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The earthquake early warning (EEW) system is capable of mitigating seismic hazards and reducing deaths, injuries, and economic losses. Although EEW approaches have already been developed worldwide, improving the accuracy and applicability is still controversial. Aiming at the ground motion estimation using the initial P wave, we investigated eight representative characteristic parameters, i.e., the peak measurements and integral quantities, using the database of the 2008 Wenchuan earthquake, where the aftershocks with the criteria that 4.0 ≤ Ms ≤ 6.5 and epicentral distance less than 150 km are analyzed. We established the relationships between the eight characteristic parameters and four ground motion parameters, respectively, based on which the estimation accuracy and reliability and the extent to which the increasingly expanding time windows could affect the estimates are analyzed accordingly. We found that the integral quantities could also be a robust estimator for peak ground acceleration (PGA), peak ground velocity (PGV), and spectral intensity (SI), while the peak measurement is more useful in estimating peak ground displacement (PGD). In addition, for estimating the ground motion of events with magnitudes less than 6.5, a 2-s window could effectively improve the estimation accuracy by approximately 11.5–18.5% compared with using a 1-s window, as the window increases to 3 s, the accuracy would further improve while the growth rate will be reduced to around 3.0–8.0%.
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INTRODUCTION
The earthquake early warning (EEW) system is capable of mitigating seismic hazards and reducing deaths, injuries, and economic losses (Allen and Melgar, 2019; Zollo et al., 2016; Hoshiba, 2014). By regional and on-site algorithms, alerts could be sent ahead of the earthquake events induced ground shaking at target locations so that appropriate measures can be taken immediately against seismic hazards (Cremen and Galasso, 2020; Satriano et al., 2011), e.g., slowing the high-speed trains to reduce accidents and shutting down gas valves to prevent fires in a short term. The EEW systems are generally regarded as positive measures by relevant stakeholders that many earthquake-prone countries and regions are operating or testing their own systems.
The regional approach leverages the information from the seismic network deployed next to the epicenter to evaluate the relevant source parameters (event location and magnitude) and predict the regional seismic intensities using the traditional ground motion prediction equation (GMPE) (Satriano et al., 2011). While on the other hand, the on-site system often consists of a limited set of seismic stations located at particular target sites of interest, which typically provide rapid ground motion estimates, using only information on the characteristics of P waves recorded at one seismic station, where an early warning is often most needed (Kanamori, 2005). A number of algorithms account for the uncertainties of ground motion estimation by considering a confidence interval on the estimate with width equivalent to two standard deviations of the empirical relationship used to derive ground shaking (Wu and Kanamori, 2005; Wu and Kanamori, 2008; Zollo et al., 2010; Zollo et al., 2016).
Western China is an earthquake-prone area with high intensity and frequency, which poses a great threat to the city and transportation system (Xu et al., 2009). For instance, most of the high-speed railways in China have no choice but to be constructed in the areas of moderate to high level of seismic fortification intensity, being prone to derail or overturn in case of dynamic actions and causing catastrophic hazards, even in small seismic events. Effective detection of these events is a necessary condition for disaster prevention and mitigation. However, since China is of a vast territory, it is not possible to set up dense strong ground motion station networks on a large scale at present, and for infrastructures such as high-speed railway which is linearly distributed, it is required to investigate the approach that can be used for single station, which is also expected to improve the reliability of an on-site system, where no information or constraint on the earthquake source is available in real-time.
In this paper, aiming at the ground motion estimation using the initial P wave and among the possible parameters measurable in real-time, i.e., the peak measurements and the integral quantities, we investigated eight representative parameters using the database of the 2008 Wenchuan earthquake (China Strong Motion Networks Centre, 2020). The estimation accuracy and reliability in the established relationships toward four different ground motion parameters are analyzed, respectively. To further investigate that to what an extent the initial signal window length could affect the estimates, we compared the variation tendency of standard deviation and determination coefficient between the leading parameters and the corresponding ground motion parameters of different time window. We found that the integral quantities could also be a robust estimator for PGA, PGV and SI, while the peak measurement is more useful in estimating PGD. In addition, we show that for estimating the ground motion of events with magnitudes less than 6.5, a 1 s of P wave is not enough, while a 2-s window could effectively improve the estimation accuracy, as the window increases to 3 s, the accuracy would further improve while the growth rate is not that much.
DATA AND PRE-PROCESSING
The 2008 Ms 8.0 Wenchuan earthquake provided an opportunity to collect sound qualified data in a large scale that China Strong Motion Net Centre (CSMNC) recorded 383 aftershocks until September 30, 2008 (China Strong Motion Networks Centre, 2020). More than 600 cases with magnitudes above Ms 4.0 were acquired, among them 56 aftershocks were larger than Ms 5.0 and 8 aftershocks, larger than Ms 6.0. These events were over a rupture length of about 300 km with focal depths ranging from 2 to 20 km. Since the near-fault records of the destructive earthquakes are most important for the EEW system purposes (Nakamura et al., 2011; Satriano et al., 2011), we then selected 37 aftershocks with the criteria that Ms greater than 4.0 and epicentral distance less than 150 km. However, some traces were not recorded from the very beginning that the first P wave arrivals were lost, which were not satisfied with the aim of our study and these cases were discarded.
These records were obtained by the strong motion seismographs with a dynamic range of ±2 g mainly installed at free-field sites and the sampling rate was 200 Hz. We used the proposed three-step detection method to pick the P wave in real-time (Wang and Zhao, 2017) and double checked the arrival time by manual inspection for each waveform. In addition, each record has been checked that the signal noise ratio (SNR) above three is finally adopted (Küperkoch et al., 2010). With the detected P wave, the corresponding early-measured attributes could be calculated based on their formulas or physical meanings. The seismic events studied in this paper are listed in Table 1 while the distributions of these events along the ruptures with the stations are shown in Figure 1.
TABLE 1 | Seismic events studied in this paper.
[image: Table 1][image: Figure 1]FIGURE 1 | Map of stations (triangles) and the main-shock (star) together with the aftershocks (circles) used in this study. A sketch indicating the surface rupture area.
After the baseline error correction for the acceleration records, the signals were integrated to velocity records, and velocity records to displacement records, since they were required in the characteristic parameter calculations. Then, we applied a causal two-pole Butterworth filter with a cut-off frequency of 0.075 Hz on the vertical component to remove the undesired long-period trends after numerical integration (Boore et al., 2002). Zollo et al. (2010) have shown that this cut-off frequency preserves a scaling of the EEW parameters with magnitude in a broad range.
EEW Parameters Versus Ground Motion Parameters
The strengths of critical ground motions can be defined by the shock wave, where its effects are practically represented by the peak ground acceleration (PGA), peak ground velocity (PGV), and peak ground displacement (PGD). In addition, the spectral intensity (SI) is defined as follows by Housner who regarded it as a seismic index reflecting the earthquake destructive power (Housner, 1952):
[image: image]
where [image: image] is the relative velocity response spectrum of a single-degree-of-freedom system, T is the period, and [image: image] is the damping ratio which was set as 0.05 herein.
Therefore, for the EEW purposes, we used the PGA, PGV, PGD, and SI as parameters to assess the strengths of the ground motions during earthquake damage.
Normally a certain time window following the initial P wave arrival time [image: image] is used to determine the early-measured parameters, and among the possible parameters measurable in real-time, they could be categorized according to the signal type on which they are measured or their physical interpretation. The peak measurements, for example, the use of the peak displacement ([image: image]), peak velocity ([image: image]), or peak acceleration ([image: image]), of the first few seconds of the P wave have been shown to scale with ground motion (Colombelli et al., 2015; Bose et al., 2009). On the other hand, the integral quantities, for instance, the cumulative absolute velocity (CAV), are used in Istanbul EEW system (Erdik et al., 2003) as a rapid detector for strong ground shaking, which is computed from the integral of the acceleration a(t) as [image: image]. The integral of the squared velocity (IV2), defined as [image: image], is related to the early-radiated energy (Festa et al., 2008). Wang and Zhao proposed to use the squared displacement integral ([image: image]), specified as [image: image], to reflect the information of different periods from advancing rupture on fault plane (Wang and Zhao, 2018). However, there are several unresolved issues, for example, the estimation accuracy and reliability, in the empirical relationships toward different ground motion parameters and to what an extent that the length of the signal window could affect the estimates.
Therefore, on the basis of the initial P wave arrival time [image: image], the early-measurable parameters were investigated and a linear regression model between the ground motion and the characteristic parameters is assumed as follows:
[image: image]
where the [image: image] stands for the ground motion parameters, i.e., PGA, PGV, PGD, and SI, [image: image] stands for the EEW characteristic parameters, i.e., [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], and [image: image], [image: image] and [image: image] are constants that are to be determined from the regression analysis, and [image: image] is the standard deviation.
RESULTS
Since better estimates might be obtained by expanding the observation time window to update the characteristic parameters, the time windows of 1 s to 3 s are investigated, respectively. Under the current analytical form, the resulting best-fitting regression coefficients for the four ground motion parameters and the corresponding characteristic parameters are listed in Tables 2, 5.
TABLE 2 | Regression coefficients of the characteristic parameters and [image: image].
[image: Table 2]TABLE 3 | Regression coefficients of the characteristic parameters and [image: image].
[image: Table 3]TABLE 4 | Regression coefficients of the characteristic parameters and [image: image].
[image: Table 4]TABLE 5 | Regression coefficients of the characteristic parameters and [image: image].
[image: Table 5]With the calculated standard deviation [image: image] and the coefficient of determination [image: image], the leading characteristic parameters for better estimating the ground motion parameters are selected. As for PGA, among the investigated parameters, [image: image], [image: image], and [image: image] could be good estimators that the corresponding [image: image] reduce to 0.195, 0.184, and 0.186 while the [image: image] rise to 0.823, 0.843, and 0.841 of a 3-s window, respectively. With regard to PGV, the characteristic parameters [image: image], [image: image], [image: image], and [image: image] could give a better estimation that the [image: image] are equal to 0.229, 0.262, 0.213, and 0.248 while the [image: image] equal 0.772, 0.702, 0.803, and 0.742 of a 3-s window, respectively. In addition, the characteristic parameters correlate with displacement, i.e., [image: image] and [image: image] are suitable for estimating PGD that the [image: image] of the two correlations are 0.338 and 0.339 while both give a [image: image] of 0.715 considering a 3-s window, respectively. In regard to SI, the characteristic parameters [image: image], [image: image], and [image: image] could get good results that the [image: image] are 0.247, 0.253, and 0.226 while the [image: image] reach to 0.741, 0.727, and 0.782 of a 3-s window. Generally, the selected characteristic parameters used for estimating PGA demonstrate a highest correlation within the analyzed data, and the situations of PGV and SI are relatively on the same level, better than that of PGD.
With the corresponding leading parameters for estimating the four ground motion parameters, Figures 2, 5 illustrate the linear regressions curves aiming PGA, PGV, PGD, and SI, respectively. In each figure, the characteristic parameters calculated from the first 1 s, 2 s, and 3 s are shown with circles, squares, and triangles, respectively, where the solid line refers to the regression relationship while the dashed lines stand for the standard deviations. The regression curves show that the investigated characteristic parameters correlate well with the ground motion parameters, and the uncertainties of the ground motion determination for the events reduce along with the increases of the time windows, since most of the seismic accumulated energy could be released in a short time.
[image: Figure 2]FIGURE 2 | (A–C) show [image: image], [image: image], and [image: image] calculated from the first 1 s (dark circles), 2 s (blue squares), and 3 s (red triangles) of P wave data, respectively. The PGA regression relationships determined by this study are shown as solid lines, and the standard deviations are shown as dashed lines.
[image: Figure 3]FIGURE 3 | (A–D) show [image: image], [image: image], [image: image], and [image: image] calculated from the first 1 s (dark circles), 2 s (blue squares), and 3 s (red triangles) of P wave data, respectively. The PGV regression relationships determined by this study are shown as solid lines, and the standard deviations are shown as dashed lines.
[image: Figure 4]FIGURE 4 | (A–B) show [image: image] and [image: image] calculated from the first 1 s (dark circles), 2 s (blue squares), and 3 s (red triangles) of P wave data, respectively. The PGD regression relationships determined by this study are shown as solid lines, and the standard deviations are shown as dashed lines.
[image: Figure 5]FIGURE 5 | (A–C) show [image: image], [image: image], and [image: image] calculated from the first 1 s (dark circles), 2 s (blue squares), and 3 s (red triangles) of P wave data, respectively. The SI regression relationships determined by this study are shown as solid lines, and the standard deviations are shown as dashed lines.
To further investigate that to what an extent the length of the initial signal window could affect the estimations, we compared the variation tendency of standard deviation and determination coefficient between the leading parameters and the corresponding ground motion parameters of different time window, which are shown in Figure 6. From the variation slope of each investigated parameter, both [image: image] and [image: image] could reflect the correlations with the increasing of the time window. For most cases, there is a significant [image: image] reduction and [image: image] increase while a gentle change for 1–2 s and 2–3 s, respectively. Specifically, we calculated the increase rates Δ of the standard deviation [image: image] between each time window interval for each investigated correlations, which are listed in Table 6, 9. For PGA, the reduction rates of [image: image] among the three characteristic parameters are all above 15% over 1 to 2 s, where the [image: image] has the highest rate of 18.37%, while those of the 2–3 s are reduced to 4.88–8.37%. With regard to PGV, the performance of [image: image], [image: image], and [image: image] demonstrated a similar trend as parameters for PGA, while which of [image: image] is slight small, giving a decrease rate of 4.84% for 1–2 s and 4.73% for 2–3 s, respectively. As for PGD and SI, except for [image: image] who performed similar as the case for PGV, the decrease rates of [image: image] of other characteristic parameters are around 11.11–14.74% over 1–2 s and 3.43–7.0% over 2–3 s.
[image: Figure 6]FIGURE 6 | Comparison of the standard deviation and coefficient of determination between the leading parameters for estimating (A) PGA, (B) PGV, (C) PGD, and (D) SI, respectively.
TABLE 6 | Comparison of the standard deviation [image: image] between the leading 3 parameters for estimating PGA.
[image: Table 6]TABLE 7 | Comparison of the standard deviation [image: image] between the leading 4 parameters for estimating PGV.
[image: Table 7]TABLE 8 | Comparison of the standard deviation [image: image] between the leading 2 parameters for estimating PGD.
[image: Table 8]TABLE 9 | Comparison of the standard deviation [image: image] between the leading 3 parameters for estimating SI.
[image: Table 9]DISCUSSION AND CONCLUSION
In this paper, the proposed method is envisaged to be based on a single station and is expected to improve the reliability of an on-site system, where no information or constraint on the earthquake source is available in real-time. Aiming at the ground motion estimation using the initial P wave, we have investigated the continuous measurement of eight attributes for the fast prediction of the expected shaking at the same site, where the estimation accuracy and reliability toward different ground motion parameters and to what an extent that the length of the signal window could affect the estimates are proposed. Although the single station method is conceived, the methodology proposed here could be easily integrated in a network-based EEW platform.
The EEW characteristic parameters, i.e., [image: image], [image: image], [image: image], [image: image], [image: image],[image: image], [image: image], and [image: image] values, for the selected aftershocks (4.0 ≤ Ms ≤ 6.5) of the 2008 Wenchuan earthquake were calculated, and regression relationships between each of these parameters and ground motion parameters, i.e., PGA, PGV, PGD, and SI, were established, respectively. Our results show that for PGA, the characteristic parameters [image: image], [image: image], and [image: image] could be good estimators and for PGV, the [image: image], [image: image], [image: image], and [image: image] could give a better estimation. The [image: image] and [image: image] are suitable for estimating PGD while in regard to SI, the [image: image], [image: image], and [image: image] could get good results. Therefore, for different ground motion parameters, using an appropriate parameter is necessary while it also could be suggested to combine two of the possible parameters together in the real EEW operations. In addition, the predicted peak ground shaking can be used to determine the expected intensity, through a regression relationship.
The integral quantities, i.e., [image: image],[image: image], and [image: image], are directly correlated with the radiated energy E in the initial stages of seismic ruptures, which are often used to correlate the final earthquake size (Allen et al., 2009; Colombelli and Zollo, 2016). However, in this study, it is found these parameters could also link ground motion parameters. In addition, we also found that the frequency parameter [image: image] could correlate ground motion parameters (e.g., [image: image] and [image: image] that reflect the ground shaking intensity) well. Since the observation stations were mainly set on soil conditions, it is inferred that this frequency parameter can reflect information of site effects.
Since time is the key parameter of the early warning system, the longer the available time before the disaster phenomenon reaches the target, the more effective and comprehensive the countermeasures can be taken. In contrast of regional EEW systems, which yield more accurate estimates of the source parameters, the on-site EEW systems could provide faster warning times for near-source targets at the price of a lower accuracy on the estimation of earthquake parameters. There is always a trade-off between the early warning time and the reliability of earthquake information. From our results, a 2-s window could effectively improve the estimation accuracy by approximately 11.5–18.5% compared with using a 1-s window, as the window increases to 3 s, the accuracy would further improve while the growth rate will be reduced to around 3.0–8.0%. That is to say, for appropriate correlations between the characteristic parameters and ground motion parameters, a 2 s initial P wave might be enough for the first alert; meanwhile, the updating procedures should be considered certainly in real operations.
The 2008 Ms 8.0 Wenchuan earthquake occurred along the Longmenshan faults (Li et al., 2008), consisting of mountain-front fault, central fault, and mountain-back fault, which are situated in the transitional area from the Tibetan Plateau to the South China Plate. This complicated geological and topographic environment caused complex focal mechanisms, propagation processes, and site effects, resulting in the ground motions to have the nature of complexity. Because aftershocks distribute on different secondary faults, their focal mechanisms present complex local tectonic stress field and even vary with time. Generally, for the southern segment, the thrust component is stronger than strike-slip component, while the northern segment corresponds to a section of mostly strike-slip mechanism; the middle segment may be related to the transition between the southern and northern segments (Zheng et al., 2010; Yi et al., 2012), since the used data cover the general magnitude gradients that are of concern for EEW systems, and multiple stations recorded the wave forms for each event within the specified range, providing important benefits for EEW studies. In addition, the earthquake rupture and the propagation process should be investigated and studied to develop a better theoretical research of the phase nature.
The paper tested different attributes for the fast prediction of the expected shaking in real-time, while practical operations require consideration of other aspects. For example, the observation stations should be built with the ability to provide early warnings that the detection instruments are capable of improving the signal quality, especially for the vertical component. In addition, appropriate investigations of the observation locations with detailed surrounding seismic environments are also necessary. When calibrating the proposed method for a specific area, the possible impact of site effect, which may produce local, systematic amplification/attenuation of the perceived shaking, is required to have a detailed analysis.
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