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Abstract

Seispy is a graphical interface Python module for receiver function (RF) calculation and
postprocessing in seismological research. Automated workflows of RF calculations
facilitate processing large volume of different types of seismic data. The graphical
user interface enables an intuitive and straightforward evaluation of RF quality. All
parameters about the preprocessing for RF estimation can be adjusted based on user
preference. Water-level frequency-domain deconvolution and iterative time-domain
deconvolution for RF estimation are available in Seispy. The current version of
Seispy contains five main modules for the postprocessing of RF, such as H-x stacking,
crustal anisotropic estimation, harmonic decomposition, and 2D and 3D common con-
version point (CCP) stacking. The CCP stacking in the different application scenarios can
be handled by a rich collection of modules, such as time-to-depth conversion, 2D or 3D
CCP stacking, and adaptive station or bin selection for CCP stacking profiles in a dense
seismic array or a linear seismic array. As a Python module, functions in the Seispy can
be called easily in Python scripts for other purposes. The modular design allows new
functionality to be added in a collaborative development environment. Licensed under
GPLv3, Seispy allow users and developers to freely use, change, share, and distribute
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copies of the package.

Introduction

Receiver function (RF) is a time-series record calculated from
three components of teleseismic seismograms, which shows the
response of earth structure on the receiver side. Deconvolution
equalizes the source time function, and removes the instrument
response and the propagation effect to extract the RF from seis-
mic data (Langston, 1979; Ammon, 1991). Corresponding to the
complex spectral ratios of the radial-transverse (R and T) com-
ponents to the vertical component (for P-wave RF) (Langston,
1979) or the P component to the SV component (for S-wave RF)
(Farra and Vinnik, 2000; Yuan et al., 2006), a composite of P-to-s
or S-to-p converted waves is isolated from the teleseismic P or S
waves, respectively. RF becomes a widely used seismic method to
detect the features of the Moho, the lithosphere-asthenosphere
boundary (LAB), and the mantle transition zone (MTZ) due to
its sensitivity to velocity discontinuities.

The conventional workflow of RF includes RF (P-wave and
S-wave RFs) calculation and postprocessing. In RF calculation,
we usually perform preprocessing of the teleseismic data and
deconvolution to obtain RFs. The filtering and rotation param-
eters in the preprocessing depend on different deconvolution
methods. Many deconvolution techniques are used to obtain
the RF in the frequency and time domains. Because of the
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random noise, inaccuracies of source function estimation,
and limited frequency bandwidth, deconvolution of RF is usu-
ally ill posed with the small-amplitude spectrum. The water-
level deconvolution in frequency domain finds a small water-
level parameter that prohibits instability resulting from divi-
sion by very small numbers (Ammon, 1991). Iterative time-
domain deconvolution (Ligorria and Ammon, 1999) intui-
tively strips the largest receiver function arrivals from the
observed seismograms, and focuses on the most important
and energetic features, which is inherently more stable. Other
deconvolution methods have been developed for different
inverse problems and data to obtain a stable RF, and improve
the resolution, such as multiple-taper deconvolution (Park and
Levin, 2000; Helffrich, 2006), simultaneous deconvolution
(Gurrola et al., 1995; Bostock, 1998), and maximum entropy
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deconvolution (Wu et al., 2003). Postprocessing includes H-x
stacking (Zhu and Kanamori, 2000) and common conversion
points (CCP) stacking (Dueker and Sheehan, 1997; Zhu, 2000)
for investigating Moho or MTZ topography, and crustal aniso-
tropic estimation using a joint method (Liu and Niu, 2012) or
harmonic decomposition (Bianchi et al., 2010).

In the latest decade, as the volume of seismic data increases,
receiver function techniques have been applied to image struc-
ture under dense arrays. Therefore, more efficient RF calcula-
tion tools are needed for processing of large volume of seismic
data with high quality and more functions of postprocessing.

Python language has become a popular programing language
in seismic data computing. In the recent years, many modules
for processing different seismological methods have been
derived depending on Obspy—a Python module for seismic data
processing, such as Noisepy (Jiang and Denolle, 2020), CC-FJpy
(Li et al., 2021), BayHunter (Dreiling and Tilmann, 2019), and rf
(Eulenfeld, 2020). They are improving the ecology of seismic data
computation in the Python environment. Meanwhile, packages
for RF calculation are also developed in different platforms, such
as Matlab-based SplitRFLab (Xu et al, 2016), Crazyseismic
(Yu et al, 2017), FuncLab (Eagar and Fouch, 2012), and
Python-based rf (Eulenfeld, 2020). However, these packages lack
some of the following functions: automatic preprocessing with
different kinds and huge volume of seismic data, automatic
RF calculation, graphical user interface for RF quality control,
efficient postprocessing functions (e.g., H-x stacking, CCP stack-
ing, and anisotropic estimation), and easily accessible application
programing interfaces (API). Here, we develop a Python module
of Seispy for RF calculation to realize all these functions.

Overview of Seispy
Seispy relies on the open-source Python modules like Numpy,
Scipy, Obspy, PyQt, and Matplotlib, and is developed under
the GPLv3 license. The module can be easily installed via
conda-forge. Once installed, Seispy provides commands for
fast data processing, all of which are parameterized by config-
ure files in Python configParser format, without any additional
Python scripts. Therefore, the RF calculation, H-x stacking,
crustal anisotropy estimation, harmonic decomposition, and
CCP stacking can be performed in a single command line.
An online documentation powered by Sphinx has been
deployed (see Data and Resources section). We provide tuto-
rials on how to obtain a RF from teleseismic records, how to
visually check RFs, how to perform CCP stacking, and more. It
is helpful for early career scientists to understand the theory of
RF. Advanced examples involving detailed usage, choice and
parameters in RF batch calculation, 2D and 3D CCP stacking,
crustal anisotropy estimation, and harmonic decomposition
are accessible for users. In addition, the variables and returns
of most submodules, methods, and functions are also available
for users’ reference to facilitate their invocation in other
Python scripts or modules.
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The framework of Seispy includes two parts: an automatic
workflow of RF calculation and submodules of postprocessing,
including H-« stacking, crustal anisotropic estimation, har-
monic decomposition, slant stacking, moveout correction,
time-to-depth conversion, and 2D or 3D CCP stacking (Fig. 1).
For advanced users or developers, the submodules in the Seispy
can be invoked in the Python scripts for further purposes.

RF Calculation

Automatic workflow of RF calculation

Users can execute prf or srf in command line for RF calcula-
tion. A configure file including all parameters for RF calcula-
tion need to be set before the RF calculation. RF calculation
will work as follows (Fig. 1): (1) trimmed teleseismic records
involving primary phases with SAC format need to be pre-
pared. (2) Earthquake information with customized limitation
(e.g., epicentral distance, focal depth, date range, and magni-
tudes) are fetched from online catalogs with the International
Federation of Digital Seismograph Networks (FDSN) webser-
vice, for which providers include U.S. Geological Survey
(USGS), Incorporated Research Institutions for Seismology
(IRIS), the International Seismological Centre (ISC), the
Global Centroid Moment Tensor (Global CMT), and so on.
Seispy associates date and time information in seismic records
with acquired seismic information. The associated seismograms
are saved into a database with Pandas format. (3) Linear and
mean trend are removed, and a band-pass filter with custom-
izable cutoff frequency are applied on seismograms. (4) The
theoretical P or § arrival times, and ray parameters are then cal-
culated by TauPy submodule in Obspy (Crotwell et al, 1999;
Beyreuther et al., 2010) with customizable velocity models fol-
lowing the format required by TauPy. (5) The signal-to-noise
ratio (SNR) is calculated with the following formula:

SNR = 101 A—é
= 10logyo{ -7 J> (1)
N

in which Ag and Ay are time series after and before theoretical P
arrival, respectively. The time length can be set in the configure
file. A customized threshold is used to remove events with low
SNR from the database. Optionally, the database can be saved as
a binary file for recalculation. (6) The waveforms are rotated
from north-east-vertical (NEZ) components to transverse-
radial-vertical (TRZ) or P-SV-SH (LQT) components.
(7) Waveforms are trimmed around theoretical P or S arrival
calculated in step (4). (8) R components are deconvoluted by
Z components with time-domain iterative deconvolution
or water-level deconvolution (Langston, 1979; Ammon, 1991;
Ligorria and Ammon, 1999). See online documentation for more
parameters in deconvolution. (9) Some criteria can be selected
for automatic quality control. For example, root mean square
between original and recovered (convolution of RF and Z com-
ponent) waveform in radial component should be less than a
Volume XX« Number XX

www.srl-online.org - 2022

Downloaded from http://pubs.geoscienceworld.org/ssal/srl/article-pdf/doi/10.1785/0220220288/5748321/srl-2022288.1.pdf
bv China Farthauake Network Center user



l Looping all stations

Associate with

Event SAC Files —» earthquakes Quality control

— Preprocessing —® Deconvolution —»

- from catalog (Gul)
=
(2]
o e t "\ [ e + —————— (T el + ————— LY
] : Avai | | Detrend : I @ Water level !
] | catalog: : : Filter o : deconvolution :
S ! PDE ! | gf}i‘;‘t‘i'z:]e el tims || @ terative !
jeiobe CMT: ; Trim waveform | : decamolution :
| USGS i Bl R b
1 1SC I
I Local file 1
Lete.___
RFs of stations
Hmstacking Moveout correction CCP stacking along a profile
g SI ki
E ant stacking Eane
o decomposition
D
o Azimuthal CCP stacking with spaced grids
a aliieiire] ey Time-to-depth
calculation

conversion

I Time difference
: correction with 3D
| velocity model

customized value. The average amplitude after 30 s should be less
than a specified proportion of direct P amplitude. Finally, RFs are
saved to SAC files after the automatic workflow. Users can
choose different parameters in the preprocessing for RF calcula-
tion. Meanwhile, we can use a script for RF calculation in batch.

Manual quality control with a GUI
PyQt is a very popular Graphical User Interface (GUI) devel-
opment tool, and Matplotlib is an excellent scientific plotting
toolkit. In the Seispy, we plot waveforms with the Matplotlib
and embed them into the PyQt interface. We have developed
two interfaces to manually pick good seismograms for RF cal-
culation and good RFs, respectively. One GUI is developed to
pick arrival time and reject seismograms with low quality
(Fig. 2). After the step (5) of the RF calculation workflow, this
GUI may be open with setting a command-line option. Users
can pick the P- or S-wave arrival time with a simple mouse
click, and manually remove seismograms from the database
via pushbuttons or shortcut keys. Because the SNR of S wave
is much less than that of P wave, this manual quality control is
essential for S-wave RF calculation.

After the RF calculation workflow, we designed a GUI to
manually check qualities of RFs. This GUI can be opened with
Volume XX« Number XX
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Figure 1. General workflow for Seispy. CCP, common conversion
point; Global CMT, Global Centroid Moment Tensor catalog;
ISC, International Seismological Centre; PDE, Preliminary
Determination of Epicenters Bulletin; RF, receiver function; and
USGS, U.S. Geological Survey National Earthquake Information
Center. The color version of this figure is available only in the
electronic edition.

the pickrf command with RFs arranging by backazimuth or by
epicentral distance (Figs. 3 and 4). Users can mark a waveform
with low quality by direct mouse click. Top buttons and short-
cut keys are used to page down or up. Users can press the
spacebar to preview RFs without marked waveforms in a
new window. Finally, pressing “Finish” button will reject the
RFs marked as low quality and save a list of RFs with good
quality in a text file named “finallist.dat”. The “finallist.dat”
includes the information of the RFs such as epicentral location,
backazimuth, ray parameter, and Gaussian factor. The good
RFs in the text file of “finallist.dat” will be used for the post-
processing. Figures 3 and 4 show the main windows for visually
picking P and S RFs, respectively. The plotrt command can plot
the RFs arranged by backazimuth or by epicentral distance like
the Preview windows in Figures 3 and 4.
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Figure 3. Main view for visually checking P-wave RFs in radial and backazimuth. The example data are the station NJ2 of network

transverse components. Main window is used for picking good P- CB in China. The color version of this figure is available only in the
wave RFs. The Preview window shows the RFs arranged by electronic edition.
Postprocessing properties of the earth’s interior, like the topographies of veloc-

Because the RF is sensitive to velocity discontinuities, some ity discontinuities in the earth’s interior and the crustal
mature techniques based on RF are used to investigate different ~ anisotropy. We have integrated the H-x stacking, crustal
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anisotropic estimation, harmonic decomposition, and CCP
stacking into Seispy with friendly usages in the command line.

H-« stacking

H-x stacking (Zhu and Kanamori, 2000) is used to estimate the
Moho depth and crustal V»/V ¢ beneath the seismic station. To do
H-x stacking, users need to set up parameters in a configure file
first. Then just execute “hk” in the command line. The optimal
estimations of Moho depth and Vp/V will be written into a text
file. The figure of H-« stacking will be also saved with a high dots-
per-inch (DPI) value (Fig. 5a). Figure 5a is an example showing the
H-x stacking result for the station NJ2 of network CB in China.

Crustal anisotropic estimation

Seispy involves crustal anisotropic estimation with a joint
method (Liu and Niu, 2012) of radial energy maximization
with cosine moveout correction, radial energy maximization
with cosine moveout correction, and transverse energy mini-
mization. The command rfani is available for anisotropic esti-
mation with time window, including Ps phases and weights of
three methods specified in the command line arguments.
Figure 5b shows the results of different methods, which is gen-
erated automatically after executing the anisotropic estimation.
This example is for the station LTA of network SC in China.

Harmonic decomposition
Harmonic decomposition is an effective technique to separate
anisotropic and dipping components from radius and transverse
Number XX« —2022 .

Volume XX www.srl-online.org

Figure 4. Main view for visually checking S-wave RFs. Main
window is used for picking good SRFs in radial component. The
Preview window shows the RFs arranged by backazimuth. The
example data is the station YKW3 of network CN in Canada
(Yuan et al., 2006). The color version of this figure is available
only in the electronic edition.

RFs (Bianchi et al., 2010). This technique is not only used to
estimate azimuthal crustal anisotropy and crustal layer dipping
(Liu et al., 2015; Han et al., 2020), but also to extract the iso-
tropic components of RF for 1D RF inversion (Shen et al., 2013).
In the Seispy, execute the command rfharmo to calculate the
harmonic decomposition, plot the different components after
decomposition, and save the isotropic components to a local
SAC file. Figure 5c is an example of the harmonic decomposi-
tion for the station LTA of network SC in southwest China.

CCP stacking

CCP stacking is a routine method to image topography of dis-
continuities, such as the Moho, lithosphere asthenosphere
boundary (LAB), and mantle transition zone interfaces (ie.,
the 410 and 660 km discontinuities). The Seispy provides rich
functions to handle CCP stacking for Ps or Sp conversions in
different application scenarios. CCP stacking contains two
main steps: the time-to-depth conversion (rf2depth) and CCP
stacking (ccp_profile for 2D CCP stacking along a profile or
ccp3d for 3D CCP stacking).
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Time-to-depth conversion

The relationship between the time difference and the depths of
converted phases (Ps or Sp) depends on the velocity structure
and ray parameters. Traditionally, the ray parameters of the
converted phases are usually approximated as those of the
direct phases. However, for deep discontinuities, such as the
410 and 660 km discontinuities, this approximation results
in a nonnegligible depth error (Shi et al., 2020). To avoid this
error, we provide an option to calculate the ray parameters of
the converted phases at different depths through the TauPy
submodule in Obspy (Crotwell et al., 1999; Beyreuther et al,
2010).

The velocity structure under the station has a great influ-
ence on the time differences between the converted and direct
phases, and the locations of the conversion points in different
depth layers. Therefore, we use various methods to correct the
time differences and the locations of conversion points with a
priori 1D or 3D velocity model:

6 Seismological Research Letters

Time after P (s)

Figure 5. (a) Results of H-« stacking for the station NJ2 of network
CB in China. (b) Crustal anisotropic estimation. (c) Harmonic
decomposition. The data in panels (b) and (c) are from the station
LTA of network SC in China. The color version of this figure is
available only in the electronic edition.

1. Time difference correction with 1D velocity models of dif-
ferent stations. 1D RF inversion (or joint inversion with sur-
face dispersion) can obtain the average velocity model
under each station. We call the 1D velocity models at differ-
ent stations in the fixed format (same as the format in the
TauPy Crotwell et al., 1999; Beyreuther et al., 2010) for time
difference correction.

2. Time difference correction with 3D velocity model. For the
410 and 660 km discontinuities, a 3D velocity model is a bet-
ter choice for the time difference correction due to the larger
radius of ray distribution. In the 3D time difference
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correction, we first use the 1D velocity model to calculate the
locations of conversion points in depth for different RFs and
then interpolate the velocity model by these conversion points
from the 3D velocity model. The interpolated velocity models
are used to calculate the time difference of different RFs.

3. 3D time difference correction migrated by Snell's law.
Assumed a layered model under the station, the ray param-
eters are approximated as those of the direct primary waves.
Based on the 3D velocity model, Snell’s law is used to calculate
the ray incidence angles and locations of conversion points for
different RFs in each layer. Then, the corrected time
differences of converted phases will be obtained by interpo-
lating the migrated ray paths in the 3D velocity model.

The RFs in the depth domain are obtained by interpolating
the RF amplitude with the corrected time difference after
removing the station elevation.

2D and 3D CCP stacking

Seispy can handle both 2D and 3D CCP stacking. The 2D CCP
stacking is used to image the cross section along a profile. Thus,
the location of each bin centroid and the width of the profile
are crucial in the 2D CCP stacking. According to different dis-
tribution of seismic arrays, we provide the following ways to set
the stacking profiles:

1. Set two endpoint locations and the width of the profile
(Fig. 6a). This setting is suitable for seismic arrays with spa-
tial distribution (e.g., the USArray or ChinArray). Stations
are selected with the distance of stations perpendicular to
the profile less than the width of the profile.

2. Set the endpoint locations of the profile, and give the station
locations. This setting is suitable for linear arrays that are
relatively straight.
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Figure 6. (a) Stations used for CCP stacking when setting two
endpoint locations. The triangles are the seismic stations. The
blue line shows the location of 2D CCP stacking profile. The red
triangles are the stations used in the CCP stacking profile.

(b) Adaptive bins for the curved CCP stacking profile. The red
triangles are the seismic stations. The circles are the CCP stacking
bins. The color version of this figure is available only in the
electronic edition.

3. Adaptive bins along the curved profile (Fig. 6b). The user
just needs to set the stations along the profile in order. The
bins are automatically set at equal intervals along the curved
profile. This technique is applicable to a dense array that
cannot be deployed along a straight line due to topographic
constraints.

In Seispy, the shape of the bin can be set as a circle or a
rectangle. What is more, the radius of the bin can be set to
a constant value or the first Fresnel radius that varies with
depth. With bins set at equal intervals along the profile, ampli-
tudes of RFs in each bin are stacked at discrete depths.

For spatial distributed arrays, we also provide 3D CCP
stacking for extracting the discontinuity depths. The circle
bins, whose radius can be set to a constant or the first
Fresnel radius, are meshed with uniform central angles and
depth intervals. This method has been widely used to extract
the topography of the MTZ (i.e., the 410 and 660 km disconti-
nuities). The data and example for imaging the MTZ structure
in central Tibet can be found in Xu, Huang, Wang, Xu, Mi,
et al., (2020) and the documentation pages. It can also be used
to extract the Moho depths in dense seismic arrays. Compared
with the H-« stacking, this method takes into account the effect
of the difference of RFs with backazimuth and the effect caused
by the ambiguous multiples when a reliable velocity model is
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applied for time difference correction. In our previous study, a
sharp lateral Moho variation in the southeastern Tibet was
revealed using this method (Xu, Huang, Wang, Xu, Zhang,
et al., 2020).

Conclusions

Seispy is a Python module, GUI-equipped software designed to
provide automated processing and a graphical interface for RF
calculation in seismology. Its automatic and batch processing
for RF estimation is ideal for processing large volume of data
with different types. Seispy includes basic RF-based methods of
H-x stacking, crustal anisotropic estimation, harmonic decom-
position, and 2D and 3D CCP stacking. Rich modules are pro-
vided for processing different applications of CCP stacking.
The modular design of Seispy allows its functionality to be
easily extended by creating and merging new modules.

Data and Resources

Seispy is freely available at https://github.com/xumil993/seispy. A com-
plete documentation and examples for Seispy can be accessed at https://
seispy.xumijian.me. It also can be easily installed via conda-forge
(https://anaconda.org/conda-forge/seispy). The data used here as exam-
ples for RF calculation can be downloaded from the Incorporated
Research Institution for Seismology (IRIS). The data used for crustal
anisotropy estimation are downloaded from the Data Management
Centre of China National Seismic Network. The graphical user inter-
faces are built upon the PyQt5 (https://www.riverbankcomputing.com/
). The graphics are plotted using Matplotlib (Hunter, 2007). All websites
were last accessed in December 2022.
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