Anderson,
1989; Chang ez al., 2015).

Most of the tomographic models chosen here invert for
the shear velocity perturbations 41n(?’g) and scale the com-
pressional velocity 4 In(7 p) and density d In(p) perturbations
to the shear velocity perturbations, such that dIn(Vp) =
VodIn(Vg) and dIn(p) = v,dIn(V) (see Table 1). The scal-
ing factors v, and v, can be chosen to be depth independent or
depth dependent (v, (7) and v,(7)). We took into account the
imposed scaling laws by the different authors so that models
can be displayed as perturbations of Vg, ¥'p, or p. The only
exception is SP12RTS (Koelemeijer er al, 2016), which
provides a 7"p model and we only use v, to build the density
model.

We also provide a software package to create the model
files so that other models can be uploaded if desired (see
section 7 of the documentation available in the ® electronic
supplement).
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(b)

S362WMANI+M

(c)

SEMUCB-WM1

SEISGLOB2

2 40 1 2
dIn(Vs) (%)

A Figure 1. Examples of cross sections obtained in various models (model names below each cross section). Small solid circles show
hotspot locations, small white circles denote earthquake locations, and left, middle, and right big solid circles denote the starting, ending,
and midpoints, respectively, along the profile. (a—c) Cross sections beneath Africa showing the African large low-shear-velocity province
(e.g., Lay et al,, 2006; Lay and Garnero, 2011). The profile extends from the surface to the core-mantle boundary and is 180° wide. (d,e)
Examples of narrower cross sections and with a smaller depth extent through subduction regions where the location of slab is highlighted
by displaying the earthquake location. The color version of this figure is available only in the electronic edition.

Crustal Considerations

For the models that do not include the crust, the models start
beneath the Moho, that is, at 24.4 km for preliminary reference
Earth model (PREM; Dziewonski and Anderson, 1981) and
STWOS (Kustowski ez al, 2008) and 30 km for the reference
model of SEMUCB-WMI1 (French and Romanowicz, 2014). For
the models that include the crust such as SEISGLOBI1 (Durand
et al., 2016), it is possible to display the model from the surface.

VISUALIZATION TOOLS: CROSS SECTIONS AND
MAPS

The main purpose of these tools is the visual exploration of the
various tomographic models.

The user can generate cross sections through 7p, Vy, or
density variations anywhere on Earth as illustrated in Figure 1.
It can be observed that the 660 km depth discontinuity included
in model S362WMANI+M is clearly visible on the cross section

4 Seismological Research Letters Volume XX, Number XX

(Fig. 1b) showing that it is properly taken into account in our
tool. The model can be displayed up to a chosen spherical har-
monic degree up to degree 60. This can be achieved using the
graphical interface or by importing cross_section and
cross_section plot from the SeisTomoPy class.

The plate boundaries of model NUVEL-1A (DeMets ¢t 4.,
1990), the hotspot locations (Miiller ez 4/, 1993), and a catalog of
carthquakes can be added. This may help position the profile on
the region of interest. The catalog of earthquakes is not exhaustive,
and it has been built with a minimum of earthquakes such that
plate boundaries can be scen. We used events deeper than 100 km
depth with magnitudes greater than 5.9 in the 1976-1998 time
range and we added all events with magnitudes greater than 5.0 in
the 2010-2011 time range. Magnitudes were chosen to be larger
than 5.0 to keep the datasct small. The user can also provide their
own plate boundary model, hotspot catalog, and earthquake cata-
log (see section 8 of the documentation available in the ® elec-
tronic supplement).

— 2018
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SGLOBE-rani

S362WMANI+M

dIn(Vg) (%)

A Figure 2. (a) Examples of maps obtained for three tomographic models (SEISGLOB2, SGLOBE-rani, and S362WMANI+M) at 1000 km
depth including the first 40 spherical harmonic degrees. Solid circles show hotspot locations and gray lines the plate boundaries. (b) Same
as (a) but the models have been filtered down to the spherical harmonic degree 18. The color version of this figure is available only in the

electronic edition.

The velocity and density values along the chosen cross
sections can be stored as output files, which can then be used
for generating synthetic seismograms using AxiSEM (Nissen-
Meyer et al., 2014) (see the An Application of SeisTomoPy to
the Study of the Pacific Large Low-Shear-Velocity Province
section). It is important to note that AxiSEM is an axisymmet-
ric code that will take the cross section and rotate the structures
to arrive at a 3D model. The obtained 3D model is thus not
realistic. For more details about AxiSEM, we refer the reader to
Nissen-Meyer ¢ al. (2014). Our tool also provides files that can
be used to visualize wavepaths superimposed on the tomo-
graphic model (see the Calculation Tools: Paths and Travel
Times section).

Other than this cross-section tool, we also provide a tool to
create maps at a given depth but for the whole globe. Again, the
user can either use the graphical interface or import the func-
tions tomomap and tomomap_plot. We illustrate this tool
in Figure 2a. The chosen models have different characteristic
wavelengths and for further comparisons it may be useful to dis-
play the models with similar length scales, that is, when they are
filtered with the same harmonic degree (e.g., Fig. 2a, where we
include the first 40 spherical harmonic degrees, whereas in Fig. 2b
we chose to keep only degrees smaller than 18).

For details and more examples, see sections 4.1, 4.2, 5.1,
and 5.2 of the documentation available in the ® electronic
supplement.

COMPARISON TOOLS: SPECTRUM AND
CORRELATIONS

We added two functions that help the user quantitatively com-
pare different tomographic models. It includes both spectral
analysis and correlation analysis.

The user can compute the amplitude spectrum S(X, z, /)
for the different models at a given depth z, for a given param-
eter X, and for a certain spherical harmonic degree /. It is

defined by

L (s P *
S(X) ® [) - i Z_/ (‘;;( (Z))lm (‘X{( (Z))lm) (3)

in which the exponent asterisk denotes the complex conjugate
and (% (2))y,, the spherical harmonic coefficients of the con-
sidered parameter X for a given tomographic model at depth z.
X stands for Vg, Vp, or density. The spectrum gives the
importance of each degree in the model and can be used to
compare different models (see e.g., Durand ez al., 2016) (see
Fig. 3a). This tool also allows the user to upload a file with
a different model, not included in the suite of models of Seis-
TomoPy, for a given depth and compute the spectrum of this
model. Because of the functions spectrum and spec-
trum_fromfile the spectrum calculations can also be run
routinely. Figure 3b shows the amplitude spectrum computed

Seismological Research Letters Volume XX, Number XX —2018 5
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A Figure 3. (a) Amplitude spectrum of the shear velocity perturbations at 400 km depth for three tomographic models (SEISGLOB2,
S40RTS, and SEMUCB-WM?). (b) Same as (a) but repeated at various depths and representing the logarithm of the amplitude spectrum.
The color version of this figure is available only in the electronic edition.

with SeisTomoPy for various depths and for three models, SEIS- correlation can be carried out for any parameter X | of model
GLOB2 (Durand et al., 2017), S40RTS (Ritsema et al., 2011), 1 and X, of model 2 and for the same depth between the two
and SEMUCB-WM1 (French and Romanowicz, 2014). models (z; = z;) or it could be for different depths (z; # 25).
We then added a tool that enables the user to compute the Correlations are then computed at a given spherical harmonic
correlation between two tomographic models 1 and 2. The degree / following:
(), ()
C(Xl) 21 XZ’ 22 l) - (4)

S (@), (), D (), (B ),
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A Figure 4. (a) Correlation between shear velocity perturbations of model SEISGLOB2 and model S40RTS at 400 km depth with the
confidence level curves 66%, 90%, and 95%. (b) Same as (a) but as a function of depth. The color version of this figure is available

only in the electronic edition.

As with other correlation methods, equation (4) provides a mea-
sure of agreement between the two chosen models: 1 for perfect
agreement, —1 for perfect agreement but with opposite sign, and
0 if there is no correlation between the models (see Fig. 4a). The
user can again upload their own model to compute the corre-
lation between this model and any other model provided with
the tool. The functions correlation, correlation_
fromfile, and correlation fromfile2 allow the
user to run the correlation calculations routinely. Figure 4b
shows examples of correlation functions computed between
model SEISGLOB2 (Durand e 4/, 2017) and S40RTS (Rit-
sema ez al., 2011) as a function of depth.

For details and more examples, see sections 4.3, 4.4, 5.3,
and 5.4 of the documentation available in the ® electronic
supplement.

CALCULATION TOOLS: PATHS AND TRAVEL
TIMES

These last two tools allow the user to test which mantle struc-
tures are sampled by a certain seismic wave and to compute the
associated travel times.

The user can display seismic phases on top of cross sections
made in the desired tomographic models. For this, the user
must first provide the input file for the cross section, which
is either obtained as an output file from the cross-section tool
or it can be created by the user for any other model not in-
cluded in SeisTomoPy. After loading the input file, the cross
section is displayed and the user can then additionally load files
with event and station locations and a list of seismic phases to

be shown on top of the tomographic image. The user can also
run path_plot from the SeisTomoPy classes in a terminal
without using the graphical interface.

For this tool, we use the wavepaths in the 1D model
PREM (Dziewonski and Anderson, 1981) computed using
ObsPy-TauP (Crotwell ez al., 1999; Beyreuther ez al., 2010).
This, however, is a sufficient approximation because the veloc-
ity perturbations in the mantle are of the order of 1%-2% only,
hence the paths are not significantly deviated from the path
computed within a 1D reference model such as PREM.

Travel-time delays can also be calculated. They are com-
puted with respect to a reference model through a given tomo-
graphic model 51‘255%"1 oPy? for any given seismic phases and for
any combinations of source and receiver provided by the user.
To that goal, we compute the paths of the seismic waves using
ObsPy-TauP in model PREM and integrate the velocity pertur-
bations of the tomographic model along this path as follows:

14 ds(0,z)
5P — 3D _ 4IDREF _ _/ (6, . 5
SeisTomoPy path V ( Z) V3D (9’ z) ( )
in which
ds(6,2) = [ + 23 — 2212, cos(60, — 02), (6)

in which ds is the distance along an elementary part of the path,
computed in polar coordinates (see Fig. 5), in which (zy, 2),
respectively (6, 6,), are the limits of an elementary portion
of the path in polar coordinates. We then compute the absolute
travel time tgeDisT mopy DY adding the computed travel time in the
reference model téeisTomey, as follows:

Seismological Research Letters Volume XX, Number XX —2018 7
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A Figure 5. Definition of an element of path of length ds in polar
coordinates. The color version of this figure is available only in
the electronic edition.

3D — $:3D 1DREF
tSeisTomoPy - 5t5€isTomoPy + Z.ScisTomoPy' (7)

These calculations include the crust only if the tomographic
model includes a crustal model, for all other models the user
needs to add the effect of the crust. By doing so, the user may
choose the best suitable crustal model for their study.

We provide an uncertainty Az on the computed travel
time that represents the precision of the integration. For this,
we compute the travel-time integration in the 1D PREM
model tgngl\gmoPy and compare our result with the output from

TauP t%}:ff)vl, so that

— || /PREM PREM
At = ||tScisTomoPy = PTaup || (8)

This definition allows us to benchmark our calculations
because we verify that we are able to reproduce ObsPy-TauP
calculations. We then only impose the velocity perturbations
obtained from a given tomographic model to compute the
desired travel times.

We illustrate these two tools in Figure 6. We focus here on
the Pacific low-velocity anomaly (Lay ez 4/., 2006; Lay and Gar-
nero, 2011) and use direct S waves and core reflected ScS waves
(see Fig. 6a). We also perform delay time calculations for § and
S¢S waves in the tomographic model S40RTS and display the
results in Figure 6b. The delay times 5t§gs—rom opy ArC given with
respect to the reference model (see Table 1 for information on
the reference model). The shaded areas show the uncertainties
provided by SeisTomoPy. They are very small, of the order of
0.1-0.3 s, here. The delay times are positive, indicating that the
waves are slower than in the reference model, as expected for
waves propagating through a low-velocity anomaly region.

For details and more examples, sce sections 4.5, 4.6, 5.5,
and 5.6 of the documentation available in the ® electronic
supplement.

AN APPLICATION OF SEISTOMOPY TO THE
STUDY OF THE PACIFIC LARGE LOW-SHEAR-
VELOCITY PROVINCE

In this section, we present an application of SeisTomoPy tools
to the imaging of the Pacific low-velocity anomaly. We use an
carthquake that occurred on 4 October 2002 recorded at 58
seismic stations across the western United States (see Fig. 7a).
The region sampled by this earthquake is illustrated in
Figure 6a. The distance between the earthquake and the station
is between 78° and 83° which makes the distinction of S and ScS
waves on a single seismograms difficult because of their close
arrival times. We thus apply array seismology methods, namely

(@) (b)
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A Figure 6. (a) Examples of Sand ScS ray paths displayed on top of model S40RTS using the paths tool. The region is chosen to include
the Pacific low-velocity anomaly. (b) Examples of travel-time delays &t30,7,,p, Calculated with SeisTomoPy for S (solid lines) and ScS
(dashed lines) waves in S40RTS. Shaded areas represent the uncertainties. These travel-time delays only take into account the effect of

mantle structures, and the crust effect must be added. The color version of this figure is available only in the electronic edition.
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fourth-root vespagrams (sce e.g., Rost and Thomas, 2002), to be
able to identify the waves and measure ScS—S delay times.

The vespagram of the data is presented Figure 7b. The
black vertical bars show the picked arrival times and theoretical
slowness computed in PREM for § and ScS. To compare the
observations to synthetic data, we then use SeisTomoPy for
computing cross sections using the tomographic model
S40RTS and use the generated AxiSEM input files to generate
synthetic seismograms with AxiSEM (Nissen-Meyer et al.,
2014) and Instaseis (van Driel ez 4., 2015). The vespagram of
synthetic traces is displayed in Figure 7c. The predicted travel
times for S40RTS by SeisTomoPy are given as black vertical
bars and agree with the arrivals of the waves in the vespagram.
There is still ~1 s of difference that may be attributed to the
use of ray theory to compute travel times in SeisTomoPy, while
the synthetic seismograms have been computed using 3D wave
propagation theory (Nowacki and Wookey, 2016).

We summarize in Figure 7d the various differential travel
times. It appears that the calculated travel times of S40RTS
using SeisTomoPy are not able to fully explain the measured
arrival time of the ScS. This suggests that the low-velocity re-
gion is slower than predicted by S40RTS. Additional structures
such as ultra low velocity zone (see e.g., McNamara ¢t /., 2010;
Thorne et al., 2013) have been detected in the same area and
could cause these travel-time differences.

ADDING FUNCTIONALITIES

Further functionalities will be added in the future:
o Displaying full anisotropic tomographic models.

Seismological Research Letters Volume XX, Number XX

o Displaying geodynamic models obtained from modeling
codes such as Stag3D (Tackley and Shunxing, 2002), that
can then be directly compared with tomographic models.

CONCLUDING REMARKS

We present SeisTomoPy, a new Python tool, that aims at facili-
tating the use of tomographic models provided on various web
sites and formats, and brought them into a single format to be
displayed and compared with other models. SeisTomoPy in-
cludes at the moment six tools that provide visualization, com-
parison, and further calculation facilities to use tomographic
models and extract information such as correlations, spectra,
and travel times. This tool is freely available on a GitHub plat-
form and will be updated regularly. Through storing many dif-
ferent tomographic models, it can also serve as a library for
future tomographic and geodynamic models.

DATA AND RESOURCES

The Global Centroid Moment Tensor Project database was
searched using www.globalcmt.org/CMTsearch.html  (last
accessed November 2017) and the data using Incorporated Re-
search Institutions for Seismology (IRIS) server. For the synthetic
seismograms, we used AxiSEM (http://seis.earth.ox.ac.uk/
axisem/, last accessed November 2017) and Instaseis (http://
www.instaseis.net/, last accessed November 2017). All the plots
were made using Python v.3.6 (https://www.continuum.io/
what-is-anaconda, last accessed November 2017). All tomo-
graphic models used in SeisTomoPy came from published sources
listed in the references. SeisTomoPy can be downloaded from
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the GitHub platform: https://github.com/stephaniedurand/
SeisTomoPy (last accessed November 2017). BY
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