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1. Introduction

In many seismological studies, the first task is to identify and locate seismic events.

While small-magnitude earthquakes may not pose a significant risk to urban areas,

they are of great interest to seismologists due to their frequency and abundance.

The detection of earthquakes with magnitudes smaller than the magnitude of
completeness (Mc) can be a challenging task, as seismic waves tend to attenuate

and unavoidable noise levels at seismic stations. Consequently, many earthquakes

with magnitudes smaller than the Mc value of a given seismic network may remain

undetected. The Matched-Filter technique is an approach based on signal pro-

cessing, which makes it possible to identify the seismic phases even with very low
signal-to-noise ratios by improving the detection capability of the seismic networks

in case of repeating events. The goal of this study is to depict the points that must be

considered when employing the Matched-Filter approach. As a result, sensitivity
tests were performed on each parameter to demonstrate their importance and
effectiveness in influencing the outcomes of utilizing this technique. The statistical
measurements revealed that selecting incorrect values reduces the quality of the
event identifications and may potentially result in mistakes. Finally, depending on

the assessments and settings chosen, this method utilized to process 95 days of
continuous data from a local temporary seismographic network demonstrates the
technique's capability. A comparison between the catalog obtained by this study
with a reference one shows an increase in the frequency of good and medium-grade
located events in the ILAM's local seismic network, confirming the method's
efficiency.

The detectability of seismic events in a
seismographic network is affected by inter-station
spacing (network density) and the level of noise
at each station. When seismic waves propagate,
the amplitude of the waves decreases over time
and distance from the epicenter due to attenuation.
This effect, combined with the unavoidable noise
levels in the seismic stations caused seismic

waves of many earthquakes with magnitudes
less than the Mc of the network, buried in the
noise. So, the buried seismic phases are undetect-
able by observation or detectors that rely on
signal energy. As a result, many small earth-
quakes remain undetected in the network. In the
two next paragraphs, we explained two solutions
to overcome this issue and why we are interested
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in the Matched-Filter technique.

To improve earthquake detectability in a
seismic network, two approaches could be used.
The first strategy involves expanding the seismic
network by adding new stations and increasing
the quality of existing stations. This strategy,
however, is only beneficial for future earthquakes
and cannot improve the outcomes of previously
recorded earthquakes. Even with a dense network,
identifying hidden seismic phases in environ-
mental noise is impossible. However, the high cost
of building and maintaining seismic stations and
transferring and storing the data of a dense network
is very demanding and makes its implementation
economically challenging.

The second approach is to use better signal
processing techniques to improve the detection
and association of seismic phases. Therefore, it
is very advantageous to use improved signal pro-
cessing techniques to increase the efficiency and
detectability of a seismological network. The
matched-filter method (waveform cross-correlation
as an identifier) is a technique based on signal
processing methods, which also enables the iden-
tification of seismic phases below the noise level
in known source conditions (Schaff & Richards,
2014).

Among the many applications of the waveform
cross-correlation technique in seismology are
improved event location by determining the exact
time difference between two comparable signals
(Waldhauser & Ellsworth, 2000), detection of
fore-shock activity before large earthquakes
(Zhang & Wen, 2015), and detection of low-
frequency earthquakes within tremors (Chamberlain
etal., 2014).

Energy detectors and manual event identification
by specialists do not require prior information
about the events. Unlike these methods, a priori
information is crucial for using the matched-filter
technique and identifying seismic phases possible
in the case of known sources. Therefore, this
approach is one of the most successful ways of
finding near-repeating signals in continuous data
(Dodge & Walter, 2015; Gibbons & Ringdal, 2006;
Schaff & Richards, 2014).

The fundamental capability of the matched-
filter technique is determining seismic phases with
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outstanding accuracy. Also, seismic phases with
low signal-to-noise ratios and even phases buried
in the noise are detectable by this technique. These
seismic phases may belong to earthquakes with a
magnitude lower than M, of the region, or that
are outside the region of the seismic network,
and whose amplitude has been reduced as they
traveled through the earth. When they reach the
station, their amplitude is equal to or less than the
amplitude of the seismic noise in the recording
station. Among the other advantages of this
method is the high time accuracy of seismic phase
determination in conditions where the reference
carthquake phases are accurately determined. As
a result, this method can identify the phases of
earthquakes with a known focus with good time
accuracy and a low signal-to-noise ratio.

The primary goal of this research is to correctly
apply the Matched-Filter method for identifying
aftershocks and observing its detection capability.
To that end, after introducing the necessary
parameters for using this method, the effect of
each on the outcome was studied and explained.
Following the determination of the best values for
each of the discussed parameters, this method was
applied to 95 consecutive days of data from a
temporary seismic network, and the results of the
number and quality of the identified earthquakes
were compared with previous identifications using
the STA/LTA energy detector and then corrected
by the user's phase correction.

2. Theory

Correlation is a mathematical operator that
calculates the similarity of two signals and returns
a number between -1 and 1. The greater the
similarity between the two signals makes the
absolute value of the correlation coefficient closer
to 1. According to research, the correlation result
of two identical signals remains meaningful even
when one is buried in noise. Considering the
ambient vibrations as random or Gaussian seismic
wave fields and the unique features of earthquake
waves, these waves are distinctive from other
waves (natural or artificial). Therefore, any sig-
nificant similarity in the result of the correlation
of seismic waves and recorded earthquake data
indicates a seismic wave with similar characteristics
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(Schaff & Waldhauser, 2010). In other words, the
reference signal utilized for similarity detection
acts as a filter on the data, identifying bits of the
continuous data that are similar.

The degree of similarity of different earthquake
waves decreases with the increase of focal dis-
tance and time separation since attenuation and
Green's function of the area affect the signal
and vary depending on location (Gibbons et al.,
2007). Furthermore, features such as the region's
tectonic structure, the focal mechanism, and the
source time function determine the degree of
similarity across earthquake signals and vary over
time for earthquakes. Therefore, it is necessary to
select the templates for similarity assessments
from the region and period under study (Bobrov
etal., 2014).

A seismographic station's seismic signal results
from the convolution of the instrument response,
attenuation factor, Green's function, and source
function (Equation 1). These parameters account
for the similarity or dissimilarity of two earthquake
signals (Zhang & Wen, 2015). Equation (1)
summarizes the effect of various parameters on
the recorded signal.

O = I*A*G*M (1)

where the variables O, I, A, G, and M correspond
to the recorded seismic signal, instrument res-
ponse, source time function, Green's function, and
source moment tensor, respectively.

As previously stated, identifying seismic phases
using the waveform cross-correlation method
requires references that contain all the charac-
teristics of the source, environment and network
under examination. So, in the matched-filter
technique, it is necessary to have a similar path
effect and instrument response on the data used
for the similarity measurements.

Using earthquake references from the same
stations is one of the relevant alternatives for
limiting their influence on the degree of similarity
of signals. By doing this, although the items above
continue to have an impact, the effect is the
same between the refe rence and continuous
data.

As illustrated in Figure (1), two earthquakes
with neighboring epicenters whose waves were
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Figure 1. The propagation path of seismic waves caused
by two nearby earthquakes to the same station.

detected using the same seismographic stations
might be assumed for this purpose. To make
things easier, we'll leave out the effect of back-
ground noise on the similarity of the two signals.
Equation (2) compares the similarity of these two
signals.

C(01,02)=
CC (I1* AT*G1* M1,12% A2*G2* M?2) )

In this configuration, the effect of attenuation,
Green's function, and instrument response will be
the same on both signals. Therefore, if one
carthquake is identified using the seismic phases
of the other, the computed similarities will be
independent of the mentioned parameters. As a
result, the correlation coefficient (Equation 3) of
these two earthquake signals shows the degree of
similarity or difference in the features related to
the source of the two earthquakes (Zhang & Wen,
2015).

CC(01,02)=CC (M1,M2) 3)

By assuming a point source model, the source
function will be equal to the multiplication between
the wave radiation pattern and the source time
function of the source (Equation 4) (Zhang & Wen,
2015).

M =F xS 4)

where the variables M, F, and S correspond to
the source moment tensor, radiation pattern, and
source time function, respectively.

The type of faulting and the tectonic charac-
teristics of a region influence the seismic wave
radiation pattern. Because of the slow shift
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in tectonic conditions in a region, the focal
mechanisms (polarity and radiation pattern) of
most earthquakes in that region are nearly
identical. As a result, the primary deciding factor
in the similarity or difference between seismic
waves is the source time function (Zhang & Wen,
2015).

CC(01,02)=CC(S1,52) (5)

Actually, even if all the mentioned details are
the same, due to incoherent environmental
noise on the seismic data, the degree of similarity
of seismic phases would still be less than 1, the
value of the perfect match. Still, the selected
references would show good similarity with the
seismic phases buried in the noise and retain
the ability to identify them (Adushkin et al., 2017).

Studies show that earthquakes in the same
region with different source time functions exhibit
an acceptable similarity (Zhang & Wen, 2015).
Although the detection threshold could decrease
to identify earthquakes with various source time
functions, at the same time, this issue increases
the risk of wrong identifications. Therefore, the
detection threshold is a compromise between
detecting the maximum possible number of events
and the minimum number of false detections
(Schaff & Waldhauser, 2010).

The mentioned cases and assumptions are the
main foundations of using the matched-filter
method in order to identify seismic waves in
known source conditions. Therefore, by having
the seismic phases of one of the reference earth-
quakes and calculating its correlation with the
continuous data from the same station, it is possible
to identify the seismic phases similar to those in
the same region and network.

3. Method

This section describes in detail how to utilize
the matched-filter technique in multiple steps. In
this study, the matched-filter methodology was
implemented using the Python programming
language, with the Python libraries EQcorrscan
(Chamberlain et al., 2018) and ObsPy (Beyreuther
et al., 2010). One of the most significant
challenges in using the matched-filter technique is
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the re-quirement of extensive computational
resources. The EQcorrscan library addresses this
issue by supporting the parallelization of pro-
cesses, and the central core of the correlation
calculation is developed in the C programming
language in the frequency domain to increase the
computation speed.

To use the similarity filter, quality control, and
pre-processing should be performed on the con-
tinuous data, and the portions of data that cause
problems in the similarity measurement process
should be removed. Since the identification of
events is conducted on the total correlation signal
(a result of stacking the calculated correlation
signals), the sampling rate of all templates and
continuous data should be the same among all
stations (Adushkin et al., 2017).

Following the necessary data pre-processing,
the first stage is to identify reference signals
from the catalog of primary earthquakes. Based
on the suitable parameters of the reference length
and pre-phase time, the seismic phases of each
earthquake are sliced and utilized as a similarity
measurement reference. Selecting appropriate
reference earthquakes with Complementary
features and a diverse distribution in the study
area increases the probability of detecting sub-
sequent aftershocks using the matched filter
method. Choosing references with similar pro-
perties from the same location can lead to
duplicated detections and longer processing
times. However, duplicated detections are not
dangerous because will be removed in post-
processing. The decision to select all or a subset
of the earthquakes in the primary catalog as a
reference depends on the catalog size, data pro-
cessing limitations, and the ability to differentiate
earthquakes based on their characteristics.

For each reference event, seismic phase
similarity is calculated using continuous data from
the same station and component. The resulting
correlation signals will have a random and Gaussian
trend due to the Gaussian and random behavior of
the external noise. Otherwise, If there are identical
earthquake phases to the reference, the amplitude
of the correlation signal rises and approaches 1 or -1
(Warren-Smith et al., 2017).

Next, the 24-hour correlation signals are obtained
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for each reference earthquake and shifted based
on the relative time difference between the
phases of the same reference, and their sum is
computed. When the waveforms are plotted
beneath each other, the reference earthquake's
phases are positioned on the same vertical line due
to the time shift. As a result, if an earthquake
happens near the reference earthquake, its seismic
phases arrive at the stations with the same time
difference as the reference earthquake, and by
superimposing them, the peak of similarity appears
in the stacked correlation signal that indicates a
new event.

The number of superimposed phases (ampli-
tude of the total correlation signal) is directly
proportional to the focal distance of the detected
a nd the reference earthquake. Due to the in-
creasing distance, these similarities picks do not
superimpose and vanish in random fluctuations,
so the earthquake cannot be recognized by the
reference earthquake (Frank & Abercrombie,
2018). The identification process is performed on
the overall correlation signal (stacked correlation
for each reference event) by defining a similarity
threshold, and the discovered phases are classi-
fied as seismic events with a position near the
reference.

The outcome of this process for all references
on each day is the identification of the time of all
possible earthquakes on that day based on the
identifying reference earthquake and their total
correlation value; however, due to the number of
reference earthquakes, an earthquake can be
detected many times by references close to it. As
a result, by defining a time window (the shortest
time interval between two consecutive iden-
tifications) and keeping the identification with the
highest total correlation value, only references
with the highest total correlation value (the nearest
reference earthquake with the best linearization)
are considered as identification factors (Bobrov et
al., 2014; Vuan et al., 2018).

Because the new detections have a minor
geographic variation from their identifying
reference, the times of their seismic phases will
be slightly different from the reference earthquake
phases. to determine the precise onset of these
phases, the correlation of the reference earthquake
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phases recalculates 0.5 s around the detection
time separately. This accurate onset can be
obtained by finding the moment of the maximum
similarity that exceeds the acceptance threshold,
as shown in Figure (2) (Warren-Smith et al., 2017).
The times acquired after correcting the pre-phase
time used during reference selection are regarded
as the actual time of the identified phase, and their
type is regarded as equivalent to the corresponding
seismic phase in the reference (Figure 3).
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Figure 2. The phase correlation signals for each component
and station are used for accurate phase onset identification. By
correlating the reference seismic phases within half a second
before and after the calculated detection time, a correlation sig-
nal of one-second length is obtained. A strict similarity threshold
is applied to identify all seismic phases, as shown by the red line
in the figure.

After obtaining the precise onset of the seismic
phases for each earthquake, the geographical
location of these events may be estimated using
the velocity model calculated for the region and
any location software. In this study, the identified
aftershocks were located using the HYPOELLIPSE
software (Lahr, 1999).

4. Data and Parameter Optimization

There are several important parameters with a
considerable impact on the detection capability
and quality of phases in the matched-filter
technique. It is crucial to understand the effect
of these parameters on the performance of the
matched-filter approach. Among these parameters
is the length of the window of the reference phases,
the amount of pre-phase time in these references,
the data sampling rate, the frequency ranges of
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Figure 3. A phase determination example for high-quality identification. The red and blue signals represent the P and S seismic
phases of the reference earthquake, respectively, and the black signals are part of the observed environmental noises. The
amplitude of the reference signals is scaled in order to see the overall trend in comparison to the detected parts. The identification
of seismic phases beneath noise level is indicated by the black signal having the same amplitude throughout its whole length.

the applied filter, the detection threshold of the
correlation coefficient in the total correlation
signal, the correlation threshold of the seismic
phases, and the minimum time interval between
consecutive identifications. These parameters
need to be designated according to the features
of the network and the earthquakes in the region.
Therefore, various examinations were conducted
to select the optimum parameter set for the network
under study.

It should be noted that the seismic phases
selected for the templates are derived from the
pre-processed continuous data from the previous
step involved in pre-processing and filtering the
continuous and reference data are identical.

This study investigates the recorded data from
the temporary seismographic network installed
after the 2014 earthquake in the Ilam region in
Iran. This network has included 13 seismograph
stations, which recorded seismicity activity for
about three months. Although, in the first half of
this period, the network was active with only 6 to 7
stations, and most of the aftershocks were detected
and located with a low number of seismic phases.
There are 838 detected aftershocks (Figure 4)
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in the reference catalog obtained by the energy
detector and revision of the phase by the manual
expert. Figure (5) provides a summary of the
location parameters for these aftershocks, which
are further categorized into four groups based on
these parameters (see Table 1). The continuous
data were grouped into daily sections (24 hours)
with a sampling rate of 100 samples/second, and
the DC offset was removed from each segment.
Due to the extensive amount of computation in
the matched-filter technique, these investigations
were carried out using a 24-hour subset of the
data, containing only seven earthquakes in
the reference catalog. However, the similarity
measurements were conducted employing all of
the 838 template events.

4.1. Template Length Selection

The time length of the windows separated from
the continuous data as reference earthquakes
(called templates) is an important component in
the performance of the similarity filter approach.
Because local earthquakes have a high-frequency
content, a shorter data duration can cover the
entire P or S seismic phases. So, selecting a
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Figure 4. The map shows the locations and distribution of 838 aftershocks, local faults, temporary monitoring network stations, and
the main shock.
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Figure 5. The frequency distribution diagrams of various parameters of 838 aftershocks that were used as a reference in the
adaptation-filter method, including time residual values (RMS), horizontal error (ErrH), vertical error (ErrZ), azimuthal gap (GAP),
number of stations (Num station), and number of phases (Num phase), are arranged from left to right and top to bottom.

Table 1. Classification of 838 reference earthquakes according to localization quality.

Group RMS GAP Num Stations ErrH ErrZ Rate
A rms <0.3 gap <180 6 <n-st ErrH<3 Errz <3 458
B rms < 0.4 gap <200 5<n-st ErtH<5 ErrZ <5 662
C rms < 0.5 gap <250 5<n-st ErrtH<7 Errz <7 714
Others rms > 0.5 gap > 250 3 <n-st ErrH>7 Ertz>7 124
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longer data length than the earthquake duration
introduces environmental noise into the references
and reduces the correlation value with other
carthquake data. On the other hand, in the case of
distant earthquakes, the duration of the earthquake
wave is longer, and considering only a few seconds
of seismic phases is too short and doesn't include
even a few whole periods of the P or S seismic
phase. Failure to capture the seismic aspects of
the event in the templates results in a loss of
similarity or inaccurate identification of similarity
in parts of the data that lack a seismic phase.

In addition, to consider the spatial distance of
the detected aftershocks compared to the reference
agent, selecting disjointed templates of P and S
phases is essential to pick the onset of seismic
phases accurately in the phase-picking stage.
This study proposes developing a histogram of the
S-P time differences of the earthquakes in the
reference catalog (Figure 6) to determine the dis-
tribution of the distance of earthquakes from
network stations. Therefore, using the minimum
observed value in the S-P frequency distribution
can help limit the chance of combined phases in
templates.

llam Reference Catalog

300
250
200
150
100

50

%3 2 3 4

Abundance (Count)

5 6 7 8 9 101112 13 14
Interval of P-S Pairs (s)

Figure 6. Frequency distribution of time difference of P and S
phase pairs from the same station in the catalog of 838 refer-
ence earthquakes. The horizontal axis in this diagram repre-
sents the time difference between the pairs of phases in sec-
onds, and the vertical axis represents their frequency in differ-
ent intervals. The smallest observed phase difference is 1.12
seconds..

4.2. Pre-phase Time Selection

According to Warren-Smith et al. (2017), the
pre-phase assumed in the references contributes
significantly to selecting the onset of seismic
phases by reducing uncertainty. Because the data
has a small amplitude in the moments preceding
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the arrival time of the seismic phases and con-
sidering the pre-phase placed some small ampli-
tudes in the initial part of templates. Therefore, the
templates match better at the moment of entering
the seismic phases and cause a higher value of
similarity compared to placing in the next period
cycle of seismic fluctuations.

Therefore, choosing the optimum quantity for
the pre-phase will influence the identification
power. In order to evaluate the effect of this para-
meter on the identification power, the references
were selected in four groups of pre-phase duration,
including 0.1, 0.3, 0.5, and 1 second of pre-
phases and 1 second of after-phase time.

Based on the findings, as the pre-phase time
increases, the ability to identify P phases decreases,
while the ability to identify S phases increases
(Figure 7). This is because the pre-phase of the S
phase is also an earthquake wave, meaning that
the selected reference has more seismic wave
characteristics that aid in identifying and distin-
guishing the S phase. However, the pre-phase of
the P phase includes random fluctuations of external
noises, reducing the degree of similarity. Also, it
is found that the rate of decline in the detection of
p phases is significantly faster than the rate of
increase in the detection of S phases.

240 g T
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200
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190

180

0.0 0.2 0.4 0.6 0.8 1.0
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Figure 7. The frequency of P and S phases identified by refer-
ences with pre-phase times of 0.1, 0.3, 0.5, and 1 second.

4.3. Choosing Detection Threshold

The fluctuation range of correlation signals
and their superposition is unpredictable due to
employing multiple references with varying
phases and the daily variation in station noise level.
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Figure 8. An example of a reference's total correlation signal in one day and setting the detection threshold using a coefficient of the
Median Absolute Deviation (MAD). The black signal in the diagram on the left represents the overall correlation signal, and the red lines
correspond to the identification threshold, which is a coefficient of the MAD. The frequency distribution of the standard deviation of

the overall correlation signal is given in the graph to the right.

Therefore, a constant threshold cannot be utilized
(Shelly & Hill, 2011).

To avoid false detection, this threshold should
always be larger than random fluctuations but
low enough to recognize occurrences with poor
correlation coefficients. So, for each reference
and 24-hour data segment, a threshold needs to be
determined, which can be calculated by multiplying
a constant coefficient with the Median Absolute
Deviation (MAD) (Equation 6) of the sum of
correlation signals for each day and template,
as shown in Figure (8) (Warren-Smith et al., 2017).

Threshold = coefficient x MAD =
coefficient x (1.4826 x variance) ©)

Selecting the coefficient value is a trade-off
between maximizing the number of detections
and minimizing the rate of false detections. So,
the value depends on the goal of the study. The
threshold selected is equal to 10 times the median
absolute value of the deviation (MAD) (6.745
times the standard deviation) of the total correlation
signal (Equation 7).

Threshold =10x MAD = 6.745x (7

The chance of incorrect identification can be
computed based on the chosen identification
threshold. This probability can be computed using
the data sampling rate, the period of the investigated
data, and the number of earthquake references.
In the absence of seismic waves, the likelihood of
surpassing this threshold for each sample of the
total correlation signal and false identification is
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calculated using Equation (8) (Warren-Smith et
al.,2017).

Et1015,e50mpie =1—erf (%j =1.53x107"

As a result, by having the likelihood that a
sample of the stacked correlation signal is greater

®)

than the specified threshold, the overall false
detection may be computed simply by multiplying
by the total number of samples of the stacked
correlation signal arising from the entire process
(Equation 9).

TotalError = Ertoryegmpe X 0pts

©)

The npts represents the number of total
correlation signal samples collected from each
reference earthquake; the total number of samples
(npts) is simply calculated from (Equation 10).

npts =

10
Sps X d&y s X hourday X Secondhour xN templates ( )

In which, the variables npts, sps, days, hour, ,

2y

second, ., and N empiates correspond to the total

number of points, sampling frequency, the overall

duration of the processed data, hours per day,

seconds per hour, and the number of reference
earthquakes, respectively.

npts =100x (95 x 24 x 3600) x 838
pts = 687,830,400,000

As a result, based on the chosen threshold,
the calculated chance of incorrect identification
for the entire computation leads to 10.5 wrong
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detections over the entire period of 95 days of
processed data.

4.4. Choosing Minimum Interval between Detec-
tions

The presence of duplicated identifications by
different references leads to considering the
minimum time interval between the adjacent
detections to remove duplicate ones. This value is
a trade-off between maximizing the number of
detections and minimizing duplicate detections.
Thus, increasing this value makes nothing wrong,
but maybe some detections were lost. In contrast,
the remaining earthquakes become more reliable.
The duration of this window was chosen based
on the almost maximum value present in the S-P
frequency distribution in the reference catalog
(Figure 6) and set to 10 s.

4.5. Choosing the Filters

The continuous data are filtered within an
appropriate frequency range to enhance signal
quality, minimize the impact of environmental
noise, and improve the similarity of seismic
phases between small and large earthquakes
(Warren-Smith et al., 2017). This was accomp-
lished by filling the data gaps with zero, filtering
the data in the investigated frequency range, and
again replacing the previous locations of gaps
with zero to remove artificial fluctuations caused
by the filter (Chamberlain et al., 2017). The esti-
mated values for the correlation rate will suffer
if these low-amplitude oscillations are not
addressed.

The process of selecting an efficient filter is
highly influenced by the region's surface area, the
frequency content of the seismic sources, and,
most importantly, the distance of the target earth-
quakes from the station location. As (McNamara
& Buland, 2004) demonstrated, distant earth-
quakes have low-frequency content, while local
earthquakes have high-frequency content. More-
over, the noise level of each station can vary
according to its specific environmental factors.

To demonstrate the influence of the employed
filter on the identifications, the templates, and
continuous data were filtered in several different
frequency ranges, and the effect of each of the
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selected filter intervals on the number and quality of
the identifications was explored and compared.
To select an appropriate filter for this study, we
tested all possible combinations of low and high-
frequency limits using four different frequencies
for the low limit (0.1, 0.5, 1, and 2 Hz) and four
frequencies for the high limit (8, 10, 12, and 15 Hz).
In total, we tested 16 different frequencies, and
the results were analyzed to identify the most
effective filter for the study. The phase detections
employing the filters incorporating a lower limit of
0.1 Hz or upper limit of 15 Hz, were of inferior
quality. Therefore, the seven filter intervals that
contained these two frequencies are discarded.
The nine remaining filter intervals (namely 0.5-8,
0.5-10, 0.5-12, 1-8, 1-10, 1-12, 2-8, 2-10, and
2-12 Hz) will be discussed in the subsequent
analysis.

1) The correlation value of total identifications
(Figure 9): The stronger the total correlation at the
detection time, the greater the similarity of the
detected earthquake with the phases of the refer-
ence earthquake. As a result, the total correlation
value can help select an appropriate filter;
consequently, according to this parameter, a
desirable filter can identify more earthquakes with
a higher correlation level. Given that the amount
of total correlation varies with the number of
phases, the sum of correlation values is normalized
by the number of identifying reference phases to
ensure that the comparison between references
with different numbers of seismic phases is valid.
The presence of phase identifications with a total
correlation of 1 in all frequency ranges indicates
self-identification by the templates. Because the
signal of these earthquakes remains identical after
filtering and changing the filter parameters, the
self-identification of a reference is considered
independent of the filter type and should be
removed from this analysis. Figure (9) shows that
increasing the high corner frequency of the filter
reduces the number of identifications with high
correlation values while increasing the number of
phase identifications with low correlation values.
This demonstrates the predominance of noise in
the signal at these frequencies, which causes
some phases of earthquakes to go undetected
and the amount of total correlation to decrease.
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Figure 9. The frequency distribution of the sum of correlation values for phase identifications in the nine frequency intervals is used

to select the appropriate filters.

This decrease in correlation can also be seen by
lowering the low corner frequency of the used
filter.

2) The sum of the correlation of phases identified
during the phase determination stage (Figure 10):
Because of the spatial difference between the
epicenter and the reference earthquake, it is
expected that the phases of the detected earth-
quake will not be completely simultaneous, and
the total correlation will decrease during the
detection phase. As a result, the sum of the
correlations of the detected phases can be used
as an additional criterion. Figure (10) shows that
many identifications are made employing frequency
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ranges with an upper limit of 12 Hz and a lower
limit of 0.5 Hz. However, they were identified
with lower similarity values. The main competition
for identifying the seismic phases with the
greatest similarity is between the 2 to 8 Hz and 2
to 10 Hz filters, with the frequency of identification
occurring in other filters with lower similarities.
Furthermore, at this stage, increasing the filter's
upper limit and decreasing the filter's lower limit
results in a drop in the value of similarities.

3) The ratio of the number of phases to the
total number of identifications (Figures 11 and 12):
The number and relative position of seismic stations
involved in determining an earthquake's location
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Figure 10. The frequency distribution of normalized correlation coefficients for the sum of seismic phases was identified using the
nine frequency intervals. The vertical axis in these graphs represents the normalized value ranges for the correlation of the sum of
seismic phases, while the horizontal axis represents the frequency of these values in the respective intervals.

are essential factors in earthquake location quality.
It is obvious that increasing the number of seismic
phases for an earthquake improves localization
accuracy. The number of phases employed for
detecting earthquakes was not considered in the
investigation for determining the best filter settings
by maximizing the total correlation of the detections.
An earthquake detected with a high correlation
sum in one filter period could have been identified
by a small number of high correlation phases or a
large number of low correlation phases.

To investigate this issue, bar charts of the fre-
quency distribution of the number of earthquakes
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versus the number of observed phases are
pre- sented, as illustrated in Figure (11). These
graphs also show the average number of P, S,
and total phases to the number of identifications,
with horizontal red, blue, and green lines, res-
pectively. It is observed that by employing filters
with frequency limits of 0.5 and 12 Hz, the number
of phase identifications has increased (436 total
phases), though the events have been detected
with fewer phases (ph/ev ratio equal to 6.32). As
shown in the frequency distribution plots, the
phases detected by employing the 2 to 8 Hz filter
have the highest phases pre-events (ph/ev ratio

JSEE / Wol. 23, No. 4, 2021



Evaluation ofthe Matched-Filter Approach for Detecting Seismic Phases, Case Study on a Local Network

0.5-8 Hz 1-8 Hz 2-8 Hz

g

3 8 8 8

% 7 7 7

g 6 6 6

8 5 5 5

t : 4

o 3 3 3

2 2 2 2

S 4 —— 440/67=6.57 (phlev) 1 —— 435/62=7.02 (ph/ev) 1 ——416/54=7.70 (ph/ev)

zZ —235/67=3.510000 (S-ph/ev)| ¢ —219/62=3.510000 (S-ph/ev) | ¢ —— 198/54=3.670000 (S-ph/ev)
p ——205/67=3.060000 (P-ph/ev)| —— 216/62=3.480000 (P-phiev) | ——218/54=3.480000 (P-ph/ev)
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18

0.5-1.0 Hz 1-10 Hz 2-10 Hz

g
3 8 8 8
e 7 7 ’
o 6 6 6
g 5 5 5
5 4 4 4
5 3 3 3
£ 2 2 5
5 ——438/70=6.26 (phlev) 1 —— 438/66=6.58 (phlev) 1 —— 427/61=7.00 (phlev)
G ——240/70=3.430000 (S-ph/ev)| o ——227/66=3.440000 (S-phev) | — 210/61=3.440000 (P-ph/ev)
p ——198/70=2.830000 (P-phiev)| ——207/66=3.140000 (P-phiev) | —— 217/61=3.560000 (P-ph/ev)
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
0.5-12 Hz 1-12 Hz 2-12 Hz
11 11 11
10 10 10
T 9 9 9
§ s 8 8
e 7 7 7
1] 6 6 6
©
£ 5 5 5
5 4 4 4
g 3 3 3
E 2 2 2
ER ——435/72=6.04 (ph/ev) 1 —— 440/71=6.04 (phlev) 1 —— 436/69=6.32 (ph/ev)
— =3. -phlev —— 236/71=3.310000 (S-ph/ev — =3. -phlev
0 238/72=3.310000 (S-ph/ev)| (S-phiev) | 231/69=3.310000 (S-ph/ev)
] ——197/72=2.740000 (P-ph/ev)| ——204/71=2.870000 (P-phiev) | —— 205/69=2.970000 (P-ph/ev)
0 2 4 6 810 12 1416 18 0 2 4 6 8 10 12 1416 18 0 2 4 6 8 10 12 14 16 18

Events’ Abundance (Count)

Events’ Abundance (Count)

Detections’ Abundance (Count)

Figure 11. The frequency distribution of detected earthquakes based on the number of phases, divided into frequency filter periods.
The vertical axis represents the number of phases per earthquake, while the horizontal axis shows the number of earthquakes with
a given phase count. The green, red, and blue lines represent the average total number of phases, P-phases, and S-phases per
event, respectively. The boxes on the right and bottom of each panel show the total number of detected earthquakes, P-phases, and

S-phases, along with their respective averages.

equal to 7.7). This assessment was repeated after
determining the location of earthquakes and deleting
erroneous seismic phases and earthquakes with fewer
than three P phases and one S phase. The final re-
sults are presented in Figure (12). The number of
earthquakes removed in each filter period indicates
the bad quality or few numbers of the recognized
phases. As a result, the frequency range with the
most remaining detected events can be considered
an acceptable filter.

For example, the comparison of Figures (11)
and (12) reveals that the 2 to 8 Hz filter interval
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had 54 identifications before localization. How-
ever, after localization and elimination of inaccurate
identifications, the number was reduced to 26,
indicating a decrease of approximately 48% in
identifications. On the other hand, the 0.5-12 Hz
filter interval experienced the greatest reduction
in earthquake detections after localization, with a
removal of around 71% and a retention of only
29% of the original detections. It is discovered
that the 2-8 Hz and 2-10 Hz filters perform better
in earthquake identification with a greater number
of seismic phases and lower error.
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Figure 12. The frequency distribution of the number of detected earthquakes versus the number of their phases after locating
and removing outlier seismic phases from the catalog. The vertical axis represents the number of phases of each earthquake,
while the horizontal axis represents the number of earthquakes with the desired phase number. In addition, the total number
of earthquakes, phases, P phases, and detected S phases are displayed in the boxes on the right and bottom of each frequency

period.

4) The Frequency distribution of time errors of
identified phases (Figure 13): After the stages of
phase detection and location determination, a good
criterion for evaluating the quality of the detections
is the time residuals of the phases in the detected
earthquakes. Figure (13) shows the frequency
distribution diagrams of the phase time residuals in
each frequency interval. In the frequency range of
2 to 8 Hz, many seismic phases are detected with
a residual between -1 to 1 second. Furthermore,
the number of seismic phases with considerable
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time residuals has decreased compared to results
obtained using other filter ranges.

5) The Frequency distribution of location error
(Figures 14 and 15): The location error of the de-
tected earthquakes is an important parameter
since the correct representation of seismic trends
is affected by the earthquake location accuracy.
Therefore, the frequency distributions of horizontal
and vertical location errors for the detections
employing the nine frequency intervals are investi-
gated. Estimating the horizontal location error of
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Figure 13. The frequency distribution of the time residuals of the phases of all observed earthquakes in each of the nine analyzed

frequency intervals.

the earthquakes reveals a similar quality for
various frequency ranges (1-8, 2-8, 1-10, and
2-10 Hz).

However, the number of earthquakes with
vertical and horizontal location error of more than
2 km is less in the frequency range of 2 to 8 Hz,
and using this filter seems suitable (Figures 14
and 15).

Based on the findings of these experiments, the
2 to 8 Hz filter was selected for this study, and
all continuous data and references were filtered
in this frequency range. However, as previously
indicated, the selection of appropriate filter param-
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eters is dependent on network configuration and
the relative location of the network and earthquakes.
Further investigation reveals that using frequencies
less than 1 Hz in a reference with a length of one
second is naturally meaningless because the length
of the selected references is smaller than the period
of the waves, explaining why frequencies between
0.1 and 0.5 Hz must be filtered. Also, due to the
high level of ambient noise in the region, the high-
frequency content of the signal has a destructive
influence on performance, and it was discovered
that the filter with a high limit of 8 Hz performs
better on the analyzed data.
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Figure 14. The frequency distribution of horizontal positioning error of identifications in the nine frequency intervals. The horizontal
axis in these figures represents distinct ranges of surface error, whereas the vertical axis represents the frequency of horizontal
error in this range.
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Figure 15. The frequency distribution of the vertical positioning error of identifications in the nine frequency bands. The horizontal
axis in these figures represents different ranges of vertical errors, while the vertical axis represents its frequency within this range.
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Figure 15. Continue.

5. Result for Aftershocks Detection in Ilam
Region

In this study, the optimal values of the influenc-
ing parameters to use the Matched Filter technique
were evaluated and selected in the case of the
local seismograph network of Ilam. The template
duration was chosen based on the idea of obtaining
sparse P and S reference phases and so set to 1 sec-
ond according to interevent station distances. This
value seems appropriate considering the frequency
content of the local seismic waves and the presence
of more than one period of the seismic phase in
one data frame.

The pre-phase parameter of earthquake temp-
lates is necessary to decrease the uncertainty of
the phase unset and is set to 0.1 second in order
not to lose the desirable ability to identify the P
phases compression of S phases.

The detection stage is performed on the stacked
correlation signals using the threshold equal to the
multiplication of a constant and MAD of their
stacked correlations, specific for each template
and day. Selecting the coefficient is a trade-off
between maximizing the number of detections and
minimizing the rate of false detections. So, the value
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depends on the target of the study. In this study,
ten times MAD was used as the threshold.
Statistical investigation showed that this threshold
could lead to about 10 or 11 false detections in
95 days which is an acceptable rate.

The occurrence of numerous identifications
by unique references is eliminated if there is a
minimal time gap between adjacent detections.
Based on the most commonly observed value in
the S-P time pairs, this parameter was set to 10 s.

Because of the extensive range of selectable
low-cut and high-cut frequencies and the influence
of selecting each pair on the result, selecting an
appropriate filter is the most challenging element
of parameter selection. Statistical evaluation was
performed on the correlation value of detection,
the sum of correlation values in phase picking,
and location parameters like time residual and
epicentral error to evaluate the functionality of
each frequency pair. As described, the best
results are obtained using the 2 to 8 Hz and 2 to
10 Hz filters with slight differences, but because
of the superior performance of the 2-8Hz filter
in phase detection, it was chosen as the best
filter range.
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Finally, after finding the optimum parameters
for using the matched-filter technique, 3575 after-
shocks were identified (4.27 times the references)
in the 95 days of continuous data of the temporary
seismographic network by 838 reference earth-
quakes. Figure (16) shows the location and

A Station
* Mainshock

Aftershocks

v— Faults
Reverse

47.25

47.50

distribution of the detected aftershocks by
matched-filter techniques. Figure (17) provides a
summary of the location parameters for these
aftershocks and demonstrates that the majority
of detections were made using 3 to 6 stations and
5 to 10 identified seismic phases, with time

Figure 16. The map shows the locations of 3575 aftershocks detected by the Matched-Filter technique, local faults, temporary
monitoring network stations, and the main shock.
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Figure 17. Frequency distribution of time residual values, horizontal error, vertical error, azimuth gap, number of stations, and
number of phases of 3575 aftershocks identified by adaptive filter approach.
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Table 2. The classification of 3575 detected aftershocks into four groups based on location quality.

Group RMS GAP Num Stations ErrH ErrZ Rate
A rms <0.3 gap <180 6 <n-st ErrH<3 ErrZ <3 637
B rms < 0.4 gap <200 5 <n-st ErtH<S5 ErtZ <5 1436
C rms < 0.5 gap <250 5<n-st ErrtH<7 ErrZ <7 1768
Others rms> 0.5 gap > 250 3 <n-st ErrH>7 ErrZz>7 1807

residuals of less than 0.2 s, lateral errors of less
than 1 km, and depth errors of less than 2 km.
Furthermore, the azimuth gap of these identifi-
cations ranges from 50 to 300 degrees, with
more than half relating to an azimuth gap of
fewer than 180 degrees.

The location quality of the detected aftershocks
is evaluated using the effect of the Azimuthal
gap, Number of stations and phases, and Nearest
distance station (Bondar et al., 2004). The results
are shown in Table (2) with the same criteria used
in Table (1) to evaluate the performance of the
matched-filter method. It is discovered that,
despite the low values of time residual, epicentral
error, and depth error, fewer earthquakes were
placed in group A, because of the number of
phases in templates earthquakes. However, as
compared to the reference catalog, there is an
increase in the frequency of good and medium-
grade located events, confirming the method's
efficiency. The matched-filter identifier outperforms
the other identifiers in identical conditions, and
when an appropriate network is installed, the
majority of identifications will be performed with
the required high quality.

6. Discussions and Conclusions

The strength of the similarity filter was tested
in this study, and it was discovered that more
ecarthquakes may always be detected using
this method. The obtained results show that the
matched-filter detector has a high detection power
in detecting aftershocks with a low signal-to-noise
ratio, and the obtained results show a significant
increase in the number of identifications made
while the network is entirely unchanged. Using
the matched-filter detector and 838 reference
earthquakes, 3575 aftershocks with at least three
P phases and one S phase were discovered in
this investigation. This figure is 4.27 times the
number of aftershocks identified on this temporary
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seismographic network using energy detectors or
by the user. This was accomplished by calculating
838 total correlation signals per day and 79610
total correlation signals in 95 days of continuous
data. Considering the parameters used in this
study, such as the number of stations, the number
of references, and the data sampling rate, the time
required to use the matched filter using a computer
with ten processing cores and 32 GB of RAM is
less than 48 hours. Using this technology is much
more cost-effective than increasing the number
of stations; hence, it should be prioritized.

The ability and performance of the waveform
cross-correlation detector compared to the energy
detectors were demonstrated in this study, and the
capacity of this technique to reliably recognize
tiny earthquakes and investigate the seismicity of
the region is highly remarkable. The various
parameters that influence the use of this method
were described, as well as their efficiency and
optimal selection. The length of seismic references
necessary for similarity measurement in con-
tinuous signals was investigated, and it was
theoretically explained that this length is depen-
dent on the frequency content of the recorded
signal, or in other words, by the distance between
the earthquake and the seismic station. The
importance of independence between the P and
S references at the exact moment of the seismic
phase was also emphasized. Next, the use of the
seismic pre-phase for reference selection was
investigated to reduce uncertainty in phase
detection, and its effect on identification power
was assessed. It was revealed that an increase
in the duration of the seismic pre-phase in
references collected from the P and S seismic
phases affects the identification power due to the
different nature of the pre-phase signal. It was
also demonstrated that increasing the pre-phase
time decreases P-phase detection power while
increasing S wave detection power. It is also clear
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that the quality of the phases identified by this
method is comparable to the seismic phases of
the reference earthquakes utilized, and an incorrect
seismic phase in the template will result in similar
errors in the new detections. As a result, the
significance of the seismic phase database's
completeness and quality for future investigations,
as well as the development and improvement of
new algorithms.

Another parameter that was investigated is
the minimum time interval between identifications.
If the minimum time interval between identifi-
cations is not taken into consideration, more than
15 thousand events would be detected, emphasizing
the importance of successfully taking this para-
meter into account in the matched-filter technique
for correct event identifications.

Furthermore, the role of filter selection was
investigated, and it was discovered that when an
inappropriate filter interval is employed, multiple
identifications are obtained, but the majority of
these identifications have a limited number of
phases, making determining the location of the
event impossible. Events with the required
number of phases, strong correlation, and minimal
localization error are detected by selecting a
suitable filter interval.
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