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Abstract

The China Earthquake Administration established a network for intensity rapid report
and earthquake early warning (IRREEW) in 2016-2020, which consists of approximately
5000 conventional strong-motion and approximately 10,000 low-cost micro-electro-
mechanical system (MEMS) seismometers. These seismographs, particularly MEMS sta-
tions, can provide a large amount of near-field waveform data suitable for rapid source
inversion. Compared with conventional strong-motion data, MEMS recordings have
rarely been used in the previous source inversions, because the MEMS technology is
newly applied in earthquake monitoring, and the seismograph has a relatively lower
signal-to-noise ratio and more severe baseline shifts. However, from waveform compar-
isons at collocated MEMS and strong-motion stations, we find that they are highly con-
sistent with each other, particularly at frequencies above 0.04 Hz. To explore the
application prospect of MEMS data to source inversion, we inverted both MEMS and
strong-motion data for three strong earthquakes recorded by the IRREEW network dur-
ing 2021-2022 to determine their rupture processes. In applications to the 2021 M,, 6.1
Yangbi earthquake, the 2022 M,, 6.6 Menyuan earthquake, and the 2022 M,, 6.6 Luding
earthquake, the MEMS data equally well constrain the rupture model. The resulting
source information, including the moment magnitude, rupture direction, and rupture
dimension, are consistent with those obtained from the strong-motion inversions.
Because the low-cost MEMS instruments can be deployed densely around seismically
active regions, they can provide urgent waveform data for rapid determination of rup-
ture process, which is crucial for simulation of strong ground motions, and assessments
of earthquake and related disasters.
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Supplemental Material

Introduction Rapid inversion of rupture process can be performed with

Fast determination of earthquake source parameters plays
an increasingly important role in postearthquake responses
(Kanamori et al., 1997; Yue et al, 2020). Various works,
including event identification, event location and magnitude
measurement, moment tensor inversion, estimation of inten-
sity distribution, and rupture process inversion based on differ-
ent models from a point source to a finite fault can provide
urgent information for emergency response and early warning
(Kanamori and Rivera, 2008; Ekstrom et al., 2012; Zhang et al.,
2012, 2014; Kuang et al., 2021). Among these works, the source
rupture process contains the most detailed information for
obtaining a complete picture of an earthquake. Once the rup-
ture model of an earthquake is obtained, we can simulate the
strong ground motions to better estimate the casualties and
economic losses, and assess the risks posed by secondary disas-
ters such as landslides.
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teleseismic, regional, and near-field waveform data, among
which the near-field data are recorded the earliest and can bet-
ter constrain the rupture behavior (Zhang et al, 2012). At
present, high-rate Global Positioning System (GPS) and
strong-motion data are two major near-field waveform record-
ings that can be observed close to the source or fault (Yue and
Lay, 2011; Zhang et al., 2014). However, because of their rel-
atively high-cost, high-rate GPS and strong-motion stations
are still sparse in many areas, greatly limiting the efficiency
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and capability of earthquake responses. The micro-electro-
mechanical system (MEMS) is a low-cost accelerometer that
can record near-fault ground motions (Eddy and Sparks,
1998; Lin, 2011). Benefiting from the low cost, the MEMS
can be used to establish a dense network economically. At
present, MEMS seismometers have been deployed and oper-
ated by many institutes and universities (D’Alessandro
et al, 2019), including the Japan Meteorological Agency

(Horiuchi et al, 2009), Stanford University (Cochran,
Lawrence, Christensen, and Chung, 2009; Cochran,
Lawrence, Christensen, and Jakka, 2009), Italy Ministry of

Education, Universities and Research (D’Alessandro et al.,
2018), and National Taiwan University (Wu et al, 2013;
Wu, 2015), in many countries and regions to improve the
earthquake monitoring ability.

The China Earthquake Administration established a net-
work for intensity rapid report and earthquake early warning
(IRREEW) in 2016-2020, which consists of approximately
5000 conventional strong-motion and approximately 10,000
MEMS accelerographs (Peng et al, 2019; Li et al, 2021;
Fig. 1). The interstation spacing of the large-scale IRREEW
network reaches 10-20 km in many seismically active areas,
providing a large number of near-field waveform recordings.
Many previous studies have confirmed that the P-wave initial
motion, amplitude, shaking duration or waveform length, and
waveform shape of the MEMS data are consistent with those of
the conventional strong-motion data (Holland, 2003; Aizawa
et al., 2008; Lin, 2011; Pozzi et al., 2011; Lawrence et al., 2014;
Saunders et al, 2016; Bravo-Haro et al., 2021; Peng et al.,
2021). Thus, they can be used for earthquake location, magni-
tude measurement, mechanism determination, and intensity
estimation. However, MEMS data have rarely been used in
source waveform inversions compared with conventional
strong-motion records, which have been proven to be effective
and reliable (Yokota et al, 2011; Zheng et al., 2017, 2018,
2020). For the IRREEW network, a large proportion of the
MEMS seismometers are deployed on soft soil near the mobile
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Figure 1. Locations of the (a) strong-motion and (b) micro-electro-
mechanical system (MEMS) stations in the intensity rapid report
and earthquake early warning network.

communication towers (Peng et al., 2022), leading to relatively
low signal-to-noise ratio (SNR) and more severe baseline shifts.
Because MEMS stations constitute the majority of the
IRREEW network, it is necessary to conduct inversion tests
to examine the applicability of their waveform data in fast
source inversions.

Since its completion, the IRREEW network has recorded
three significant strong earthquakes with M,, > 6.0, that is,
the 2021 M, 6.1 Yangbi earthquake, the 2022 M, 6.6
Menyuan earthquake, and the 2022 M, 6.6 Luding earthquake
(Fig. 2). In this study, we inverted both the MEMS and strong-
motion data for these three earthquakes to obtain finite-fault
rupture models. We focused on the performance of the MEMS
inversions by comparing their results with those of the strong-
motion inversions. If the obtained MEMS models can be dem-
onstrated to be comparable with the strong-motion models,
they would play more positive roles in future earthquake mon-
itoring and emergency responses.

Data and Methods

MEMS waveforms and their processing
We obtained the MEMS and strong-motion data for the three
strong earthquakes from the China Earthquake Network
Center (CENC). Figure 2 shows the MEMS and strong-motion
stations used in this study. According to Peng et al. (2022), the
MEMS stations of the IRREEW network measure an acceler-
ation range of —19.6 to 19.6 m/s* for horizontal components
and —19.6 to 19.6 m/s? or —29.4 to 9.8 m/s? for vertical com-
ponents. The lower and higher cutoff frequencies are <0.01 and
>40 Hz, respectively, which effectively encompass the fre-
quency band of the source waveform inversions. The sensitiv-
ity is 500 V/Gal, and the sampling rate is 100 Hz.
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There are three pairs of collocated MEMS and strong-
motion stations for the 2022 Luding earthquake. This presents
an opportunity to assess the quality of the MEMS data by com-
paring them with the strong-motion data at these collocated
stations. For comparison, we minimized the effects of the base-
line shifts by removing the second-order Legendre polynomial
fittings from the raw acceleration records. This operation was
also conducted for the integrated velocities. In addition to the
unfiltered recordings, all of the waveforms were also compared
in the frequency band of concern (0.04-0.5 Hz). As shown in
Figure 3 and Figures S1 and S2, available in the supplemental
material to this article, most of the acceleration, velocity, and
displacement waves of the collocated MEMS and strong-
motion station data exhibit similar features. When the fre-
quency is <0.04 Hz, the amplitudes of the MEMS data are
larger than those of the strong-motion data, suggesting that
they are more noised at low frequencies. However, for
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Figure 2. Epicentral areas of the (a) 2021 Yangbi, (b) 2022
Manyuan, and (c) 2022 Luding earthquakes. The yellow stars
represent the epicenters. The white triangles denote the MEMS
stations, and the red triangles are the remaining MEMS stations
that were finally used in inversions. The black triangles denote
the strong-motion stations. The yellow, orange, and red areas
represent the different intensity regions. The black dots denote
the locations of the aftershocks.

frequencies of >0.04 Hz, they are highly consistent with each
other, indicating that the MEMS waveforms are of high quality
if a high-pass filter with a frequency of 0.04 Hz is applied.
We used the automatic inversion system developed by
Zheng et al. (2020) based on the iterative deconvolution stack-
ing (IDS) method (Zhang et al., 2014) to invert the MEMS and
strong-motion data. Compared with conventional methods in
which smoothing weights are usually specified through trial
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Figure 3. Comparisons of waveforms and spectra for the collo-
cated MEMS (T2301) and strong-motion (THOO1) stations for the
2022 Luding earthquake. The black and red lines represent the
MEMS and strong-motion waveforms, respectively. Panels (a),
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(b), and (c) show the waveforms and spectra of the acceleration,
velocity, and displacement, respectively. The black dash lines in
the right panels denote the frequency of 0.04 Hz.
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and error, the automatic IDS inversion system helps to min-
imize these subjective factors. The origin time and hypocentral
location of the Yangbi earthquake were acquired from Yang
et al. (2021), those of the Menyuan earthquake were from
the U.S. Geological Survey (USGS), and those of the Luding
earthquake were obtained from the CENC. To construct the
fault model, we adopted the focal mechanisms released by
the USGS for the Yangbi and Menyuan earthquakes and
Global Centroid Moment Tensor (Global CMT) for the
Luding earthquake. The Green’s functions were calculated
using the QSSP program (Wang et al, 2017) based on the
1D velocity models retrieved from the CRUSTI1.0 model
(Laske et al., 2012).

Waveform screening

Station screening is essential when performing inversions
using low-quality data. Zheng et al. (2020) proposed a screen-
ing procedure for selecting waveform stations. Initially, this
procedure uses an estimated fault size determined from the
empirical relationship with the preliminary reported magni-
tude (Wells and Coppersmith, 1994) to perform the inversion.
The fault can be expanded if slips appear at the fault edges. In
the station screening, the stations with an average misfit (nor-
malized) of less than 0.6 are retained. To preserve more wave-
form data, we modified the misfit threshold to 0.8 and removed
the stations with poor waveform fittings. Then, a smaller misfit
threshold of 0.7 was used to screen each waveform component.

Postprocessing

Because many MEMS stations are deployed on soft soil, they
may exhibit strong coda waves, which can lead to an exces-
sively long duration. To address this problem, wherein the
source time functions (STFs) contain multiple peaks, we cal-
culated the synthetics and corresponding residuals by cutting
the STF at each local minimum. The length of the STF was
determined at the inflection point of the residual curve (Fig. 4).

Results
The 2021 M,, 6.1 Yangbi earthquake

The M,, 6.1 Yangbi earthquake occurred in Yunnan Province,
southwestern China, at 13:48:34 on 21 May 2021 (UTC). Based
on the tectonic setting and aftershock relocation results (Yang
et al., 2021), this earthquake ruptured a northwest-southeast-
trending fault. The hypocenter was located at 99.88° E,
25.69° N, and a depth of 6 km. The strike, dip, and rake given
by the USGS are 135°, 82°, and —165°, respectively. The MEMS
rupture model of this earthquake is shown in Figure 4, includ-
ing the slip distribution, STF, and spatial-temporal rupture
process. The synthetic waveforms generated by the rupture
model are compared with the observed ones in Figure 5.

As shown in Figure 4a,b, the rupture propagates horizon-
tally toward the southeast and slightly upward. The major rup-
ture area is 1-9 km to the southeast of the hypocenter and is
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2-10 km deep. The maximum slip is about 0.62 m, and the
seismic moment is 1.55 x 10'® N . m, which is equivalent to
M,, 6.06. The moment centroid is found to be located
5.20 km away from the hypocenter, and the average rupture
velocity is calculated to be 1.09 km/s. Figure 4c,d shows the
postprocessing for obtaining an STF with an acceptably small
misfit and duration. To improve the computation efficiency,
only six STFs were taken into account, starting from 0 s
and ending at the time of the six local minima. Then, the nor-
malized misfits between the synthetic and observed waveforms
were computed (shown in Fig. 4d). After the first local mini-
mum of 8 s, the seismic moment makes very little contribution
to waveform fitting, and the corresponding slips mainly dis-
tributed in deep areas where the near-field station have rela-
tively poor resolution (Fig. S3). Therefore, we chose the final
STF terminating at the first local minimum (shown in cyan
in Fig. 4c).

The Yangbi earthquake was investigated by inverting geo-
detic Interferometric Synthetic Aperture Radar (InSAR) data
(Zhang et al, 2021; Li, Bose, et al, 2022; Lu et al, 2022).
These InSAR models show that the main slip area was located
at depths of 3-13 (Zhang et al., 2021), 1-14 (Li, Bose, et al.,
2022), and 2-11 km (Lu et al., 2022). The maximum slips indi-
cated by these models are 0.61 m at a depth of 6.98 km, 0.6 m at
a depth of 5 km, and 1.1 m at a depth of 6 km. The major slip
areas are similar to those indicated by our MEMS slip model,
but the maximum slips are significantly greater. This difference
may be because InSAR inversions commonly choose a smaller
subfault size (1 x 1 km) and tend to apply smaller smoothing
weights to the inversions.

The 2022 M,, 6.6 Menyuan earthquake
The 2022 M,, 6.6 Menyuan earthquake occurred in the north-
east margin of the Qinghai-Tibet plateau, at 17:45:30 on 7
January 2022 (UTC). Because of the poorly accessible condi-
tions of the northern side, the near-field network stations are
all located to the south of the epicenter, providing an azimuthal
coverage of approximately 180°. Based on the tectonic back-
ground and aftershock relocation results (Yang et al., 2022),
this earthquake ruptured an east-west-trending fault. The
hypocenter was located at 101.26° E, 37.77° N, and a depth
of 13 km. The strike, dip, and rake given by the USGS are
104°, 88° and 15°, respectively. The rupture model inverted
from the MEMS data is shown in Figure 6, and the observed
and synthetic MEMS waveforms are compared in Figure 7.
As shown in Figure 6, the rupture mainly propagates
upward, with the major rupture area situated above the hypo-
center at depths of 0-8 km along a horizontal length of 8 km.
The maximum slip is 2.86 m, and the seismic moment is
6.65x 10" N-m, which is equivalent to M, 6.48. The
moment centroid is located at —9.04 and -0.88 km in the
down-dip and strike directions, respectively. The distance
between the centroid and the hypocenter is 9.08 km, and

Seismological Research Letters 1825
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the average rupture velocity is 2.82 km/s. The STF shown in
Figure 6¢ indicates that the duration of the source is approx-
imately 6 s, with the peak moment rate appearing at 3 s.

In existing slip models of the Menyuan earthquake, the
major slip area is situated at depths of 0-10 (Yang et al,
2022), 0-8 (Li, Huang, et al.,, 2022), and 3-9 km (Bao et al,
2022). In addition, the maximum slips are 3.5 m at a depth
of 6 km, 3.5 m at a depth of 4 km, and 3.45 m at a depth
of 5 km. These models agree with our model regarding the
location of the major slip area, but the maximum slips are
slightly larger.
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Figure 4. MEMS rupture model of the Yangbi earthquake. (a) The
slip distribution and subfault source time functions (STFs). The
yellow stars represent the hypocenter. (b) Snapshots of the
rupture process. The left and right columns show the slip rate and
slip distributions at different time, respectively. (c) The STF. The
red dots represent the local minima. The cyan area denotes the
finally chosen STF. (d) The residual curve computed using STFs
with different lengths. The arrow denotes the corner point.
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The 2022 Luding earthquake

The 2022 M,, 6.6 Luding earthquake occurred in Sichuan
Province, China, at 04:52:18 on 5 September 2022 (UTC).
The hypocenter was located at 102.08° E, 29.59° N, and a depth
of 10 km. The strike, dip, and rake given by the Global CMT
are 163°, 80° and 8°, respectively. The rupture model deter-
mined from the MEMS data inversion is shown in Figure 8,
and the corresponding waveform fittings are shown in
Figure 9.

The rupture of the earthquake mainly propagates toward
the south and upward, and the major rupture area is located
2-14 km to the southeast of the hypocenter at depths of
0-10 km (Fig. 8). The maximum slip is 1.81 m, and the seismic
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Observed waveforms
Synthetic waveforms

Figure 5. (a) East-west, (b) north-south, and (c) vertical compo-
nents. Three-component waveform fitting for the Yangbi earth-
quake. The black and red lines represent the observed and
synthetic waves, respectively. The maximum amplitude, normalized
misfit, and correlation coefficient of each component are observed
in the bottom-left, top-right, and bottom-right corners, respec-
tively. The normalized misfit of all of the components is 0.51.

moment is estimated to be 9.50 x 10'® N - m, which is equiv-
alent to M,, 6.58. The moment centroid is situated at —5.86 and
5.88 km in the down-dip and strike directions, respectively,
corresponding to a moment centroid 8.30 km away from
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the hypocenter. The average rupture velocity is calculated to be
approximately 1.64 km/s. The rupture lasts for approximately
12 s, with two moment-rate peaks at 3.5 and 7 s (Fig. 6c¢).

Discussion

Comparison of the MEMS and strong-motion
models

The strong-motion data from the IRREEW network com-
monly have better instrument responses and higher SNRs than
the MEMS records due to the design criterion and the site con-
ditions. To examine the reliability of the rupture models
obtained from the MEMS data inversions, we also inverted
the strong-motion data for the three earthquakes and com-
pared the strong-motion models to the MEMS ones.
Because the baseline shifts of the strong-motion data at low
frequencies are not so serious, the lower bounds of the fre-
quency band were set to 0.02 Hz. The strong-motion waves
in this relatively broad frequency band are well fitted (Figs.
S4-S6). For the 2021 Yangbi earthquake, because there are only
four faraway strong-motion stations (Fig. 2a), the fault
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Figure 6. MEMS rupture model of the Menyuan earthquake.
(a) The slip distribution and subfault STFs. The yellow stars denote
the hypocenter. (b) Snapshots of the rupture process. (c) The STF.

size was given manually, instead of being determined auto-
matically.

The MEMS and strong-motion models are compared in
Figure 10. Both the MEMS and strong-motion models of
the 2021 Yangbi earthquake suggest a similar rupture direc-
tion: The ruptures mainly propagated toward the southeast
and upward (Fig. 10a—c). However, the MEMS model revealed
a more concentrated slip area near the hypocenter and a larger
peak slip (Fig. 10a). This could be ascribed to the sparseness
and further distances of the strong-motion stations (Fig. 2a).
The duration of the STFs is also different: The peak moment
rate occurs approximately 2 s earlier in the MEMS model than
in the strong-motion model. The delayed STF of the strong-
motion model could be attributed to the lack of strong-motion
stations in the rupture direction (east-southeast). Because of
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the better coverage of the MEMS network, the slip
distribution and the maximum slip of the MEMS model are
closer to existing geodetic models (Zhang et al, 2021; Li,
Bose, et al., 2022; Lu et al., 2022) in terms of the slip distribu-
tion and rupture length, and, thus, they are preferable in
this work.

In contrast to the 2021 Yangbi earthquake, the MEMS and
strong-motion stations for the 2022 Menyuan earthquake have
almost identical coverage in azimuth and takeoff angles
(Fig. 10d-f). Accordingly, the two rupture models are close
to each other. The maximum slips of the strong-motion model
are slightly larger than those of the MEMS model (Table 1), but
they are still within an acceptable range.
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Figure 7. (a) East-west, (b) north-south, and (c) vertical compo-
nents. Three-component waveform fitting results for the
Menyuan earthquake. The black and red lines represent the
observed and synthetic waveforms, respectively. The normalized
misfit of all of the components is 0.43.

For the 2022 Luding earthquake, both the MEMS and
strong-motion data have an ideal distribution with azimuthal
gaps less than 90°. As such, most of the source parameters,
including the moment magnitude, peak slip values, slip distri-
butions, STFs, and rupture lengths of the two models are
almost identical (Fig. 10g-i). A greater difference is found
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for the average rupture velocities that are sensitive to both spa-  Figure 8. Rupture model of the Luding earthquake obtained by
tial and temporal centroids (Table 1). inverting the MEMS data. (a) The slip distribution and subfault

STFs. The yellow stars represent the hypocenter. (b) Snapshots of

To compare the MEMS and strong-motion models more
the rupture process. (c) The STF.

quantitatively, we simulated strong-motion synthetics for
the MEMS models and the MEMS synthetics for the strong-
motion models. Consequently, the normalized misfits for both
the networks as well as their combinations could be calculated ~ This indicates that the data quantity can make up for the qual-
(Table S1). For the Menyuan and Luding earthquakes, the mis- ity defect to some extent. Nonetheless, for the Yangbi earth-
fits of the MEMS models are slightly lower than those of the  quake, the MEMS model could not explain the strong-
strong-motion models, suggesting that the MEMS data even ~ motion data and vice versa, which is mainly caused by the sig-
have a better performance than the strong-motion data.  nificant differences in the two networks.

TABLE 1

Comparisons of Several Major Source Parameters from the Micro-Electro-Mechanical System (MEMS) and
Strong-Motion Models of the Three Earthquakes

Earthquakes Rupture Models m,, Dpmax (M) L. (km) V, (km/s)
Yangbi MEMS 6.06 0.62 5.20 1.09
Strong motion 6.02 0.37 10.58 1.52
Menyuan MEMS 6.48 2.86 9.04 2.82
Strong motion 6.55 3.63 10.13 2.90
Luding MEMS 6.58 1.81 8.30 1.64
Strong motion 6.56 1.93 7.31 1.30

Dinax, maximum slip; L., distance between the moment centroid and hypocenter; M,,, moment magnitude; and V,, average rupture velocity.
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MEMS inversion with different frequency bands

It is necessary to select an appropriate frequency band for
finite-fault inversion. Zheng et al. (2020) proposed a criterion
for choosing proper frequency bands based on the preliminary
magnitude: 0.02-0.5 Hz for M, < 6.5, 0.02-0.2 Hz for
M,, 6.5-7.5, 0.02-0.1 Hz for M,, 7.5-8.5, and 0.02-0.05 Hz
for M, > 8.5. The upper bounds of the frequency bands
are related to the subfault size (Zheng et al., 2020), which is
determined by balancing the required resolution and comput-
ing time. The lower cutoff frequencies are the main issue
we focused on here, because the MEMS records are more
noised at low frequencies by baseline shifts (Fig. 3 and Figs.
S1 and S2).
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Observed waveforms
Synthetic waveforms

Figure 9. (a) East-west, (b) north—south, and (c) vertical compo-
nents. Three-component waveform fitting results for the Luding
earthguake. The black and red lines represent the observed and
synthetic waveforms, respectively. The normalized misfit of all of
the components is 0.29.

Taking the 2022 Menyuan earthquake as an example, we
obtained rupture models by inverting the MEMS data with dif-
ferent lower frequency bounds and a fixed upper frequency
bound of 0.5 Hz (Fig. 11). The results of the four inversions
exhibit similar rupture directions and slip distributions
(Fig. 11), but slightly varied maximum slips. In addition, as
the lower frequency bound increases, the low-frequency noises
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in the original waveforms decrease. For instance, the wave-
forms at station A0020 mostly have their low-frequency tails
removed in 0.04-0.5 Hz. This finding is consistent with the
waveform comparisons (Fig. 3 and Figs. S1 and S2) in which
the MEMS data are amplified below 0.04 Hz. Therefore, we
conclude that raising the lower frequency bound can effectively
suppress the low-frequency noises within a certain frequency
range, whereas the resulting slip distribution remains stable.
Though this could lead to loss of some low-frequency signals,
it is still sufficient to obtain satisfactory results for earthquakes
with M,, < 7. However, it may be necessary to include them in
inversions for larger earthquakes of which low-frequency sig-
nals are more prominent.

Conclusions

In this study, we applied MEMS waveform data to finite-fault
inversions of three strong earthquakes: the 2021 M,, 6.1 Yangbi
earthquake, the 2022 M,, 6.6 Menyuan earthquake, and the
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Figure 10. Comparison of the MEMS and strong-motion rupture
models. (a,b) The MEMs and strong-motion slip models of the
2021 Yangbi earthquake. (c) Comparison between the STFs of
the Yangbi earthquake obtained from the MEMS and strong-
motion inversions. (d—f) The same as panels (a)~(c) but for the
2022 Menyuan earthquake. (g—i) The same as panels (a)—(c) but
for the 2022 Luding earthquake.

2022 M,, 6.6 Luding earthquake. By comparing the MEMS
models with those of strong-motion inversions, we found that
inversions with densely distributed MEMS recordings produce
comparable and sometimes even better rupture models. In the
future, the MEMS seismometers may be more and more
applied to earthquake monitoring and disaster reduction,
because they can be densely deployed in a target area with
low cost. In particular, a large amount of near-field MEMS
waveform data will become available in China with the com-
pletion of the IRREEW network. These abundant data can be
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used for not only rapid intensity reports and early warning but
also for fast source inversion and other related research works,
which could help to predict earthquake-related disasters such
as landslides.
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