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36  Regional spectral decay model for the Sichuan, China: Application in ground motion simulation of the
37  Ms 6.0 Changning earthquake

38  Abstract 4260 recordings of 165 events by 168 stations were used to calculate the spectral decay kappa
39  parameter. The kappa values of the two horizontal components were similar and generally larger than those of
40  the vertical component. The impact of magnitude and site condition on the xo value was also investigated, which
41  showed that ko increased with magnitude, indicating that o is influenced by source effects. In addition, the results
42 showed that softer sites have higher xo values, indicating that site conditions significantly affect xo estimates.
43 The single-station ko values showed little difference between the two horizontal components, both of which were
44 significantly greater than the xo value of the UD component. Furthermore, the relationships between xo and Vs30
45  were derived, which indicates that xo value decreases with increasing parameter Vs30. Moreover, the logxo-logfo
46  correlations estimate the xo better than the InVs30-xo correlation does. Finally, we performed ground motion
47 simulations at 16 stations to validate the derived site-based kappa model. Ground motion simulations at 16
48  stations demonstrate that both site- and event-related ko mainly affect high-frequency amplitudes. These findings
49  provide a basis for seismic attenuation study and refined ground motion simulation in the study region.

50 1. Introduction

51 In recent years, seismic activity has been very frequent in the western-central Sichuan, China. Especially after
52  the Mw7.9 Wenchuan earthquake in 2008, the intensity of seismic activity in the region significantly increased.
53  (Zuoetal.,, 2021; Zhang et al., 2021) In the study area, many earthquake events with magnitudes of 1.0-7.0 have
54 occurred. The most typical earthquake events are the Lushan 6.6-magnitude earthquake and the Jiuzhaigou 7.0-
55  magnitude earthquake, which occurred in 2013 and 2017, respectively. These findings demonstrate that western-
56 central Sichuan, China, especially the western and northwestern parts of the Sichuan Basin, are already in a
57  relatively active state. The aftershock activity of the Changning 6.0-magnitude earthquake that occurred on June
58 17,2019 (local time), was very strong, with only 4 aftershocks of magnitude 5 or above, reflecting the complex
59  seismic activity background in the study area. The China Earthquake Network Center reported that the epicenter
60  of the Changning event was located at 104.90°E and 28.34°N, with a depth of 16 km. Strong tremors were felt
61  in Sichuan Province and its surrounding areas, such as Chongqing, Yunan, Guizhou, and many other regions.
62  As of June 19, 2019, the Changning earthquake in Sichuan resulted in 13 deaths and 199 injuries, and
63  approximately 1000000 people were affected, causing significant impacts on local society, production, and daily
64  life (Guo et al., 2022). As Changning is located at the junction of Yunnan, Sichuan and Guizhou provinces, and
65 geological structures are at the edge of the transition from the Yunna-Guizhou Plateau to the Sichuan Basin, the
66  geological structure background is relatively complex. Changning was formed during multiple periods of
67  interactions between the Qinghai-Tibet Plateau and the Sichuan Basin, with NE-trending structures, NW-
68  trending structures, and even the superposition of two structures.

69  The spectral amplitude significantly decreases at high frequencies when the frequency exceeds a certain value
70  (Anderson and Hough, 1984; Douglas et al., 2010). The spectral attenuation characteristics can be described as
71  two types of filters: the kappa (k) filter and the fmax filter. The « filter is defined as exp(-mfk) (Anderson and
72  Hough, 1984; Huang et al., 2024), and the fmax filter is defined as [1+(f/fmax)®]""? (Hanks, 1982). The concept of
73 kappa has been applied in many fields of earthquake engineering since its inception, such as site amplification

74 (Campbell, 2013), ground motion prediction equations (Laurendeau et al., 2013; Bora et al., 2015), and stochastic
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75  ground motion simulation (Motazedian, 2005; Dabaghi and Kiureghian, 2016). Research has shown that
76  significant differences in ground motion are noted between earthquakes recorded at multiple stations and
77  multiple earthquakes recorded at a single station (Neighbors et al., 2015). Although kappa (k) is defined to
78  describe the spectral decay at a station, there is still controversy over the main mechanism controlling high-
79 frequency attenuation (Tsai and Chen, 2000; Purvance and Anderson, 2003; Douglas et al., 2010). Many studies
80  have confirmed that kappa is related mainly to site effects (Hanks, 1982; Anderson and Hough, 1984; Rovelli et
81 al., 1988; Anderson, 1991), whereas some studies have indicated that kappa is related to distance (Anderson,
82 1991; Castro et al., 2000; ), earthquake magnitude, focal mechanisms, and focal depth (Papageorgiou and Aki,
83 1983; Purvance and Anderson, 2003; Parolai and Bindi, 2004), and some studies have indicated that kappa is
84  related to source, path, and site effects (Tsai and Chen, 2000; Kilb et al., 2012). Although the physical meaning
85  ofkappa is still unknown, in the field of earthquake engineering, parameter « is usually defined as a site-related
86  parameter that is used to describe the effects of site conditions in ground motion simulations. Kappa can be
87  divided into two parts, namely, kg and xo (Anderson and Hough, 1984), where x (zero-distance «o) is the x value
88 at R = 0 and is used to define attenuation from the shallow subsurface at the site, and g is related to distance
89  and is used to describe the regional slope. Research has shown that zero-distance o is related to the ¥s30
90  parameter, which is defined as the shear-wave velocity averaged over the top 30 m of soil, and o is smaller at
91 rock sites and greater at soft soil sites (Silva et al., 1998; Ktenidou et al., 2014; Sertcelik et al., 2022).
92  Inthis study, we estimated the spectral decay kappa values using ground motion recordings observed in western-
93  central Sichuan, China, and investigated the relationship between event-related kappa and epicentral distance.
94 Then, we investigated the impact of different earthquake magnitudes and site conditions on kappa calculations.
95 Furthermore, to assess how different estimation methods affect the value of zero-distance xy, this study adopts a
96  fixed-slope model instead of the free-fitting approach widely used in previous studies. On the basis of a single
97 station for which 4 or more records were recorded, the zero-distance xy of a single station was estimated, and the
98  relationships between ko -¥s30 and ko -fy were analyzed. Finally, the acceleration waveforms of 16 stations during
99  the Ms 6.0 Changning earthquake in China were simulated using the stochastic finite fault method to examine
100 the influence of the derived site-based kappa model on the simulation results. These findings provide a theoretical
101  basis for the systematic study of the x model in the western-central Sichuan, China.
102 2. Ground motion dataset
103 From 2007 to 2022, a total of 4260 three-component (e.g., east-west, EW; north—south, NS; up—down, UD)
104  records of 165 earthquakes with magnitudes of 3.0-6.0 recorded by 168 stations in western-central Sichuan,
105  China, were collected. These selected stations are distributed mainly in the western part of the Sichuan Basin, as
106 shown in Figure 1. In this study, we excluded earthquakes with magnitudes less than 3.0 and earthquakes with
107  magnitudes greater than 6.0. On the one hand, owing to the relatively high corner frequency of small earthquake
108  events, this may affect the estimation of spectral decay kappa values. On the other hand, large-scale earthquake
109  events may lead to the nonlinear behavior of local sites, which can result in deviation in kappa estimation (Askan
110  etal., 2014). The recordings selected in this study were provided by the China Strong Motion Network Centre
111  and the sampling frequency was 200 Hz. In this study, we converted the surface wave magnitude (Ms) to the
112  local magnitude (My) using the relationship between them, which can be defined in the form of Mg =
113  1.13 x M, — 1.08 (Wang et al., 2010).
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114  Before the Fourier amplitude spectrum (FAS) was calculated, each raw recording of three components was
115 filtered by a Butterworth filter with a filtering range of 0.1-60 Hz after baseline correction. The P and S
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117  Figure 1. Distribution of selected stations and earthquakes, with purple triangles representing stations used for
118 estimating spectral decay parameters, blue triangles representing stations used for ground motion simulation, a
119  yellow pentagram representing the epicenter of the Changning earthquake in China, and red circles

120  representing earthquake events (scaled by M) used for estimating spectral decay kappa. The inset map in the
121  upper left corner shows the location of the study area on a map of China.

122

123  waves were picked using the vertical and horizontal components of ground motion, respectively, which was
124  performed manually through a visual inspection of the acceleration waveforms. In this study, the record recorded
125 by Station 015JYC was selected to demonstrate the step of extracting S waves:

126  OThe starting and ending points of the S-wave were determined by the time when 5% of the energy was
127  accumulated (Husid, 1967) and the time when the cumulative root-mean-square function obtained from the
128  acceleration waveforms began to decrease over time (Hassani, 2015). The S-wave window length was limited
129  to a maximum of 15 s to avoid contamination by coda waves (Moya et al., 2000; Drouet and Chevrot, 2008).
130 @ A 10% Hanning taper was used on both time windows to eliminate truncation errors (Dang et al., 2024; Dang
131  etal, 2025).

132  ® For each waveform, a noise window of the same length as the S-wave window was selected from the pre-
133 event portion (Figure S1).

134  Notably, as long as the energy portion of the S-waves is extracted, the window length used has little effect on
135  the estimation of kappa (Tsai and Chen, 2000; Douglas et al., 2010; Neighbors et al., 2015). Askan et al. (2014)
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136  reported that smoothing the FAS is a necessary step for reliable estimation of the spectral decay kappa parameter.
137  In our work, both the S-wave and noise windows were transformed to the frequency domain via fast Fourier
138  transform. The FAS curves were then smoothed using the Konno and Ohmachi (1998) windowing function with
139  asmoothing parameter b of 20 to avoid abrupt variations. In this case, records with a signal-to-noise ratio (SNR)
140  greater than 3 were selected, and the smoothed FAS values can be obtained from the root mean square (RMS)
141 ofthe two horizontal components to reduce the influence of the azimuthal direction (Pozo et al., 2023). Therefore,
142  the RMS FAS of the two horizontal components and the FAS of the vertical component were used to calculate
143  the H/V curve. After the above screening steps were completely, a total of 4260 acceleration time histories of
144 three components from 165 small- and medium-sized earthquake events (3.0<M<6.0) recorded at 168 stations
145 were selected (Figure 2). As shown in the figure, the epicentral distances are distributed within 250 km, with a
146  depth of less than 30 km, and the data are evenly distributed within the epicentral distance and depth range. In
147 addition, the detailed information of the selected stations is summarized in Table S1. To ensure the reliability of
148  kappa estimation, 103 stations with > 4 records were selected, of which 16 stations had V’s30 values calculated
149  from drilling data and 8 stations had 7s30 values provided by the Pacific Earthquake Engineering Research
150  Center (PEER) database; the ¥'s30 values of the remaining stations were calculated using the following equation
151  (Ghofrani and Atkinson, 2014):

152 log(Vs30) = 2.76(%0.03) + 0.22(+0.02) X log(fyear) — 0.49(£0.05) X log(Apear) 1)
153 where fpeqk and Apeqi denote the highest peak frequency and peak amplitude, respectively. Equation (1) is
154 wvalid for fheqr > 1Hz, In addition, equation (1) is obtained from the next generation of ground-motion
155  attenuation models for the western United States (NGA-West 2) databases and is usually used for regions with
156  larger peak amplitudes and peak frequencies characterized by shallow soils, such as Japan, China, and Taiwan
157  (Ghofrani and Atkinson, 2014). For H/V curves with peak frequencies less than 1 Hz, we did not calculate the
158 V530 values for these stations, such as stations 53DJL, 51JGD, 51MBQ, and 53DSS. The H/V method is widely
159  wused for studying sites where reliable reference sites are lacking or where few observation records are recorded
160  (Zhang et al., 2025), and the H/V curve provide an approximate measure of the amplification of the horizontal
161  component caused by soft layers. At soft-soil sites, the H/V ratio typically exhibits a clear and stable peak, which
162 is associated with the fundamental resonance frequency (Field and Jacob, 1995; Cadet et al., 2012; Pitilakis and
163  Riga, 2013). Therefore, in this study, the peak frequency and corresponding peak amplitude were approximately
164  obtained by the H/V curves.
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Figure 2. Dataset used for estimating spectral decay parameters. (a) Relationships between earthquake
magnitude and epicentral distance, (b) Relationships between magnitude and focal depth, (c) Relationships
between PGA and epicentral distance (red for the vertical component and blue for the horizontal component),

and (d) epicentral distance ranges of the records at each station.

3. Calculation of the spectral decay kappa
The spectral decay kappa () is defined as the attenuation of the FAS in the high-frequency range greater than a
specific frequency (Anderson and Hough, 1984):

A(f) = Agexp(—nfK), fp <f <fx 2)
where the spectral amplitude Ao contains the source and path effects, and the frequencies fg and fg are the
frequencies where the spectral decay starts and ends in log-linear space. In this study, the spectral decay kappa
(x) value was estimated by measuring the slope & of the S-wave FAS on a log-linear scale at high frequencies.
The value of fx—f& should be greater than 10 Hz to ensure the accuracy of the kappa estimation (Ktenidou et al,
2013). In our scheme, fr and fg of each recording were visually picked. Therefore, the slope of the linear portion
was obtained by fitting a line to the smoothed FAS curve via the least squares tool. Site effects may significantly
affect the kappa estimation. If the fundamental resonance frequency fy is well below the frequency range fx—e,
kappa estimation will be reliable and unbiased (Parolai and Bindi, 2004). Therefore, in our work, the H/V spectral
ratio method was used to select the fundamental resonance frequency of a site, and the frequencies ft (=1.5/0)
for Class C and Class D sites were determined to be 12 Hz and 9 Hz, respectively. The frequency fx was manually
determined based on the FAS of the S-wave and was basically ranged from 35-50 Hz (Dang et al., 2026).
After the values of parameters ft and fx were determined, the high-frequency attenuation kappa (x) of the
acceleration spectrum was calculated via the following equation:

Kk=—k/m €)
where £ is the slope of the S-wave FAS in linear—log space and can be calculated by k = AlnA/Af (Douglas
et al., 2010). In this case, the high-frequency attenuation kappa (x) from each component for all 165 selected
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191 carthquake events recorded at 103 strong-motion stations in the western-central Sichuan region, China, was
192  estimated. The estimated kappa (k) values of different earthquake records recorded at the same station are differ
193  because of the influence of the path effect on the kappa values. For this purpose, we used the following equation
194 to estimate the zero-distance ko value related to the site (Anderson and Hough, 1984):

195 K=Ky+mxR 4
196  where x (s) denotes the kappa value calculated from each component, xo (s) denotes the zero-distance kappa
197  value and may provide information about near-surface attenuation, m (s’/km) denotes the fitting coefficient and
198  isrelated to quality factor and S-wave velocity, and R (km) represents the epicentral distance. The zero-distance
199 ko value is a parameter related to the site that can provide information on near-surface attenuation within several
200  kilometers, and the coefficient m is considered a proxy for regional attenuation and is related to the study region.
201 4. A site-based kappa model

202 Spectral decay x or zero-distance xo is an important parameter in seismology and earthquake engineering,
203  including in stochastic ground motion simulations (Shi and Zhang, 2022; Mao et al., 2024; Dang et al., 2026),
204 adjusting ground motion models for different site conditions (Van Houtte et al., 2011; Biro and Renault, 2012),
205 using the quarter wavelength approach to calculate site amplification (Boore and Joyner, 1997), constraining
206 small-strain damping profiles for site response analysis (Xu et al., 2020; Xu et al., 2021), and investigating
207  kinematic soil-structure interactions (Sotiriadis et al., 2021). In addition, xo and other site parameters, such as
208 V530, resonance frequency, and depth-to-bedrock, have always been popular topics (Silva et al., 1998; Edwards
209  etal.,2011; Ktendiou et al., 2015; Altindal and Askan, 2022). In this study, we investigated the factors that affect
210  kappa estimation, such as earthquake size and site conditions, and the sites were simply divided into soft and
211  rock based on the header profiles of the raw acceleration waveforms.

212 4.1 Investigation of the influencing factors of the kappa value

213  First, we investigated the impact of different earthquake magnitudes and soil conditions on kappa estimation.
214  We divided the data into three magnitude ranges—3.0-4.0, 4.0-5.0, and 5.0-6.0 and four site condition (soil and
215 rock, Class C and Class D sites). For each set of data, the Shapiro—Wilk test was used to check whether the data
216  followed a normal distribution. The results indicate that the estimated kappa values in each group roughly
217  followed a normal distribution, and Equation (4) was subsequently applied to obtain the kappa model for each
218  group. The kappa values of the EW (0.0013-0.0654 s) and NS (0.0011-0.0738 s) components were generally
219  similar but greater than those of the UD (0.0001-0.0507 s) component. Because m in equation (4) is interpreted
220  asrepresenting regional attenuation, it is region dependent (Edwards ez al., 2011). In this study, the kappa models
221  derived from all horizontal and vertical components are x = 7.20x 10°R+ (0.0319+0.0004) and x = 8.35x10~
222 SR+ (0.0213+0.0006), respectively. Accordingly, across all site and event categories, the fitted x models shared
223  the same slope terms: 7.20x 107 for the EW and NS components, and 8.35x 107 for the UD component.

224 The intercepts (ko) varied as follows: for soil sites, ko was 0.0309 (EW), 0.0325 (NS), and 0.0214 (UD); for rock
225 sites, 0.0330, 0.0333, and 0.0207 (Figure 3a); for Class C sites, 0.0313, 0.0326, and 0.0218; and for Class D
226 sites, 0.0350, 0.0355, and 0.0218 (Figure 3b; Dang et al., 2026). By magnitude, xo values were 0.0296, 0.0321,
227 and 0.0197 for M 3.0-3.9 (Figure 4, top); 0.0313, 0.0326, and 0.0218 for M 4.0-4.9 (Figure 4, middle); and
228  0.0326,0.0329, and 0.0219 for M 5.0-6.0 (Figure 4, bottom). All uncertainties are reported as + standard error.

229  The corresponding zero-distance o values for each model are shown in Table 1, which indicates that the xo
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230  values estimated for the vertical components were significantly smaller than those for the horizontal components
231  and that there was a large difference in xo values between soil sites and rock sites, which differs from the
232 conclusions of Dang et al. (2026), who derived a kappa model based on the same strong-motion data in western-
233 central Sichuan, China, at Class C and Class D sites. In this study, the site conditions given in the raw seismic
234 record header profile were simply used, and Table S1 shows that both the soil and rock sites have Class C and
235 Class D sites, which may be the reasons for the aforementioned false conclusions. However, when the xo values
236 were refit for Class C and Class D sites, the results showed that softer sites have higher xo values, indicating that
237  site conditions significantly affect xo estimates. In addition, as shown in Table 1, the zero-distance xo values
238  depended on the magnitude of the earthquake, with larger magnitudes resulting in larger xo values. This finding
239 is consistent with the conclusions obtained from previous studies (Askan et al., 2014; Neighbors et al., 2015;
240 Perron et al., 2017; Altindal and Askan, 2022; Franceschina and Tento, 2023; Tsurugi et al., 2020). Because the
241 shallow soil layer is horizontally anisotropic, terrain (basin) boundaries can produce direction-dependent
242  amplification and scattering, resulting in different estimated xo values for the two horizontal components. In

243  practical engineering applications, the average of the xo values from the two horizontal components can be used.

244
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246  Figure 3. Correlation of the spectral decay kappa values versus the epicentral distance of the EW, NS and UD
247  components for all earthquake events at the soil (top panel) and rock (bottom panel) sites. The red solid line in
248  each panel indicates the results of robust regression, and the green line indicates the +o range.

249

250  Table 1 Comparison of the zero-distance «o (s) values for different site conditions and magnitude ranges

Site condition and magnitude range xo—EW SE-EW  p-EW x0-NS SE-NS  p-NS xo—UD SE-UD p-UD
Different site condition Soil site 0.0309 0.00168  1.74x10'® 0.0325 0.00183  2.54x1071° 0.0214 0.00119 2.11x10°15
(All events) Rock site 0.0330 0.00500  1.2x10"7 0.0333  0.00498  3.69x10°!! 0.0207 0.00298 1.32x10°"7

Class Csite  0.0329 0.00338  1.08x10"7 0.0343  0.00365  1.1x10°16 0.0174 0.00175 1.3x101°
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Class Dsite  0.0350 0.00345  1.13x107® 0.0355 0.00371  1.4x10°16 0.0218 0.00239 1.2x1018

Different magnitude bins  M: 3.0-4.0 0.0296 0.0029 1.2x1017 0.0321  0.0032 1.1x1077 0.0197 0.0019 1.3x10°"
M: 4.0-5.0 0.0313 0.0021 1.01x10718 0.0326 0.0024 1.1x101° 0.0218 0.0016 1.4x1077
M: 5.0-6.0 0.0326 0.0041 1.21x10°18 0.0329  0.0041 2.2x1071° 0.0219 0.0026 2.7x1071°

251 Note: SE indicates that the standard error was obtained from the Huber—White sandwich estimator, and the SE

252  value was used to calculate the p value.
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255  Figure 4. Correlation of the spectral decay kappa values versus the epicentral distance of the EW, NS and UD
256  components. Top panel: earthquake events (3.0<M<4.0); Middle panel: earthquake events (4.0<M<5.0); and
257  bottom panel: earthquake events (5.0<M<6.0). The red solid line in each panel indicates the results of robust
258  regression, and the green line indicates the +o range.

259

260  Although xy is generally defined as a site-related parameter, it is closely related to earthquake size. Anderson et
261  al.(1996) reported that zero-distance «o is controlled more by path effects than local site effects, and some studies
262  have indicated that o is related to magnitude and faulting mechanisms (Tsai and Chen, 2000; Purvance and
263 Anderson, 2003; Biro et al., 2022). However, the results of Kumar et al. (2020) indicated that xo values are not

264 related to source size. Although xo is typically used in earthquake engineering, its physical meaning remains
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265  unclear (Atkinson, 1996; Sun et al., 2013), and it is still unresolved whether it is related to earthquake magnitude.
266 In addition, the Huber—White sandwich estimator was used to calculate the robust standard errors to avoid
267 heteroscedasticity in the standard deviation calculated from the least squares or robust regression, and the small
268  pvalues (< 107'%) obtained from t-test in Table 1 indicate that our results are robust and reliable.

269 4.2 Station-related xo model and V's30-x, relationships

270  The zero-distance ko values, which indicate that the near-surface spectral attenuation at the station, depend on
271 the ground characteristics of the station and are specific to each site. The kappa model at each selected station
272  with 4 or more events was derived using robust regression. The resulting station-related ko values for the EW,
273 NS, and UD components are listed in Table S1. Negative o values were obtained at Stations 51HSS, 53YSZ,
274  5INXT, 51SMW, and 51LZT, indicating that the amplitude increases with frequency at these sites. This is
275  considered meaningless given the uncertainty of the measurement (Palmer and Atkinson, 2020). In our scheme,
276  a negative ko value is interpreted as near-zero and is therefore set to zero (Palmer and Atkinson, 2020).
277  Additionally, the Huber—White sandwich estimator was employed to compute robust standard errors. The small
278  pvalues indicate that the station-related ko values are robust and reliable.

279 The Vs-kappa corrections significantly affect seismic hazard assessments (Biro and Renault, 2013). Many
280 scholars around the word attempt to develop a universal approach by deriving parameterized relationships from
281  preprocessed evaluations, which enables Vs-kappa corrections to be applied to specific ground motion prediction
282  equations (GMPESs) (Cotton et al., 2006). It can also provide constraints for damping parameters (Xu et al., 2020;
283  Pozo et al., 2023). In this study, we treated V’s30 obtained by different methods, such as empirical equations
284 (Group 1), drilling data (Group 2), and the PEER database (Group 3), as a dataset and calculated the relationship
285  between ko and Vs30 of the horizontal and vertical ground motion components. The robust regression method
286  yields the following relationships:

287 Ko—y = (0.0510 + 0.0568) — 0.00298 In(V;30) 5)
288 Ko_y = (0.0206 £+ 0.0591) — 0.001281n(V;30) 6)
289  in which function In(*) indicates the natural logarithm of the number *. The correlation coefficients for the above
290  two relationships are 0.124 and 0.164, respectively. To eliminate errors caused by different methods of obtaining
291 Vs30 parameters, we conducted a statistical analysis on the V’s-kappa relationship of three sets of data (empirical
292  equation, drilling data, and PEER database), and the results are shown in Figure S2, which indicates that the
293  relationships of these three sets of data are defined as follows: xo-H = (0.045030.1911) —0.00169In(»s30) and
294 Kko-V = (0.065410.2158) —0.00687In(¥s30) for Group 1, xo-H = (0.1612£0.1405) —0.022In(¥s30) and xo-V =
295  (0.253540.1779-0.0402In(¥s30) for Group 2, and xo-H = (0.11834£0.09542) —0.01352In(¥s30) and xo-V =
296  (0.0326£0.1147)—0.002341n(¥s30) for Group 3. Group 1 has a very weak correlation because of the possibility
297  of significant errors in the estimation of ¥s30 using Equation (1), which may not be suitable for western-central
298  Sichuan, China. For example, from Table S2 in the supplemental material of Dang et al. (2026), the ¥s30 of
299  Sation 51YAS obtained from the drilling data is 395.98 m/s, whereas the estimated value from Equation (1) is
300  607.72 m/s, and the ¥s30 of Station 51SMW calculated from the drilling data is 296.15 m/s, whereas Equation
301 (1) yields 440.0 m/s. The V’s30-xo relationships for Groups 2 and 3 are similar, whereas the relationship for
302  Group 1 differs markedly. Similar to the pattern of the 's30-xo correlation obtained from the three groups of data
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303  in this study, most scholars have also derived a negative V's30-xo correlation (Nye et al., 2022). In general,
304  inaccurate V’s30 values and limited strong motions tend to contribute to poor F's30-xo relationships.

305  The relationships between zero-distance o and the fundamental frequency of site fy obtained from earthquake
306  events for stations with 10 or more events (top panel) and stations with 4 or more events (bottom panel) are
307  shown in Figure 5. The results showed that the EW and UD components yielded an expected model and that our
308  derived xo-fo correlations were consistent with the model given by Pozo et al. (2023), the results show that a
309  larger xo value results in a smaller fp value, which indicates that although o has strong regional characteristics,
310  the ko-fo correlations is independent of the region. In addition, the estimated logxo-logfo correlation for sites with
311  more records is more reliable. However, the EW component exhibited a slightly weak positive relationship,
312  which was not statistically significant. Interestingly, compared with the In¥s30-x correlation, the logxo-logfo
313 correlation seems to be more reliable, as its R? value is greater than the R? value obtained from the Vs30-xo
314  correlation using drilling data and the PEER data. Notably, a significant effect of regional site conditions on the

315  ko-fo correlations was observed.
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317  Figure 5. Relationships between zero-distance o and the fundamental frequency of site fy obtained from

318  earthquake events for stations with more than 10 events (top panel) and stations with more than 4 events

319  (bottom panel). The red and green solid lines represent the fitted model and +o range, respectively. The R?

320  values are also shown in the figure. The purple line in the second panel represents the model derived by Pozo
321  etal. (2023).

322

323 5. Stochastic ground motion simulation

324  The spectral decay kappa parameter is known to be among the key model parameters in the stochastic ground
325  motion simulation technique (EXSIM). To validate the derived site-based kappa model in this study, we
326  performed ground motion simulations of selected earthquake recordings at varying distances. In our simulation,

327  the stochastic finite-fault model was used. In this model, the large rupture fault was consistently subdivided into
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328  smaller subfaults, and each subfault could be considered a point source. In this case, the FAS in the frequency
329  domain was obtained as the product of the source, site and path items. The rupture propagated radially from the
330 initiation point at a given rupture velocity and then caused other subfaults to rupture in turn. The stochastic point-
331 source model was used to estimate the acceleration time history of subfaults, and then the acceleration waveform,
332 a(?), generated by a large fault was composed of the acceleration time histories (a;) of all subfaults stacked with
333  acertain time delay:

334 a(t) = X, X7y ag;(t + Aty;) 7
335  where n and m are the numbers of subfaults along the strike and dip of the large fault. At;; represents the relative
336  time delay at which the waves from the ijth subfault arrive at the station.

337  The model parameters that need to be input into the EXSIM algorithm include source, path and site parameters.
338  The source model used in this simulation was given by Guo et al. (2022), which indicates that the moment
339  magnitude of the Changning, China, earthquake is 5.7, and the maximum slip is approximately 0.25 m. The path
340  effect is defined as the product of a trilinear geometrical spreading function and a frequency-related quality
341  factor for central-western China, Q(f) = 327.8 f 3! as derived by Dang et al. (2023). In addition, the four-
342 segment path duration proposed by Atkinson and Boore (1995) is adopted in EXSIM. The stress drop is set to 8
343  MPa using a trial-and error tool, which controls the amplitude level of the high-frequency spectrum, and the rise
344 time was defined as 1/fo (Boore, 2003), where fy denotes the corner frequency. To compare the impact of ko on
345  the simulation results, we estimated the event-related xo based on the Changning, China, earthquake records, as
346  shown in Figure S3. The kappa models for the EW and NS components were as follows: x = 7.20x 107 R+
347  (0.0266+0.0030) and k = 7.20x 1073R+ (0.0293£0.0033); the corresponding zero-distance xo values were 0.0266
348  and 0.0293, respectively, and finally, an average value of 0.027 was used. If the site is classified as a soft soil
349 site, both crustal amplification and local site amplification factors should be considered in EXSIM (Yalcinkaya
350  etal., 2012). Owing to the lack of detailed local site conditions, the H/V spectral ratio approach was used to
351 roughly estimate the local site amplification factor at each station and the crustal amplifications for NEHRP
352  Class C and D sites were given by Boore and Joyner (1997) (Figure S4). Although the crustal amplification
353  factors were derived from North America data, they are widely applied in strong ground motion simulations in
354 other regions (Ma and Xie, 2026). The zero-distance kappa value at each station was derived in this study. The
355  other input parameters can be found in Table S2.

356  The simulated 5%-damped pseudospectra acceleration (PSA), FAS, and peak ground acceleration (PGA) values
357 were then obtained from EXSIM. In addition, the event-related xy was also used to estimate the above simulated
358  values. In this simulation, all the simulated values (PSA and FAS) were the average of 30 simulations, whereas
359  the PGA values were obtained from the acceleration time history, with its PGA closest to the average of 30
360  simulations. The observed PSAs were compared with the synthesized PSAs in Figure 6, where the blue solid
361 lines indicate the observed PSAs, and the green and orange solid lines indicate the simulated PSA. At most
362  stations, the simulated and observed PSA values were highly consistent, such as those at stations 51GXT and
363 53YJT. However, at stations 53DJL, 53DSS, 51LBH, 51LZT, 5IMCX, 51YBY, and 51ZG2, significant

364  differences were observed between the simulated and observed values in a short period of 0.1-0.2 s.
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366  Figure 6. Comparison between simulated and observed PSA values at 16 selected ground motion stations. Red
367  and blue solid lines indicate the PSAs obtained from the EW and NS components, respectively, and the green
368 and orange solid lines represent the simulated PSAs obtained from site-related xo and event-related o,

369  respectively.

370

371  For the FAS (shown in Figure S5), the simulated FAS values obtained from event-related and event-related
372  valuesexhibit significant differences primarily at high frequencies, yet both were well matched with the observed
373 values, such as at stations 53YJT, 53SFX, 51FSB, 51JLD, 51LBH, 51LZT, 5IMCX, 5INXT, 51YBG, 51 YBY,
374 and 51ZG2, whereas at station 53DSS and 51GXT, the simulated values obtained from the two kappa models
375  were consistent with the observed values. However, at stations 53SJX, 53YJT, 53SFX, 51FSB, 51JLD, 51LBH,
376 51YBY, and 51MCX, the simulation results obtained from both site-related and event-related x values at low
377  frequencies differed significantly from the observed FAS values, which may be resulted from the complexity of
378  the seismic source and near-surface site amplification. In general, the rupture fault plane of a large earthquake
379  eventis very complex, and consists of many parts of different sizes; in EXSIM, the fault plane is simply regarded
380  asarectangle. The finite-fault joint inversion results of the Changning earthquake indicate that the ruptured fault
381  is composed of a low-angle fault segment F1 and a vertical fault segment F2 (Guo et al., 2022).

382  Overall, the ko value exhibited a significant effect on the high-frequency simulation results, and the simulation

383  results were highly sensitive to the xo values, which is consistent with the conclusion given by Sun et al. (2013).
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In addition, the simulated PGAs obtained from site-related xo values are listed in Table S3, and comparisons with
the observed values revealed that at most selected stations, the difference between the simulated values and
observed values was small.

Finally, the model bias is defined as log(Simulated value/Observed value) (log(Sim./Obs.)) over all the periods
ranging from 0.1 s to 10 s. The model biases obtained from site-related and event-related xo models are shown
in Figure 7. As seen in this figure, the model biases calculated by both xo models were between —0.30 and 0.30,
and the bias obtained from site-related xo was relatively smaller than that obtained from event-related # in short
periods (7< 1.0 s). This indicates that the effect of zero-distance o on the simulation results is mainly manifested
in short periods, while in the long period, the difference in the ground motions synthesized by event-related #o
and site-related xo is very small. This is consistent with the results of Dang et al. (2022). In addition, the t-test
was used to test whether there was a significant difference between the residual mean and the test mean of 0
(null hypothesis Ho = 0). The test results revealed that at a confidence level of o = 0.05, the 95% confidence
intervals estimated by the site-related xo model and the event-related xo model were [-0.02762, 6.1128x1074]
and [-0.01799, 0.01134], respectively, with p values of 0.071 and 0.654, respectively. This indicates that the
model residuals calculated in this study are not significantly different from zero in the long-period range, thus

verifying the reliability of our simulation results.

1.0 1.0 T
-~ EXSIM, site-related EXSIM, event-related x,
£ 0.51 0.5
< e
£ 0.0 0 0.0+
& N
E0—0.5 4-0.5
= Site-related x, — — event-related x, Site-related x, — — event-related K,
-1.0 T -1.0 T
107" 10° 10" 107 10° 10!
50 Period (s) 50 Period (s)
40 p=0.06057 401 p=065364
€ 30 304
2
o 20 20
10 104
0 - 0 -
—0.2 0.0 0.2 —0.2 0.0 0.2
log(Sim./Obs.) log(Sim./Obs.)

Figure 7. Model bias of the EXSIM simulation results. Top panel: bias defined as the logarithmic value of the
ratio between the simulated and observed PSAs across all the selected stations. The grey thin solid line
represents the bias at each station, the green and red thick solid lines represent the mean bias, and the green

and red thin solid lines represent +1 standard deviation. Bottom panel: t-test results of the bias.

6. Conclusions

A total 0f 4260 ground-motion recordings of 165 earthquake events with magnitudes of 3.0-6.0 recorded by 168
stations in western-central Sichuan, China, were collected to derive a spectral decay kappa model and the Vs30-
Ko relationship in this study. In addition, we investigated the influence of source size and site conditions on the
spectral attenuation kappa parameter. The Vs30-x relationship corresponding to ¥s30 estimated by the drilling
data, the PEER database, and the empirical equation was derived separately. The spectral decay kappa parameter
is known to be among the key model parameters in the EXSIM method. To validate the site-based kappa model
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413  derived in this study, the acceleration waveforms of 16 selected stations triggered by the Changning earthquake
414  were simulated using event-related and site-related xo values, and the influence of these two sets of xo models on
415  the ground motion simulation results was investigated. The main conclusions of this study are as follows:

416 1. We investigated the impact of different earthquake magnitudes and soil conditions on kappa estimation and
417  reported that the xo values estimated for the vertical components are significantly smaller than those for the
418  horizontal components and that there is a large difference in ko values between soil sites and rock sites. In
419  addition, the results showed that the zero-distance xo values depend on the magnitude of the earthquake, with
420  larger magnitudes resulting in larger xo values.

421 2. The Vs-kappa corrections significantly affect the seismic hazard assessments. In this study, we treated ¥s30
422  obtained by different methods, such as empirical equation (Group 1), drilling data (Group 2), and the PEER
423  database (Group 3), and the corresponding relationships were derived. The results show that Group 1 has a very
424 weak correlation because of the possibility of significant errors in the estimation of ¥s30, whereas there is no
425  significant difference in the V's30-x relationships obtained from Groups 2 and 3. In general, a negative V's30-xo
426  correlation was derived, this is largely due to the fact that there are fewer records for the station, leading to an
427 inaccurate estimation of the station’s kappa value. Inaccurate /530 values and limited strong motions tend to
428 contribute to poor Vs30-xy relationships. Therefore, the relationships obtained from the sites with 10 or more
429  events are more reliable. In addition, from the statistical parameters, the logro-logfo correlation appears to be
430  more reliable compared with the In¥s30-x correlation. A more stable relationships requires more records, and
431  the influence of magnitude and site conditions on the relationship should be considered.

432 3. To validate the derived site-based kappa model in this study, we performed ground motion simulations of
433 selected earthquake recordings at varying distances. The results show that the xo value is associated with
434  amplitude levels in the short periods range, and the simulation results obtained from both site-related and event-
435  related o values at low frequencies (f < 1 Hz) differ significantly from the observed FAS values. The model
436  biases calculated by both xp models are between —0.30 and 0.25, and the model bias obtained from site-related
437 ko is smaller than that obtained from event-related xo. In addition, the model bias and t-test results verified that
438  our simulation results in the long-period range are reliable.
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440  The EXSIM code is available at http:/daveboore.com www.daveboore.com/software online.html (last
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445  Administration upon reasonable request. Earthquake parameters (hypocentre locations, Ms, and M) were
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449  conversion relationship is available at https:/blog.sciencenet.cn/blog-575926-686661.html (last accessed
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