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Abstract

Highly similar waveforms recorded from repeating earthquakes can be utilized to evaluate the data quality of a seismic station.
We used a hypothesis testing method to establish a data quality detection model based on repeating earthquakes. The model
effectiveness was verified using repeating earthquake data from 109 stations in the Global Seismic Network. A total of 842
permanent broadband stations in mainland China were evaluated using this model. Eighteen anomalies were found mainly
attributed to calibration, instrument noise, mass recentering, and regional long-period interference. We found that most of the
stations function well. Moreover, utilizing repeating earthquakes to analyze the waveform quality can circumvent the need for
extensive forward calculations, as well as greatly reduce the influence of source parameter uncertainties and structural complexity
on the seismogram. Additionally, the need for detection in other datasets in different regional networks has broadened the scope

of these applications.
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Introduction

This supplementary material contains 6 figures (Figure S1 to S6). Anomaly recording station detection
process is demonstrated in Figure S1. Calculation results of correlation coefficient of abnormal recording
stations for GSN and mainland China seismic network for the repeating earthquakes are illurstrated in Figure



S2, Figure S3, respectively. Figure S4 to S6 shows the original waveform of potential anomalous stations,
which are utilized to confirm anomalous stations.

Anomaly recording station detection process

According to Figure S1, the detection process of abnormal recording stations is as follows:

Stepl, acquisition of repeating earthquake event data. We prepare a list of repeating earthquakes and retrieve
the waveform data of the station to be detected from the NEDBC database (Chai et al., 2020).

Step 2, calculation of the correlation coefficient. We retrieved relevant event waveforms, and performed
waveform pre-processing such as demean, detrend, band-pass filtering (0.01-0.05 Hz), and normalization.
Then, we calculated the CC and ogp (variance of scale factor) with a sliding window method. The statistical
parameter hypothesis testing method is used to obtain the confidence interval thresholds ncc and ngr of CC
and ogp, respectively.

Step3, filtering of potentially anomalous stations. After determining the detection threshold of each channel,
if the CC of the channel falls outside the confidence interval, the station is recorded as a potential abnormal
station. While for cases where the CC values fall in the confidence area, the variance ogg of the 3-channel
scale factor SF is calculated to determine whether the ogpfalls within the confidence interval. If the ogp
falls within the confidence interval, the station is recorded as a normal record station, otherwise it will be
considered as a candidate abnormal station.

Step 4, confirmation of abnormal recording station. Combining the original waveforms and the PSD curve
characteristics, we verified the anomalous stations and classified them into four categories.

Calculation results of correlation coefficient of abnormal recording
stations

Figure S2 represents calculation results of three channels’ CC and ogp for mainland China permanent stations
with the repeating earthquakes near Japan island. The values of CC and ogp of the repeating earthquake
waveforms recorded by 842 stations in mainland China are listed, of which 18 stations exceed the thresholds.

Figure S3 demonstrates calculation results of three channels CC and ogp for seismic networks in the southeast
of China with repeating earthquakes near Taiwan island. The calculation results of three channels CC and ogp
for repeating earthquakes near Taiwan island are listed; and stations with abnormal records were detected,
of which one station had three channels outside of the confidence interval (HI.LSH) and five had one or two
channels outside of the confidence area (HI.SLL, SC.TQ, FJ.PTLC, SC.BZH, SC.DFU).

Analysis of potentially abnormal recording stations
Figure S4 to S6 shows the original waveform of potential anomalous stations. In addition, we caculated the

correlation coefficients of the waveform records of the same seismic event at other stations within 100 km to
review record quality of a abnormal station.
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Figure S1. Flow of anomaly recording station detection process.
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Figure S2. Abnormal results of three channels CC and ogp for mainland China permanent stations with
repeating earthquakes near Japan island. The value of CC and ogpof the repeating earthquake waveforms
recorded by anomaly stations in mainland China are listed, and CC values are color coded, which dark color
represents lower cross-correlation value.
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Figure S3. Regional scale network dectection results using repeating earthquakes near Taiwan island.
(a) Calculation results of three channels CC and ogr for repeating earthquakes near Taiwan island with a
bandpass filter of 0.05-0.1 Hz. The value of CC and osp of the repeating earthquake events recorded by 173
permanent stations of the GD, FJ, HI, GX, GZ, SC network stations in Mainland China are listed. (b)-(d)
The CC and cgpdistributions of the detection results of repeating earthquakes recorded by regeonal-scale
permanent seismic stations in mainland China. The red outliers represent the 3, 4, and 3 anomalous stations
in BHN, BHE, and BHZ, respectively.
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Figure S4. Comprehensive analysis of anomalous stations with instrument self-noise (no record in a certain
channel of the station). (a) Repeating eathquake records of abnormal station HI.BSH. (b) Waveform cross-
correlation images of the same repeating seismic pair at other stations within 100 km of the station HI.BSN
at BHZ channel. The red curves represent the records of March 20th 2021 earthquake (Mw=7.0) at different
stations, while the May 1st, 2021 earthquake (Mw=6.9) waveforms are shown with blue lines. At the far
right of each station are the cross-correlation and scale factor for the repeating earthquakes, respectively..
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Figure S5. Comprehensive analysis of anomalous stations with mass recentering. (a) Repeating eathquake
records of abnormal station HL.YIL. (b) Waveform cross-correlation images of the same repeating seismic



pair at other stations within 100 km of the station HL.YIL at BHZ channel. The same as Figure S4(b) but
for different stations.
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Figure S6. Comprehensive analysis of anomalous stations with regional long-period interference. (a)
Repeating eathquake records of abnormal station GZ.ZYT. (b) Waveform cross-correlation images of the
same repeating seismic pair at other stations within 100 km of the station GZ.ZYT at BHN channel. The
same as Figure S4(b) but for different stations.
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Key Points:

e The proposed waveform data quality detection method based on repeating earthquakes can

be utilized for waveform quality control.

e Hypothetical testing parameters were utilized to quantitatively filter gross errors and

improve the accuracy of the proposed method.

e Data quality control for the permanent broadband seismic stations of mainland China is

realized based on repeating earthquake records.
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Abstract

Highly similar waveforms recorded from repeating earthquakes can be utilized to evaluate
the data quality of a seismic station. We used a hypothesis testing method to establish a data quality
detection model based on repeating earthquakes. The model effectiveness was verified using
repeating earthquake data from 109 stations in the Global Seismic Network. A total of 842
permanent broadband stations in mainland China were evaluated using this model. Eighteen
anomalies were found mainly attributed to calibration, instrument noise, mass recentering, and
regional long-period interference. We found that most of the stations function well. Moreover,
utilizing repeating earthquakes to analyze the waveform quality can circumvent the need for
extensive forward calculations, as well as greatly reduce the influence of source parameter
uncertainties and structural complexity on the seismogram. Additionally, the need for detection in

other datasets in different regional networks has broadened the scope of these applications.

Plain Language Summary

An application model for the quality control of waveform data from repeating earthquakes
was proposed. The model was validated with waveform data from the GSN network, and the data
quality of the permanent seismic stations in mainland China was quantitatively described from the
perspective of the ability to record earthquakes. Previous studies have rarely directly elucidated
the waveform quality of natural earthquakes recorded by stations based on a certain aspect or
metric. Thus, we utiliezed the fact that repeating earthquakes exhibit extremely similar waveform
records at an individual station to evaluate the data quality for recorded seismic events. This
allowed rapid evaluation of the quality of seismic stations. Most of the stations in the broadband
seismic network in mainland China exhibit a good recording performance. Station anomalies are

mainly caused by calibration issues, instrument noise, mass recentering, and regional long-period
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interferences. This method can be utilized for the quality control of seismic datasets in different

locations according to the magnitudes and epicenters.

1. Introduction

Seismology is a discipline based on observational data; high-quality observation data is a vital
prerequisite for seismological research. After the recent implementation of seismic network
engineering (under the Tenth Five-Year Plan) and background field projects (under the Eleventh
Five-Year Plan) of China Earthquake Administration (CEA), a seismic observation network has
been established in China that includes more than 1,200 permanent stations (Liu et al., 2008).
Additionally, the Himalayan Observation Project includes more than 1,400 mobile observation
stations (Song et al., 2012). With the continuous accumulation of seismic data, rapidly and
accurately assessing the quality of these records and easily understanding the status of the

observation system have become key issues in the construction of the current seismic network.

In recent decades, global geoscience institutions and researchers have focused on seismic data
quality and developed some effective waveform data quality control systems, such as the
Albuquerque Seismological Laboratory's Data Quality Analyzer (Ringler et al., 2015) and the
Incorporated Research Institutions for Seismology's (IRIS) Modular Utility for STAtistical
kNowledge Gathering (Magana-Zook et al., 2016; Casey et al., 2018). These tools can be used to
conduct a comprehensive and detailed analysis of data quality based on sensor issues; station
equipment, timing, and metadata problems; calibration errors, and station security challenges
(Katherine et al., 2021). However, few methods have examined the waveform quality of natural
earthquakes using a specific metric. We used the characteristics of repeating earthquakes to assess
the quality of large-scale station data from the perspective of recording seismic events, thereby

enabling rapid analysis of all data from the original records to the final data examination. The



63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

manuscript submitted to GEOPHYSICAL RESEARCH LETTERS

application of repeating earthquakes has developed rapidly since its first proposal by Isacks et al.
(1967). It has been widely used in the estimating deep slip rates for faults (Schmittbuhl et al., 2016;
Uchida et al., 2007; Yoshida et al., 2015; Li et al., 2011; Ma et al., 2014), monitoring temporal
changes in the structure and properties of the Earth (Li et al., 2006; Schaff & Beroza, 2004),
studying the Earth's inner core (Zhang et al., 2008; Wen, 2006; Yu, 2016a, 2016b; Yang & Song,
2020) and predicting earthquake (Matsuzawa et al., 2002; Khoshmanesh et al., 2015). We can use
the highly similar waveforms and focal mechanisms of these earthquakes (Nadeau et al., 1995) to

evaluate the waveform quality in earthquake records at seismic stations.

The use of repeating earthquakes for waveform similarity detection not only avoids the
variations caused by different seismographs or digital equipment used at diverse stations, but also
greatly reduces the impact of seismic sources and subsurface structures on seismic waveforms.
Such a study has yet to be conducted . To evaluate seismic datasets in different regions efficiently
and accurately, we proposed a data quality detection method based on repeating earthquakes. First,
we verified the effectiveness of the model with records from 109 stations in the GSN network.
Second, we assessed the data quality of 842 permanent broadband seismic stations in mainland
China (Figure 1) and distinguished 18 stations with anomalous records of their earthquake
recording capabilities. Additionally, by implementing anomaly detection in the GD, FJ, GX, SC,
and XZ networks (See Table S2 for China Earthquake Network Code) using a pair of repeating
earthquakes of smaller magnitudes in Taiwan, we confirmed the applicability of this approach on
regional and global scales. Consequently, this method can be utilized for waveform quality control

of datasets in different locations according to the magnitudes and epicenters.
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Figure 1. Distribution of permanent seismic stations in mainland China (China Earthquake Administration, CEA).
Pentagrams represent the two sets of repeating earthquake events that occurred in northeastern Japan and
northeastern Taiwan. Triangles represent seismic stations. Light blue, red, and brown triangles represent stations
with one, two, and three abnormal channels, respectively. The inset in the lower right corner shows the distribution
of repeating earthquakes and the stations of the GSN network selected in this study; the blue and brown triangle

represent the IU.MAJO and IU. TRQA station,respectively, which recorded two and three channel anomalies.

2. Data and Methods

2.1 Waveform data quality control with repeating seismic records

Repeating earthquakes with highly similar waveforms are the cornerstone of this study.
Hypocenter location and waveform similarity are two main methods for identifying repeating
earthquakes (Poupinet et al., 1984; Frénont & Malone, 1987; Dodge et al., 1995; Shearer et al.,
1997; Lees, 1998; Philips, 2000; Moriya et al., 2003; Uchida, 2019); here, we mainly utilize the

latter approach. We focus on earthquakes with magnitudes greater than Mw 5.0 in the Preliminary
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Determination of Epicenters (PDE) and consider a correlation coefficient of greater than 0.8 as a
requirement for repeating earthquakes (Schaff & Richards, 2004) (see Table S1 in the supporting
information for more details). To identify repeating earthquakes effectively and accurately, the
correlation coefficient (CC) was calculated for every two events with epicenters that were less than
0.5<apart (Yang & Song,2020). After preprocessing and calculating CC, we identified a series of
repeating earthquakes, in which the pair with the largest magnitude occurred in northeastern Japan

on 20 March (Mw=6.7) and 1 May 2021(Mw=7.0).

In addition to the correlation coefficient of the repeating earthquakes at the same station, the
difference in the amplitude scale factor (SF) among the three channels at each station was also
used to determine whether there was abnormal channel energy at that station (Ekstrém et al., 2006;
Ringler et al., 2012). Therefore, we employed statistical parameter hypothesis testing through
correlation coefficients and waveform scale factors to filter out gross errors from large-scale
station records. If the waveform records from repeating earthquakes at a station were highly
correlated and the scale factor was within the range of the energy difference, then the performance
of the station for recording earthquakes during that period was considered good. In contrast, a
lower waveform correlation coefficient or a single-channel scale factor that exceeded or fell short
of that of other channels by an order of magnitude indicated that the station was working

abnormally, and the cause of the abnormality was further investigated.

Although the confidence interval threshold for the correlation coefficient obtained by this
method may be lower than the common judgment threshold for repeating earthquakes, it avoids

many false triggers resulting from excessive detection sensitivity.
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2.2 Method verification

2.2.1 Filtering of potential anomalous stations

When the seismic signal recorded by a station was abnormal and the cause was unknown, we
used parameter hypothesis testing to determine gross errors of waveform similarity from the
system observation variables and screen potentially abnormal stations (Akaike, 1974; Lehmann &
Joseph, 2008). The process of detecting abnormal stations can be divided into four steps,
acquisition of repeating earthquakes data, calculation of the correlation coefficient and scale factor,
filtering out potentially anomalous stations, and confirmation of potentially anomalous stations
(the description of the specific steps are illurstrated in Figure S1 in the Supporting Information).
We regarded the seismic observation network as a single network system composed of multiple
sensors, where each station was a sensor. If the waveform signals of a pair of repeating earthquake
events output by the station are considered a sample output of the system, a correlation coefficient

can be obtained for the data.

The data sequence composed of CC after angular transformation approximately obeys the
Gaussian distribution. We used the simple PauTa criterion (3¢ criterion), which is widely used in
statistics, automatic control, and industrial quality control theories, to obtain gross errors (Hui et
al., 2002; Xiong & Wu, 2010; Hua et al., 2013; Ding & Cai, 2019). If the CC of repeating
earthquake waveforms recorded by one channel of a station is recorded as X, the absolute error

ACC is calculated as follows:
|ACCi|=|CCi-ujj>30; (1)

where x is the mean value of the CC of a channel, ¢ is the standard deviation, i and j are the station
code and channel code, respectively. If ACC is greater than 3o, the station record is considered a

gross error. The gross error threshold of the channel (n;) can be expressed as
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Ni=xj-30j (2).

As shown in Figure 2(a), the red outliers of the correlation coefficient IU.TRQA (CC gHz,

CC gH1, CC gH2 channels are 0.165, 0.207, 0.165, respectively) and IU.MAJO (CC gnz is 0.152)
for the repeating earthquakes are lower than the gross error thresholds of each channels (nsHz, ngH1,
neH2 are 0.683, 0.699, 0.567, respectively); therefore, these samples are statistically gross errors
(the related values are listed in Table S3). In addition, if a station has a three-channel record, we
can calculate the scale factor of the three-channel amplitude as a necessary condition to further
determine whether there is an abnormality in each channel of the station. To avoid differences in
instrument response between stations due to different seismographs, we only analyzed the scale

factor standard deviation osr 0Of all the channels in the same station using the following equation:

N
Ospi = \/%Z:Fl(ﬁsm — 1)? 3)

This analysis can show the stations with obvious energy differences among channels. Here,

osr j is the variance of the single-channel SF, and i is the arithmetic mean of the three-channel SF

of a station.
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Figure 2 Distribution of CC and ogsr of the GSN stations. (a) The scatter diagram of the correlation coefficients of
GSN stations, where the red outliers represent relevant channels of IU.TRQA (BHZ, BH1, and BH2) and 1U.MAJO
(BHZ) stations. (b)The outlier of ok results shown are consistent with (b). (c)-(d) The correlation coefficient between
the IU.TRQA, IU.MAJO stations and other GSN stations within 3000 km, respectively. The red curves represent the

records of March 20 2021 earthquake (Mw=7.0) at different stations, while the May 1, 2021 earthquake (Mw=6.9)
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waveforms are shown with blue lines. At the far right of each station are the cross-correlation and scale factor for the

repeating earthquakes, respectively.

2.2.2 Confirmation of the abnormal stations

After filtering out the potentially anomalous GSN stations from a statistical perspective, we
confirmed these anomalies by analyzing the original waveform, considering instrumental and
environmental noise, and applying other traditional seismological methods. The three channels of
IU.TRQA and BH1 of IU.MAJO stations are outliers and thus potentially abnormal (Figure 2a).
BHZ channel of these two stations recorded the repeating earthquake waveforms as shown in
Figure 2(c) and (d), but neither of them contained obvious seismic signals (such as random noise
with small amplitude changes). The Power Spectral Density (PSD) curves showed that the
amplitudes were only a few counts and vary from sample to sample. It was most likey caused by
instruments failures, such as a seismometer lockout, or due to an excessive distance from the
epicenter. By comparing the correlation coefficients with those of the stations within 3000 km of
IU.TRQA and IU.MAJO, and the analysis of the PSD curve (see Section 4 for more discussion on
this), the abnormal recordings at IU.TRQA and IU.MAJO might have been likely caused by

instruments failure.

In Figure 2(a) and (b), Il.ERM with normal CC and abnormal osr can be regarded as a
potentially anomalous station (Ringler et al., 2012), and the ose_erm Was significantly higher than
other stations in comparison. By analyzing the original waveform, we found that the amplitude of
the BH1 channel on March 20 was much lower than that of other channels, which contributed to
the variance diffuse. We will further discuss osr in the following inspections of permanent seismic

stations in mainland China.
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3. Waveform Quality of Permanent Seismic Stations in Mainland China
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Figure 3 The CC and osr distributions of the detection results of the repeating seismic records from the permanent
seismic observation stations in mainland China.The outliers among the 842 seismic stations in different channels: (a)
BHN, (b) BHE, and (c) BHZ. The red outliers outside the thresholds represent the 14, 17, and 14 potential anomalous
stations in BHN, BHE, and BHZ, respectively. The single-sided risk threshold nec on the left is zcc-36cc, and nsr is the

gross error threshold of the three-channel scale factor sample sequence at the same station. (d)-(f) The two-dimensional
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joint probability distribution of the CC and osr of each channel for the remaining stations after excluding the gross
errors (blue dots in (a)-(c)). The upper and right sides are the normal distribution curves fitted by the two marginal
probability densities CC and SF, respectively; and the standard deviation of the scale factor of the three channels at
the same station is osr. (g)-(i) The results of the second round of parameter testing for the normal stations (blue dots
in (a)-(c)). The detection results reveal that BHN, BHE, and BHZ consist of 11, 17, and 9 potentially abnormal stations,
respectively (represented in blue).

A 0.01-0.05 Hz band-pass filter was used to process the original waveforms, with the duration
window lasting 30 minutes from the origin time. The two-dimensional joint probability distribution
of the waveform CC and SF recorded by 842 permanent seismic observation stations in mainland
China were obtained, as shown in Figure 3. Similar to the method mentioned in Section 2.1, the
statistical characteristics of the approximate normal distribution were obtained by first reversibly
transforming CC and osr, and then using the parameter hypothesis testing to rapidly filter out the
potentially abnormal stations. As shown in Figure 3(a)—(c), each channel has a two-dimensional

joint distribution constructed by the CC and the osr for the station. The marginal distributions of

CC~N(ucc, occ?) and SF~N(usr, osr?) are independent.

Using equation 2, the risk thresholds of the correlation coefficient and the scale factor were
obtained for the marginal distribution. As shown in Figure 3(a)-(c), ncc (a one-sided detection
shown as a blue dashed line) and osr (a two-sided detection shown as red dashed lines) reveal
outliers outside the confidence interval. The distribution of 842 seismic stations that recorded the
repeating earthquakes in mainland China is shown in Figure 1. For these earthquakes, 14, 17, and
14 channels in BHN, BHE, and BHZ fell outside the confidence interval. Moreover, five stations
(i.e., GS.ZHQ, HI.BSH, HL.YIL, NM.LIX, and SX.YJI) had three abnormal channels, five stations
had two abnormal channels, and eight stations had one abnormal channel (see Figure S2 for more

details).



216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

manuscript submitted to GEOPHYSICAL RESEARCH LETTERS

As shown in Figure 3(a)—(c), a total of 18 stations falling outside the confidence interval were
filtered through the hypothesis test. However, there were some stations in each of these channels
that were judged to be "normal™ for recording near the threshold. The channels within the
confidence zone but close to the risk threshold may show various anomalies; therefore, they
warrant further review. Accordingly,the remaining stations in the confidence area (after removing
the gross errors) could be filtered and analyzed repeatedly using the same method. The two-
dimensional joint probability distribution of CC and osF in the gray confidence region in Figure
3(a)—(c) corresponds to (d)—(f), respectively. The results of abnormal stations obtained through the

second round of assessment are shown in Figures (g)—(i). This process will not be repeated further.

For a smaller-scale regional network, we used a pair of repeating earthquakes that occurred
in eastern Taiwan on 13 June (Mw=5.4) and 26 July 2020 (Mw = 5.2) to detect the data quality at
173 stations in south China near the epicenters. Consequently, six stations with abnormal records
were detected, of which one station had three channels outside of the confidence interval (HI.LSH)
and five had one or two channels outside of the confidence area (Figure S3). Therefore, using
repeating earthquakes successfully implements data quality assessment of regional seismic

networks at different scales.

4. Anomalous Station Categorization

The potentially abnormal stations were identified through the above-mentioned parameter
verification and analysis. However , the factors that contributed to the anomalies, such as human
activities, environmental factors, and instrument failure, need to be further verified. Combining
the original waveforms and the PSD curve characteristics, we divided the anomalous stations into
four categories. The original waveforms and correlation calculation results for all abnormal

stations in this section can be seen in Figure S4 - S6.
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4.1 Calibration signal interference
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Figure 4 Analysis of potentially abnormal recording stations. (a) Repeating earthquake records of abnormal station

SX.YJI. (b) The result of the correlation coefficient of repeating earthquake waveforms of each station within 100 km

of SX.YJI at BHZ channel. (c) (d) The Power Spectral Density (PSD) curves (McNamara & Buland, 2004) of

abnormal stations recorded for 1 hour during the occurrence of repeating earthquakes on (c) 20 March 2021 and (d) 1

May 2021. The black curves represent NHNM (New High Noise Model) and NLNM (New Low Noise Model).

None of the three channels at station SX.YJI effectively recorded the earthquake that occurred

in northeastern Japan on May 1. We calculated the correlation coefficients of the waveform records

of the same seismic event at other stations within 100km (Figure 4b). SX.YJI and other stations

recorded a relatively high correlation coefficient for the earthquake that occurred on 20 March,
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while the correlation coefficient for the earthquake on 1 May at SX.YJI station was much lower
than those at other stations (Figure 4b). The original waveforms show notable waveform signals
before the calibration signal of the station (shown in the red box in Figure 4a). We extracted this
signal and found that it is highly similar to the P wave signal of the March 20 earthquake. The
correlation coefficient of these two truncated waveforms is 0.981, which falls within the
confidence zone. The PSD curve (purple diagonal line in Figure 4d) also showed step calibration
signal characteristics. Therefore, there was no problem with the seismograph at this station; the
absent earthquake records resulted from the large amplitude of the seismograph calibration signal,

which suppressed the seismic signal.

The three channels of GS.ZHQ were also affected by the step calibration signal. This station
was calibrated every day for two weeks before the earthquake. Station XZ.SUH shows a single-
channel anomaly, which was mainly caused by the square-wave calibration signal of the vertical

component.
4.2 Instrument noise

The waveform of the HL.BSH station for 20 March indicated no record of the seismic signal
and only recorded noise with little amplitude change. However, the May 1 earthquake was
recorded normally. Additionally, the PSD curve in Figure 4(c) (the yellow line) for the HI.BSH
station is significantly lower than that of NLNM. Templeton (2014) and Wang et al. (2019) found
that when the seismometer noise level was below NLNM, only the self-noise of the instrument
was recorded. Therefore, the seismometer at the station failed to work normally during the March

20 earthquake. Both the NM.LI1X and HN.LOD stations also showed this type of abnormality.

4.3 Mass recenter
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The original waveform for the HL.YIL station on 1 May showed that although each channel
recorded the earthquake event, a long-period interference with a large amplitude was observed
before the seismic signal. The correlation coefficient of the waveform showed that this station had
interference signals before the earthquake. The PSD curve (the dark green curve in Figure 4d)
exceeds that of NHNM. Comprehensive station waveform records show that this long-period
interference is consistent with the signal characteristics of an instrument with a mass recenter
command (McNamara & Buland, 2004), which can also be identified in the NM.DSM, GS.MXT,

BJ.FHY, GZ.BJT, and XZ.SNA stations.
4.4 Regional long-period interference

The correlation coefficients for the horizontal components of the two events recorded by
GZ.ZYT were very low. The original seismic waveform showed that the anomaly was mainly
caused by long-period interference in the horizontal direction during the entire seismic recording
process (Zirn & Widmer, 1995). However, other stations within 100 km normally recorded both
the repeating earthquake events. As shown in the blue color curves in Figure 4(c) and (d), there is
a larger PSD peak that is higher than the NHNM baseline from 10 s to 100 s. This is consistent
with the signal characteristics of long-period interference sources (Wang et al., 2019). Therefore,
the abnormal recording at the GZ.ZYT station was affected by the long-period interference in the
region. The recording anomalies at the HI.SAY, GZ.KLT, HL.BJS, HN.LOD, XZ.MZG, and

XZ.NMA stations were also due to similar regional long-period interference signals.
4.5 False detection probability and confidence threshold

The confidence interval threshold of the correlation coefficient obtained by the statistical
parameter test in this study might be lower than that derived from studying the repeating

earthquakes. Although this threshold avoids many false triggers caused by over-sensitivity in the
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detection model, there may also be a probability of missed detections. Therefore, the threshold can
be adjusted to 20 or even lc to increase the sensitivity of the system when filtering abnormal
records. However, this will inevitably increase the workload during the confirmation of abnormal
stations. For this study, 35, 48, and 35 potential abnormal stations would be obtained with a 2¢
threshold for each of the three channels of broadband stations in mainland China, respectively;
while 25, 29, and 23 potential abnormal stations would be filtered out after two round of the tests

with a 36 threshold. Although with different thresholds, we finally confirmed that the abnormal

stations are almost the same, it can be considered that the workload of the latter can be reduced by
nearly 30%. Therefore, it is valuable to continue filtering and analyzing the two-dimensional joint
probability distribution of the correlation coefficient of each channel and the variance of the scale
factor of the same station, as shown in Figure 3(d)—(i). In this work, obtaining potentially
anomalous stations through statistical methods is a "falsification” process, while searching for
repeating earthquakes and other previous studies is mostly a "verification” work. Therefore, the
conditions for selecting the key parameters for thresholds, such as correlation coefficients and

scale factors, are different.
4.6 Model application promotion

In this study, we utilized a group of relatively large magnitude (approximately Mw=6.8 and
7.0) repeating earthquakes in northeastern Japan, to identify possible instrumentation issues across
the global networks and broadband permanent seismic stations in mainland China. In addition, a
pair of repeating earthquakes with smaller magnitudes (Mw=5.2 and 5.4) occurred in northeastern
Taiwan were used to verify the quality of the small-scale networks in the southeast of China, which
are close to the epicenter, thereby expanding the scope of application of this method. Consequently,

this method can be used on other datasets in different regions according to magnitudes and
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epicenters of repeating earthquakes: when the magnitude is as small as 5.0, it can be exploited to
the small-scale regional network nearby, such as local or provincial networks. Certainly, relatively

large magnitudes can be further applied to any global network for seismic data quality control.

5. Summary and Conclusions

A data quality assessment model based on repeating earthquakes was established by
calculating the waveform correlation coefficient. The proposed model was applied to various
situations and found to be effective for networks with different apertures. Statistical hypothesis
testing of parameters was then utilized to determine the gross errors of the station records and

quantitatively judge the stations with abnormal records in the seismic networks.

The earthquake record data quality for 842 permanent broadband seismic stations in mainland
China was examined, of which 18 exhibited anomalous records. The results show that the data
quality of most permanent seismic observation stations in mainland China is good, and that the
data anomalies were mainly caused by calibration signals, instrument self-noise, mass recentering,

and regional long-period interferences.

Using our concise filtering method, the quality of large-scale seismic station records can be
quickly assessed using repeating earthquakes with highly similar seismic waveforms. This method
not only reduces the amount of calculation as compared with that required for forward simulation,
but also minimizes the impact of source parameter uncertainty and subsurface inhomogeneity on
seismic waveforms. It can also be used on datasets in different regions according to magnitudes
and epicenters of repeating earthquakes, especially suitable for regional-scale quality control work

by repeating earthquakes with high frequency and small magnitude. In addition, repeating
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earthquakes are useful for many other geophysical analysis methods, and this study could provide

additional insight in these applications as well.

Although data quality can be determined quickly and effectively using this method, it can
only describe the quality during the time interval of two or more repeating earthquakes due to data
limitations. Therefore, the versatility of the proposed method can be further improvemed. A more
universal and flexible quality control model might be achievable by combining this method with
forward simulation strategies and fine Earth structure model in future works. The improvement of
seismic data quality requires the long-term joint efforts of seismic instrument managers, data

centers, and researchers, along with international geoscience organizations.
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