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Seismic data are generally scrutinized for repeating earthquakes (REs) to evaluate slip
rates, changes in the mechanical properties of a fault zone, and accelerating nucleation
processes in foreshock and aftershock sequences. They are also used to study velocity
changes in the medium, earthquake physics and prediction, and for constraining creep
rate models at depth. For a robust detection of repeaters, multiple constraints and dif-
ferent parameter configurations related to waveform similarity have been proposed to
measure cross-correlation values at a local seismic network and evaluate the location of
overlapping sources. In this work, we developed a Python code to identify REs
(FINDRES), inspired by previous literature, which combines both seismic waveform sim-
ilarity and differential S-P travel time measured at each seismic station. A cross-spectral
method is applied to evaluate precise differential arrival travel times between earth-
quake pairs, allowing a subsample precision and increasing the capacity to resolve
an overlapping common source radius. FINDRES is versatile andworkswith andwithout
P- and S-wave phase pickings, and has been validated using synthetic and real data, and
provides reliable results. It would contribute to the implementation of open-source
Python packages in seismology, supporting the activities of researchers and the repro-
ducibility of scientific results.

Introduction
Repeating earthquakes (REs) are families of two or more
events, usually of small magnitude, having the same source
rupture, location, and geometry, at different times. They
represent recurring seismic energy releases from the same
single fault patch and are commonly found on creeping plate
boundaries, where asperities are loaded by aseismic slip (e.g.,
Nadeau and Johnson, 1998; Chen and Lapusta, 2009; Igarashi,
2010). REs are observed in different tectonic settings involving
strike-slip, normal, and reverse faults (e.g., Chen et al., 2008;
Duverger et al., 2018). They are helpful in investigating and
measuring temporal and spatial variations in fault creep rates
(Chen et al., 2007; Uchida and Bürgmann, 2019), slip directly
on the fault independently of geodetic measurements, and
changes in the mechanical properties of a fault zone
(Chaves et al., 2020). They have also been observed during
water injection experiments, providing images of the geometry
and kinematics of transient slip patches (Bourouis and
Bernard, 2007).

Many studies identify REs using waveform correlation or
coherence (e.g., Nadeau and McEvilly, 1999; Igarashi et al.,
2003; Schaff and Waldhauser, 2005; Lengliné and Marsan,

2009; Uchida and Bürgmann, 2019). When using the cross-
correlation (CC) approach, the frequency band and the length
of the time window used in the calculation strongly impact the
identification of the candidate repeaters (Gao and Kao, 2020).
Long-time windows and broad frequency bands, together with
the highest CC values, help to ensure that the identified events
truly overlap, but at the same time, too-strict criteria may miss
REs, despite the identical slip patch (e.g., Lengliné and Marsan,
2009; Gao et al., 2021). On the contrary, when insufficiently
strict criteria are used, the associated events could be nearby
triggered earthquakes rather than true repeaters (Uchida,
2019).

For this reason, robust REs detection using multiple con-
straints and different parameter configurations related to
waveform similarity and physics-based methods have been
proposed (i.e., Chen et al., 2008; Lengliné and Marsan,
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2009; Ellsworth and Bulut, 2018; Shakibay Senobari and
Funning, 2019; Gao et al., 2021). Using different approaches,
such methods require waveform similarity and at least 50%
seismic source overlap to confirm REs (Waldhauser and
Ellsworth, 2002).

To identify REs, we follow the approach proposed in Chen
et al. (2008) and Shakibay Senobari and Funning (2019). The
method is based on the evidence that if two events have the
same source mechanism and their location overlaps, the seis-
mic waveform at each station should be very similar, as the
difference between the S- and P- travel-time arrivals (ΔS-P).
Using ΔS-P has the advantage of preventing problems with
station timing biases or uncertainties in the events’ origin time
(Chen et al., 2008).

In particular, we developed an open-source Python code
named FINDRES (Python Code for Detecting true
Repeating Earthquakes from Self-similar Waveforms), includ-
ing NumPy (Harris et al., 2020), SciPy (Virtanen et al., 2020),
ObsPy (Beyreuther et al., 2010; Krischer et al., 2015),
Multitaper (Prieto, 2022), and Matplotlib (Hunter, 2007)
dependencies. The efficiency of ObsPy has been widely dem-
onstrated in different open-access packages for matched-filter
detection methods (Chamberlain et al., 2018; Vuan et al., 2018)
and REs detection (e.g., Hotovec-Ellis and Jeffries, 2016),
among others.

In the next section, we provide a detailed description of the
code workflow and describe the architecture of the input data.
FINDRES is open-source and available through a public
GitHub repository, where usage and additional information
are provided.

The code is validated using both synthetic and real datasets.
For evaluating FINDRES accuracy and testing, we calculate
synthetics by wavenumber integration and use some real data
REs in the Northern San Francisco Bay (California) provided
by Shakibay Senobari and Funning (2019).

Material and Methods
Figure 1 illustrates the FINDRES flow chart. An initial catalog
of candidate repeating earthquakes (CRE) is needed as a start-
ing point to search for possible REs, together with the associ-
ated seismic waveforms acquired by a pool of seismic stations.
An inventory file of the seismic stations and a suitable 1D P-
and S-velocity model (VP, VS) for the area under investigation
are also required. Optionally, associated P and S picks provided
in one supported format can be used.

In the simplest case, CRE can be defined by analyzing earth-
quake interevent distances using a high-quality catalog and
selecting as CRE the events close enough in space, in which
the term “enough” depends basically on the station configura-
tion and the quality of the starting catalog available. More
complete and sophisticated criteria can be adopted to define
CRE, such as the ones based on CC analysis (e.g., template
matching), the output of waveform coherency, and so forth.

Whatever method is applied, the CRE catalog should be con-
verted to a specific format. The code uses a modified version of
the ZMAP format (Wiemer, 2001), in which the 11th and 12th
columns of the file are reserved for the event’s name (its index
in a parent catalog) and the path to the waveform file. This
indirection level provides a means to work with multiple cata-
logs and arbitrary filenames. After CRE identification, the asso-
ciated seismic waveform and station metadata should be
collected. Seismic data preparation consists of trimming
CRE waveforms from continuous streams by using P- and
S-wave theoretical travel times through a suitable 1D velocity
model or associated picks. The waveforms are cut to include a
pre and postevent time window; during later analyses, select
shorter chunks of data centered around the P or S picks
are used.

After input data preparation, the code explores every CRE
pair, using CC values and differential arrival times of P and S
waves. The code uses an early stopping strategy, and if the
CC criteria fail, it will skip the subsequent test. Waveforms
pairs that pass both tests are kept valid, and if we count enough
stations, we consider them repeaters. We define a family of
REs as a connected component of the graph where the nodes
are events, and two nodes are connected if they are found to
be a repeater doublet. In the end, FINDRES outputs the lists
of events found together, optionally with the files needed
for relocalization and graphics. Because the algorithm iter-
ates over each possible event pair, its time complexity is
quadratic depending on the size of the starting catalog.
Nonetheless, if one can divide the latter into separate clus-
ters, then these can be processed independently. Therefore,
in the case of large-scale analyses, the recommendation is to
unpack the catalog of CRE into smaller ones (e.g., exploiting
candidates’ location or preliminary CC analyses) and lever-
aging the input system of FINDRES to process them in
parallel.

Numerical parameters for the CC and cross-spectrum
analysis, together with the definition of thresholds to be used
for REs identification, should be set in a YAML parameters
configuration file, whereas the paths of the catalog and of
the other input files are passed to the program via a com-
mand-line interface. An example of the numerical parameters
file is provided for documentation purposes and is extensively
commented on. The choice to use the popular YAML data-
serialization format for both input and output was made, given
its readability and comprehensive support.

CC values
The CC values for each CRE pair at the available seismic sta-
tions are first evaluated for an appropriate time window,
including a pre-event interval before P phase and an interval
after the S phase. This choice allows considering both P and S
phases for stations at different epicentral distances without fix-
ing a priori the time window length. For each station, P and S
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phases can be obtained by reading picks from a bulletin in
standard formats or calculating the theoretical travel-time
arrivals by a suitable earth model when P and S picks are
not available (e.g., Li et al., 2020). As for the first solution,
we implemented the readings for Hypoellipse (Lahr, 1999),
Hypoinverse (Klein, 2002), NonlinLoc (Lomax et al., 2000),
and QuakeML format, whereas theoretical travel-time calcula-
tions are made using the Java TauP Toolkit routines (Crotwell
et al., 1999). We also include the possibility of using an ObsPy
picker to identify P-arrival times instead of the theoretical
values.

When reading phase picks from a detected event in a bul-
letin, S phases are often missing because S-arrival travel times
can be difficult to recognize and mark. To overcome this dif-
ficulty, because we want to consider arrival travel times for
both P and S phases, we proceeded as follows: when there
is only a P pick in the bulletin, the S pick is approximately
determined by supposing that S-wave arrivals precede the
maximum of the signal envelope after the P pick. As a further

constraint, we force the maximum envelope to be found in a
specific time window, centered using the P- and S-arrival time
criteria (tS − tP), taking into account the epicentral distance D
and average crustal P- and S-wave velocities (VP and VS).

After the P- and S-arrival travel-time definition, the
trimmed CRE waveforms are finally cross-correlated in the
time domain, using an appropriate frequency band, as
suggested by Uchida (2019).

The user can implement the code, including different
options for the correlation method (e.g., Gao and Kao, 2020)
or other features.

Figure 1. FINDRES flow chart. In yellow, we show the blocks
related to data preparation and repeating earthquakes (REs)
identification; in blue and gray the blocks related to the cross-
correlation (CC) and S- and P-travel-time arrival (ΔS-P) processing
procedures, respectively. The color version of this figure is
available only in the electronic edition.
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The frequency bandwidth is usually fixed based on the
source dimension (r) and corner frequency (f c). For recogniz-
ing overlapping events with approximately the same source
size, we must account for frequencies �f �f ≥ VS=4r, in which
r is the source radius. When a circular source radius is
assumed, r can be estimated using the following equation
(e.g., Eshelby, 1957):

EQ-TARGET;temp:intralink-;df1;53;652r � ��7=16��M0=Δσ��1=3; �1�

in which M0 is the seismic moment, and Δσ is the uniform
stress drop. Although M0 is generally well estimated, Δσ
can be poorly constrained. Its incorrect assumption can erro-
neously estimate the seismic source radius and classify close
events as repeaters and vice versa. The upper bound of the
bandwidth should instead be lower than the corner frequency
to reduce the possibility of excluding events with different rup-
ture patterns (i.e., slip directivity) but overlapping source areas
compatible with REs (Uchida, 2019). The corner frequency
increases as the magnitude and seismic source radius decrease.
In general, even the detectable distance, which corresponds to
the critical distance beyond which the event of a given mag-
nitude can be detected, decreases with magnitude (e.g., Li et al.,
2020). Commonly, the corner frequency is computed using
spectral ratios (Andrews, 1986) or empirical Green’s functions
(Hough and Dreger 1995) or simplified relationships using
dynamic rupture models (e.g., Brune, 1970; Madariaga, 1976).

Because the CRE catalog can have widespread magnitude
ranges (corresponding to different source radii and corner
frequencies), we consider defining different band-pass filters,
specified using the input parameter file. The first step of the
analysis performs the CC, and when a threshold CC value
is reached (e.g., 0.7–1.0), the procedure calculates the ΔS-P
by applying the cross-spectrum methods at each seismic
station.

Cross spectrum for ΔS-P estimation
To measure precise differential ΔS-P arrival times between
CRE pairs, we apply the cross-spectral method by following
the approach described in Poupinet et al. (1984) and using
the ObsPy port (Krischer et al., 2015). The spectral method
is preferred because it allows subsample precision to resolve
minimal source separation.

Data processing at a single station requires a prealignment
of the waveforms for each pair of events based on the relative
shift for which a maximum CC value is obtained. This step is
essential, and signal padding is also required to have the same
number of samples for the signals under process.

To compute the cross spectrum, we selected two different
time intervals around P- and S-phase arrival travel times for
each station and used the Multitaper module developed in
Python (Prieto, 2022). Cross-spectrum parameters are set in
the parameter file. As described in the previous section, P

and S window lengths are tailored based on P and S
travel times.

The delay times for both P and S waves are calculated by
the best-fitting slope of the phase spectrum for points with
coherence above a specific value. The value can be tailored
based on the case study but should be high enough to guaran-
tee high coherence in a specific frequency band (e.g., 0.85
or above).

To constrain further, we can extend the frequency range
beyond the maximum frequency used during the CC and
specify a minimum number of points above the coherence
threshold to evaluate fitting. Then, the relative difference
between P and S delay times is taken to estimate the ΔS-P time
between the events.

Similarity space domain
The similarity space domain identifies earthquake pairs on the
same asperity at different times. After the CC and cross-spec-
trum analyses are performed, we need to define CC and
ΔS-P thresholds indicating REs that share at least 50% of the
seismic source. Between these thresholds, the similarity space
domain took place, and the number of seismic stations inside
it can be evaluated for a proper REs identification (Chen et al.,
2008).

Although the CC threshold can be fixed by choosing a good
value, the ΔS-P threshold varies according to the seismic
source radius. We provide a utility to explore various settings
to get an average value for the ΔS-P domain expected for REs
pair, based on magnitude ranges and the adopted Δσ and
velocity model.

The selected CC and ΔS-P thresholds that define the sim-
ilarity space domain must be specified in the parameters file,
together with the minimum number of seismic stations (Ns)
required. Because the source radius and Ns vary based on mag-
nitude ranges, the code enables selecting ΔS-P thresholds and
Ns for different magnitude ranges. The selected Ns depends on
the available stations, network configuration, and the size of
the events.

Sampling frequency, number of stations, magnitude range,
and hypocentral distance are related, and results strictly
depend on the data quality. The code itself can be used with
various configuration parameters to perform some tests before
approaching the problem. These tests can provide indications
on the setup of parameters.

The procedure loops for all CRE pairs and stores the result-
ing REs in a list. All REs pairs that share common events are
grouped in families in the final step. Different parameter con-
figurations can be used to perform stress tests and evaluate the
stability of the identified REs.

We can relocate REs families with multiple events by apply-
ing a double-difference relocation algorithm. For this reason,
as a by-product, we also generate an input file to be used with
HypoDD code (Waldhauser and Ellsworth, 2000). To develop
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it, we follow the technique of Chen et al. (2008), in which the
relative times for P and S (called ttP and ttS, respectively) are
derived from the S-P time (SmP) and VP=VS ratio:

EQ-TARGET;temp:intralink-;df2;41;704ttP � SmP=��VP=VS� − 1�; �2�

EQ-TARGET;temp:intralink-;df3;41;651ttS � SmP=�1 − �VS=VP��: �3�

Using this approach, relocated events’ absolute locations
may not be remarkably accurate, but their relative position
is improved (Chen et al., 2008), and multiple REs can be
classified.

When using HypoDD, we recommend using the singular
value decomposition (SVD). It is the standard method
for solving the least-squares problem. Other choices include
the conjugate gradients method (Paige and Saunders,
1982), which is used when SVD is not computationally feasible
and sacrifices accuracy for speed (Waldhauser and Ellsworth,
2000). The number of REs in a family is usually less than 100,
so SVD, which is suitable for a smaller number of events, is
appropriate.

Application to Synthetic and Real Data
We apply FINDRES to a synthetic dataset to observe the CC
and ΔS-P estimated on event pairs of known seismic sources.
Synthetic seismograms are generated using a frequency–wave-
number code (Herrmann, 2013) and a simple 1D velocity
model (Table 1).

We investigate the CC values and the differences between
the theoretical and calculated ΔS-P for pairs of earthquakes
with the same focal mechanism (strike, dip, rake: 242°, 40°,
80°, respectively), depth (10 km), M0 (2:24 × 1011 N · m,
corresponding to an Mw 1.5) and corner frequency (25 Hz),
assuming a stress drop of 1 MPa. We generate synthetic seis-
mograms at epicentral distances of about 15 km and the azi-
muth of about 226°, at a sampling rate of 100 Hz.

We simulate pairs of events characterized by interevent dis-
tances (d) of 5, 10, 50, and 100 m. The spaces between the
events are defined based on the size of the seismic source to
investigate their overlap (>50% for d of about 5 and 10 m,
50% for d of about 50 m, and <50% for d of about 100 m).
Assuming a stress drop of 1 MPa, the corresponding source
radius using specified M0 is approximately 46 m, using
equation (1).

FINDRES is applied to synthetics pairs. The experiment is
used to validate the code and does not try to mimic any real
case or evaluate limits due to the network configuration related
to magnitude–distance couples. Figure 2 shows an example of
earthquakes characterized by interevent distance (d) of about
10 m. CC is estimated using a 1–25 Hz band-pass filter, suitable

to recognize possible nonoverlapping events and not exceeding
the corner frequency.

Although the CC threshold can be fixed by choosing a
conservative value (e.g., 0.9), the ΔS–P threshold varies
according to the magnitude of the events, stress drop, and
seismic radius. For synthetics, using Mw 1.5, stress drop of
about 1 MPa, the velocity model in Table 1, and event-station
distances of 15 km, the ΔS-P threshold defining the spatial
similarity domain is estimated at approximately 0.00575 s.
This value is less than the single sample accuracy achievable
using 100 Hz data. FINDRES results are shown in the sim-
ilarity space domain in Figure 3a, in which the agreement
between theoretical and calculated ΔS-P can be observed.
We also investigate how noise, incorporated in the synthetic
signal, can modify the correlation and coherence-based S-P
time, adding different signal-to-noise ratio (SNR) levels of
random noise to the synthetic data (SNR 2, 3, and 5). SNR
is calculated using the root mean square (rms), in which sig-
nal and noise are defined by the rms amplitude in a window
1 s after and 3 s before the P-arrival time, respectively. We can
observe that both CC and ΔS-P lose accuracy, but still, the
values are within the selected similarity space domain
(Fig. 3b–d) up to SNR 2. The synthetic also shows a demon-
stration of closely located but not overlapping events (green
symbols in Fig. 3). The green symbols correspond to pair of
earthquakes with high-CC values (CC > 0.90 in Fig. 3a–d),
located outside the similarity space domain (gray box), and
therefore rejected by the procedure. In this case, it is evident
that the evaluation of the delta S-P is essential to correctly
identify or discard REs.

To validate FINDRES using a real dataset, we applied the
code to two REs families identified by Shakibay Senobari
and Funning (2019) in the Northern San Francisco Bay
Area (Table 2).

For these events, we use waveform data, metadata, and picks
from the Northern California Earthquake Data Center
(NCEDC) (2014).

All the parameters and the data used for the test are
described in the FINDRES GitHub repository, together with

TABLE 1
Velocity Model Used to Generate Synthetic
Seismograms

Layer Depth (km) VP (km/s) VP =VS

0.00 4.10 1.84

2.00 5.10 1.77

7.86 5.79 1.79

17.80 6.34 1.73

42.00 8.00 1.78
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all the necessary information to reproduce the results. In par-
ticular, we used a 1–20 Hz band-pass filter to evaluate the CC
values, whereas the delay times for P and S waves are estimated
using the cross-spectrum plot versus frequency. Delay times
are obtained by fitting the slope of the points with coherence
above 0.88 for a portion of a signal centered on P- and S-arrival
travel times (Fig. 4). The lower bound of the CC used for
repeated earthquake detections in the time series is about
(0.90). This is not a rule. When using phase coherence, we
can choose to use a slightly lower value (0.88) to account
for possible numerical instability and ripples at certain
frequencies. In general, we recommend choosing a value
greater than 0.85 and less than or equal to 0.90.

For source radius estimation, we use 3 MPa as stress drop,
the Mw–M0 conversion, and the velocity model of Shakibay
Senobari and Funning (2019). We established the similarity
space domain using 0.9 for CC and 0.007 s for ΔS-P, and
set Ns 3 to declare REs.

Using FINDRES and the HypoDD code, we obtained con-
sistent results with the published ones (Shakibay Senobari and
Funning, 2019). Figure 5 shows the similarity space domain for
the pairs with id 21128020 and 71439381 in Table 2, and

(a)

(c) (d)

(b)

Figure 2. FINDRES applied to synthetic seismograms for pair of
earthquakes characterized by interevent distance (d) of about
10 m. We generate synthetic seismograms with an epicentral
distance of about 15 km and the azimuth of about 226° for
earthquakes pairs with the same focal mechanism (strike, dip,
rake: 242°, 40°, 80°). The inset in (a) shows a sketch (not in scale)
of the geometry used for the generation of synthetics with d =
10m and seismic source radii (a and b). Example of CC evaluation
showing (a) trace 1 and (b) trace 2, and (c,d) cross-spectrum
analysis for P and S waves time window, respectively. (a,b) CC
value (0.99) is calculated for the Z component, waveforms are
band-pass filtered between 1 and 25 Hz, and amplitudes are
normalized. The dotted red lines represent the time windows
used in the cross spectrum for P and S waves. We chose 0.1 s
before and 1.2 s after the P pick and 0.1 s before and 1.4 after
the estimated S arrival travel time. (c) The delay times for P and
(d) S waves are estimated using the cross-spectrum plot versus
frequency. Delay times are obtained by fitting the slope of the
points with coherence above 0.88. Finally, the difference
between relative P and S delay times is used to estimate ΔS-P.
The color version of this figure is available only in the electronic
edition.

2852 Seismological Research Letters www.srl-online.org • Volume 93 • Number 5 • September 2022

Downloaded from http://pubs.geoscienceworld.org/ssa/srl/article-pdf/93/5/2847/5681991/srl-2022048.1.pdf
by University of California-Riverside user
on 01 September 2022



Figure 6 the final HypoDD location for the corresponding REs
family (Id_REs 1).

Conclusions
We developed a code that helps identify true REs from self-
similar waveforms. REs represent an intriguing subject because
they are able to provide insights on the fault strength and the
interseismic slip independently of geodetic observations.
Moreover, small magnitude earthquakes repeated in space
and time could be associated with aseismic slip in foreshocks
and aftershock sequences and thus, indicative of variations in
tectonic loading and possible creeping.

We describe here the FINDRES Python code implementa-
tion that combines seismic waveform similarity using CC and
differential S-P travel times.

The code can be applied to different types of earthquakes.
The data preparation and setup of input parameters must be
selected appropriately considering the magnitude ranges, cor-
ner frequencies, and network configurations. The seismometer
characteristics and the sampling frequency limit the frequency
band available for analysis, that is, we cannot investigate REs if
the corner frequency is higher than the Nyquist frequency.
Uchida (2019), among others, shows frequency and magnitude
ranges for different-scale seismic events suitable for the detec-
tion of repeating earthquakes.

The code itself can be used with various configuration
parameters to perform some preliminary tests. These tests
can help in the setup of the input parameters and approaching
the problem.

FINDRES is versatile and works with and without P- and S-
wave phase pickings. A suitable velocity model for the area
under investigation is required in the second case. The pro-
cedure is also applicable to seismic catalogs built by nonstand-
ard waveform-based location methods, for which P and S picks
are not always available.

Finally, the code is validated using wavenumber integration
synthetic seismograms, and a real case study is reproduced to
confirm REs families in Northern California.

Data and Resources
Seismic waveform and picks phases can be accessed through the
Northern California Earthquake Data Center (NCEDC), doi: 10
.7932/NCEDC. In particular, we used the Northern California
Seismic Network (NCSN) catalog and Phase in Hypoinverse format,
available at https://ncedc.org/ncedc/catalog-search.html (last accessed
January 2022). Wavenumber integration seismograms are calculated
using Computer Programs in Seismology (Herrmann, 2013).
FINDRES code and data used in this work are available at https://
github.com/msugan/FINDRES (last accessed June 2022).
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(a)

(b)

(c)

(d)

Figure 3. Similarity space domain for synthetic seismograms: CC
values and absolute ΔS-P using theoretical (crosses) and esti-
mated (circles) values. Each symbol in the figure corresponds to
only one station and one different pair of events. We generate
synthetic seismograms with an epicentral distance of about
15 km and the azimuth of about 226° for earthquakes pairs with
the same focal mechanism (strike, dip, rake: 242°, 40°, 80°),
characterized by four different interevent distances d considering
seismic source overlapping (d = 5, 10, and 50 m) and nono-
verlapping case (d = 100 m). Purple: d = 5 m; red: d = 10 m; blue:
d = 50 m; green: d = 100 m. The gray box highlights the similarity
space domain estimated for the Mw 1.5 earthquake pairs (see
Application to Synthetic and Real Data for details). In the figure,
the seismic source overlap that characterized the similarity space
domain is expressed in terms of interevent distance (d) and
seismic source radii (a and b). Overlapping REs are characterized
by d/(a+b) < 0.5, nonoverlapping events by d/(a+b) > 1. Similarity
space domains for synthetic seismograms (a) without noise and
with random noise and different signal-to-noise ratio (SNR) levels
are shown, (b) SNR about 5, (c) SNR about 3, and (d) SNR about
2. The color version of this figure is available only in the electronic
edition.
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TABLE 2
Two REs Families (Id_REs 0, 1) (from Shakibay Senobari and Funning, 2019)

Id_REs Id_NCEDC Latitude (°) Longitude (°) Date (yyyy/mm/dd) Time (hh:mm:ss.ss) Magnitude

0 122842 −122.99767 38.88830 1988/08/25 21:48:30.40 1.87

484038 −122.99550 38.88750 1996/11/08 07:52:19.60 2.15

21442564 −122.99617 38.88733 2005/03/01 10:01:21.00 2.08

72388871 −122.99117 38.88750 2015/01/30 06:48:41.18 2.04

1 128170 −122.76884 38.54000 1988/12/07 06:47:34.21 2.04

21128020 −122.76817 38.54183 2000/10/02 00:12:38.37 1.91

71439381 −122.77167 38.54550 2010/07/30 05:57:34.30 1.72

Associated values (latitude, longitude, date, time, and magnitude) for each event are taken from NCEDC (2014).

(a) (b)

(c) (d)

Figure 4. FINDRES applied to a real dataset (event id 21128020
and 71439381 in Table 2); NTYB seismic station. Example of CC
evaluation showing the seismic waveform of (a) 21128020, and
(b) 71439381 events, (c,d) cross-spectrum analysis for P and S
waves time window, respectively. (a,b) the CC value (0.99) is
calculated for the Z component, waveforms are band-pass fil-
tered between 1 and 20 Hz, amplitudes are normalized. The
dotted red lines represent the time windows used in the cross

spectrum for P and S waves. We choose 0.2 s before and 1.3 s
after the P pick and 0.2 s before and 1.8 after the estimated S
arrival travel time. The delay times for (c) P and (d) S waves are
estimated using the cross-spectrum plot versus frequency. Delay
times are obtained fitting the slope of the points with coherence
above 0.88. Finally, the difference between relative P and S delay
times is used to estimate ΔS-P. The color version of this figure is
available only in the electronic edition.
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