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Abstract. Accurate and rapid assessment of seismic intensity after a destructive earthquake is essential 

for efficient early emergency response. Here, we propose an improved method for assessing seismic 

intensity by analysing aftershock sequences that occur within 2 h of mainshock. The implementation 10 

and specific utilisation of the method were demonstrated using specific earthquake examples. Then, 

the conditions for the application of the method were summarised based on the results of 59 

earthquake events that occurred globally during 2000–2022. Very early aftershocks could roughly 

characterise the basic features of the mainshock rupture. The curve fitted to the aftershock sequence 

using the robust locally weighted regression programme (Lowess) was very close to the surface 15 

rupture in the linear directional mean. The Lowess-fitted curve showed that the aftershocks 

distributed at some distance from the tips of the fault may have been generated at very early stages 

of the earthquake. The results of Lowess were closer to the fault rupture situation when Mw ≥7.0 

and aftershock numbers were 40–100. Aftershock catalogues obtained by conventional means are 

steadily to assess the seismic intensities within 1.5 h. When the aftershock numbers were large 20 

enough, the intensity assessment time could be greatly reduced. The ground motion attenuation 

model provided best values at Mw ≥7.5. Our work exploits early accessible data more efficiently 

by extending the data sources for seismic intensity assessment and is a significant reference point 

for exploring the relationship between early aftershock events and faults planes. 

1 Introduction 25 

Seismic intensity reflects the strength of ground motion and its influence. Rapid seismic intensity 

assessment helps in formulating an early emergency response after a destructive earthquake. The rapid 
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and accurate output of seismic intensity assessment could notably reduce the loss of life and property in 

disaster areas. Therefore, it is necessary to develop methods for the faster assessment of seismic intensity 

and the efficient use of disaster data in the early post-earthquake period. 30 

Currently, various methods are utilised to assess seismic intensities. In areas with a dense distribution of 

seismic monitoring stations, such as Japan, the density of intensity meters and stations is sufficient to 

support the assessment of intensities. ShakeMap, one of the world's established platforms for distributing 

seismic information, utilises a combination of recorded and estimated values of ground motion to assess 

the seismic intensity in a region (Worden et al., 2020). Empirical models, especially elliptical intensity 35 

formulas, are widely utilised in the seismic sector in China, where the relevant authorities conduct on-

site investigations for a certain period after an earthquake to draw and publish macroseismic intensity 

maps (Wang et al., 2013; Xu et al., 2020). Furthermore, real-time earthquake intensity prediction based 

on deep learning has become a current research hotspot (Otake et al., 2020). Internet data, remote sensing, 

and radar data are widely utilised in earthquake damage assessment (Dell'acqua and Gamba, 2012; Hao 40 

et al., 2012; Xu et al., 2013; Yao et al., 2021). From the perspective of data acquisition, the time from 

the occurrence of the earthquake to the first acquisition of disaster data from the disaster area (generally 

within a few hours after the mainshock) is considered as the black box period of earthquake emergency 

disaster service. Although the disaster information reported from a disaster area within 2 h of an 

earthquake is very little, decision-makers need basic reliable data to activate emergency response services. 45 

The available data in this period mainly comes from the earthquake monitoring networks and the internet 

(Nie et al., 2012; Xia et al., 2019). Therefore, early ground-motion assessment maps after earthquake are 

created by using data from dense intensity meters, empirical models, or internet-based macroseismic 

intensity assessment systems, and form the basis for emergency command and decision-making (Wald 

et al., 1999; Atkinson and Wald, 2007; Sokolov et al., 2010). To expand the method of rapid seismic 50 

intensity assessment and improve its timeliness and accuracy, Chen et al. (2022a) proposed a method to 

predict the source rupture process by using the far-field seismic array data back-projection technique, 

and combining it with the ground motion prediction equation (GMPE) for rapid assessment of seismic 

intensity. This method was validated in the 2021 Maduo Mw 7.3 earthquake in Qinghai province and the 

Yangbi Mw 6.1 earthquake in Yunnan province (Chen et al., 2022b). However, accurate inversion of the 55 

source rupture process for earthquakes that occur in different regions and selection of more applicable 

regional GMPEs are the key points that still need to be addressed and improved in the Chen et al. method. 
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The spatial distribution of aftershock sequences after large earthquakes appears to reflect surface rupture 

information. Aftershock sequences are widely utilised in studies to investigate the structure and nature 

of causative faults and the process of earthquake nucleation. With the development of artificial 60 

intelligence, the amount of identified aftershock has increased, and relocated aftershock sequences have 

become one of the most important tools for studying the rapid determination of causative faults after an 

earthquake (Fuis et al., 2003; Wang et al., 2021). The spatial distribution of aftershocks may reflect the 

continuation of sliding at the periphery of the area of maximum co-seismic displacement or the activation 

of subsidiary faults at the rupture boundary of the mainshock (Mendoza and Hartzell, 1988), dynamic 65 

stresses could remotely trigger seismic activity and may have the same effect in near-fault regions (Kilb 

et al., 2000). The early aftershocks of the 2008 Wenchuan Mw 7.9 earthquake were mainly located below 

or around the mainshock slip patches boundary, and the geometry of the fault generally limited the 

occurrence of early aftershocks within the first 24 h (Yin et al., 2018). Aftershock sequences that occur 

within a short time after the mainshock could outline the basic characteristics of the mainshock rupture 70 

surface. The area of the aftershock zone is a good first-order approximation of the mainshock rupture 

area as the aftershocks tend to concentrate near the boundary of the mainshock rupture. Simulation of 

mainshock and aftershock sequences in geometrically complex fault zones has shown that very early 

aftershocks are good indicators of the extent of mainshock rupture; it is reasonable to estimate the length 

of the fault plane based on well-constrained aftershock locations, and most aftershocks of the type located 75 

on both sides of the fault are distributed within 1–1.5 km of the mainshock rupture (Kisslinger, 1996; 

Yukutake and Iio, 2017; Yabe and Ide, 2018; Neo et al., 2021; Ozawa and Ando, 2021). A robust locally 

weighted regression programme (Lowess) is widely utilised in smoothing scatterplots and characterising 

data trends (Cleveland, 1979, 1981). In the study of geophysical and high-frequency financial data, 

Lowess enables better visualisation of data trends and is simple to implement (Mariani and Basu, 2014). 80 

The seismic intensity of the 2022 Menyuan Mw 6.6 earthquake in Qinghai Province, China, assessed 

using aftershock sequences that occurred within 2 h after the mainshock and a GMPE showed good 

agreement with the on-site investigation results. Although the seismic intensity assessed by this method 

was of some reference value for the determination of the hardest-hit areas, an in-depth discussion of the 

selection and use of aftershock data was not carried out (Zhao et al., 2022b). 85 

In this study, we proposed a method to rapidly assess seismic intensity after an earthquake by analysing 

the aftershock sequences using Lowess. We used of the interquartile range (IQR) to exclude outliers from 
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the aftershock sequence that occurs within 2 h of the mainshock, utilise Lowess to fit the spatial 

distribution trend of aftershocks, combine the GMPE and seismic intensity scale to assess the seismic 

intensities, demonstrate the implementation process and intensity assessment results through specific 90 

earthquake cases, and finally discuss the applicability of this method. 

2 Data and methods 

2.1 Data 

The earthquakes selected for this study had Mw ≥6.5 and were shallow earthquakes (hypocentre depth 

less than 70 km). To ensure that the cases included in the study exhibited significant disaster reduction 95 

and to conveniently compare our results with those assessed by ShakeMap, we chose earthquake events 

wherein the seismic intensity on land assessed by using the Modified Mercalli Intensity (MMI) of 

ShakeMap version was ≥ VII, i.e. the earthquake had caused a certain degree of impact on land. The 

higher the number of aftershocks within 2 h, the more likely it is to outline the length, direction, and 

other characteristics of the surface rupture. Therefore, we chose events wherein the number of aftershocks 100 

within 2 h was as high as possible (the minimum of aftershocks in the case included in this study was 

15). Based on the above conditions, we selected 59 earthquakes that occurred between 2000 and 2022 on 

ShakeMap; the seismic station data and isoseismic data in .shp format were also downloaded from 

ShakeMap. 

Aftershock sequences for all earthquakes were downloaded from the International Seismological Centre 105 

(ISC), except for those that occurred in China. As the ISC only recorded a small number of the 

aftershocks that occur within 2 h of Chinese earthquakes, we chose to download aftershock data from the 

earthquake catalogue repository of the Earthquake Science Knowledge Service System in China. For the 

earthquakes that occurred in China, we digitised the intensity map drawn by the on-site investigation 

published by the China Earthquake Administration (CEA) using ArcGIS. The global Vs30 was 110 

downloaded from the US Geological Survey website, and the earthquake occurrence time used was 

Universal Time Coordinated. 

2.2 Methods 

2.2.1 Outlier selection and deletion 
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There may be individual aftershocks in the raw aftershock sequence data that are far away from the 115 

aftershock cluster area. We regard these aftershocks as outliers, which will affect the judgment of the 

distribution trend of aftershocks and cause the deviation of the Lowess result. IQR is a simple method in 

descriptive statistical analysis of data, widely used for outlier detection in many disciplines (Rojas-

Martinez et al., 2007; Spitzer et al., 2014), and is expressed as the difference between the third (Q3) and 

first quartiles (Q1), i.e. IQR = Q3-Q1. The quartile range [Q1-kIQR, Q3+kIQR] is often used in studies 120 

to determine outliers and if the aftershock falls outside this range, it is considered an outlier (Perez and 

Tah, 2020); k defaults to 1.5 in R. The selection and deletion of outliers in this study was carried out in 

R. If the longitude or latitude of an aftershock was determined to be an outlier, the event was deleted. 

If there are outliers in the raw data, the fitting line will be biased toward sporadic aftershocks. After 

deleting these events, the new trend line will be more consistent with the spatial distribution of the 125 

aftershock sequence (Fig. 1). We believe that this part of aftershocks could provide useful information 

about surface rupture. If there are no outliers in the original data, it can be used directly for Lowess. IQR 

checking revealed no outliers in the aftershocks that occurred within 2 h of the 2008 Wenchuan Mw 7.9 

and the 2016 Kaikōura Mw 7.8 earthquakes. 

 130 

Figure 1: Linear trends in aftershock data before and after deleting aftershocks with abnormal spatial distribution. 

The (a) 2003 Miyagi-Oki Mw 7.0 and (b) 2022 Menyuan Mw 6.6 earthquakes. Line 1 shows the linear trend of the 

raw aftershock data and Line 2 shows the linear trend of the aftershocks after removing outliers. 

2.2.2 Application of Lowess 

Scatterplot trends are often visualised by a fitting method, which enables the prediction of data and the 135 

developmental direction of the research object. Since the introduction of local fitting for processing time 

series data into the general situation of regression analysis, the local regression methods have developed 

continuously (Macaulay, 1931; Watson, 1964; Stone, 1977). Cleveland (1979,1981) proposed a single 
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variable local smoothing method – Lowess, a robust locally weighted expression – and provided a 

programme for smoothing scatter plots using this method. Later, a multivariate smoothing model named 140 

Loess was also introduced (Cleveland and Devlin, 1988). Lowess has been applied in many fields of 

natural and social science to visualise trends in scatterplot distribution (Quackenbush, 2002; Tetlock, 

2007; Grimmer and Stewart, 2013; Law et al., 2014). Figure 2 shows the Lowess fitting results for 

aftershocks that occurred within 2 h of the 2008 Wenchuan Mw 7.9 and the 2016 Kaikōura Mw 7.8 

earthquakes. 145 

 

Figure 2: Lowess fitting results for aftershocks that occurred within 2 h of the (a) 2008 Wenchuan Mw 7.9 and (b) 

2016 Kaikōura Mw 7.8 earthquakes. 

2.2.3 Ground-motion prediction equation (GMPE)  

Si and Midorikawa (1999) obtained the GMPE, which we call SM99, by fitting 21 records of strong 150 

shocks that occurred in Japan between 1968 and 1997. This equation exploits the shortest fault distances 

and calculates ground motion only by the geometry of the imaged faults, which has been validated by 

historical examples and actual seismic emergencies and found to be applicable in western China in 

addition to the Japanese region (Si et al., 2010; Zhao et al., 2022a). Rapid seismic intensity assessment 

has been achieved using fault data or back-projection techniques based on this GMPE, and provides a 155 

powerful guarantee for earthquake emergency response (Zhang et al., 2021; Chen et al., 2022a; Chen et 

al., 2022b). Accurate inversion of the rupture process of the hypocentre and selection of GMPEs with 

good applicability are still the key points that need to be addressed and improved in this method. Here, 

we calculated the ground motion value by using the Lowess result of aftershock sequences obtained 

within 2 h of mainshocks to replace the faults data. GMPEs were not modified, and equations can be 160 

referred to in the relevant literature (Si and Midorikawa, 1999; Chen et al., 2022). 
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As discussed earlier, the improved method contains three key elements of Aftershock, Lowess and SM99 

GMPE. It achieves the rapid assessment of seismic intensity through two main steps: fitting the trend of 

spatial distribution of aftershocks by Lowess, and then calculating the ground motion utilising SM99 

GMPE. Hence we named it AL-SM99. 165 

3 Results 

3.1 AL-SM99 application results 

3.1.1 The 2008 Wenchuan Mw 7.9 earthquake in China 

The 2008 Wenchuan Mw 7.9 earthquake in China was one of the most devastating and difficult to 

respond to seismic event in recent years (Chen et al., 2018). We calculated peak ground acceleration 170 

(PGA) and peak ground velocity (PGV) for soil, ground, and bedrock in a 1 x 1 km2 grid using Lowess 

results, SM99 GMPE, and site information, and then evaluated seismic intensities using ShakeMap's 

MMI and the Chinese Seismic Intensity scale (CSI). 

 

Figure 3: Trend lines for the spatial distribution of the 2008 Wenchuan Mw 7.9 earthquake aftershocks fitted using 175 

Lowess. (a) Comparison with actual surface rupture and (b) comparison with ShakeMap finite fault results. 

The curve obtained by Lowess smoothing of aftershocks that occurred within 2 h of the mainshock 

showed reasonable agreement with the length and direction of the actual surface rupture, especially in 

the range from Beichuan to Qingchuan, where it almost coincided with the actual surface rupture and lay 

entirely within the planar distribution of faults published by ShakeMap (Fig. 3). The seismic intensities 180 

assessed from the raw aftershocks data, which coordinates were directly used in the SM99 calculation，

can roughly infer the extent of the hardest-hit area, and the intensity zone boundaries in the direction of 

the causative fault was found to be in reasonable agreement with both the CEA and the ShakeMap 
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intensity maps. However, the spatial dispersion of aftershocks led to an overly broad range of intensity 

assessment at degree VIII compared to that obtained from the ShakeMap results. This was particularly 185 

evident in the area from Wenchuan to Beichuan, where the intensity estimates within the region were all 

approximately 1 degree higher than those obtained from the ShakeMap assessment. However, the 

boundaries between intensity regions were very consistent with those obtained from the ShakeMap 

results (Fig. 4). 

 190 

Figure 4: Results of the 2008 Wenchuan Mw 7.9 earthquake intensity assessment. (a) Comparison of seismic 

intensities assessed by utilising unprocessed aftershocks with those obtained from ShakeMap; (b) comparison of 

seismic intensities assessed by utilising Lowess results with those obtained from ShakeMap; (c) comparison of 

intensities assessed by utilising unprocessed aftershocks with macroseismic intensities obtained from the CEA; (d) 

comparison of seismic intensities assessed by using Lowess results with macro-earthquake intensities obtained from 195 

CEA. 

The maximum intensity of PGV calculated by using the results of Lowess was IX according to the MMI 

scale, which was consistent with the maximum intensity assessed by ShakeMap, with a significant match 

in the range of intensity zones along the Beichuan to Qingchuan area. The highest intensity assessed 

under the CSI scale was Ⅹ, which was 1 degree lesser than the intensity value of the macro intensity 200 
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released by the CEA, and the assessment results in the area from Beichuan to Qingchuan were ~1 degree 

lesser than those obtained from the CEA intensity map. However, the range of each intensity zone 

matched very well, e.g. the boundaries of the Ⅶ and VI degree zones assessed by our method 

approximately overlapped with the Ⅷ and Ⅶ degree zones of the CEA results, respectively. However, 

the model results were very consistent with the intensity ranges published by the CEA in the south-205 

western region of Beichuan. The trend in the range of seismic intensity can be visualised in the profiles 

(Fig. 5).  

 

Figure 5：Profiles of seismic intensity assessed using Lowess results. Profiles are drawn along the red lines in (a) 

and (c). (b) Comparison with profiles of seismic intensities obtained from ShakeMap and (d) comparison with 210 

profiles of seismic intensities obtained from the CEA. The green dashed line in the profile line is the location of 

Beichuan, the blue profile line represents seismic intensity assessed by this paper and the black one represents 

seismic intensities from ShakeMap or CEA. 

Table 1 shows that the PGV values predicted in this study were very close to those calculated by 

ShakeMap. It is worth noting that ShakeMap considers high-quality station records when calculating 215 

ground shaking data, whereas the results calculated in this study were not corrected using station 

data.Compared to the unprocessed aftershock sequences, the hardest-hit areas assessed by the Lowess-
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smoothed data were more convergent and had a clearer extent, and the length of the causative fault 

direction was not significantly affected. The assessment results play a very important part in determining 

disaster areas and prioritising the deployment of rescue forces. 220 

Table 1: The residual (log10(obs./calc.)), R², RMSE, and MAE values were calculated using station PGV 

observations within V degrees of ShakeMap intensity. 

 Residual R² RMSE MAE 

Article -0.169 0.461 22.058 11.757 

ShakeMap 0.039 0.453 22.225 9.523 

3.1.2 The 2016 Kaikōura Mw 7.8 earthquake in New Zealand 

On November 13, 2016, a Mw 7.8 earthquake struck the Kaikōura region of New Zealand. It produced 

surface rupture on at least 20 faults (Litchfield et al., 2018) and exhibited a highly complex form of fault 225 

rupture that was beyond the traditional perception of multi-fault ruptures (Wallace et al., 2018). The 

relocated aftershock sequence of this earthquake was almost entirely concentrated in the shallow crust of 

the upper plate, and few aftershock events occurred at the subduction interface (Lanza et al., 2019). 

 

Figure 6: Comparison between the 2016 Kaikōura Mw 7.8 earthquake’s Lowess fitting curve and actual surface 230 

rupture. 

A southwest-northeast curve was obtained by fitting the aftershock sequence obtained within 2 h of the 

mainshock (Fig. 6), which was more consistent with the overall directional distribution of the surface 
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rupture (Kaiser et al., 2017). The length of the curve was slightly longer than the actual surface rupture, 

and the basic situation of surface rupture could be tentatively judged during the early post-earthquake 235 

period. The residuals and average residuals were calculated using the observed PGV values within 100 

and 200 km of the epicentre and the predicted PGV values after site correction (PGVvs30), respectively 

(Fig. 7). The results showed that in this earthquake, the PGVvs30 calculated in this study was generally 

very close to the values predicted by ShakeMap within 100 km from the epicentre; although the average 

residuals of the PGVvs30 calculated values within 200 km were small, the average residuals of 240 

ShakeMap were closer to 0. From the residuals of individual stations, the model results of ShakeMap 

showed more convergence. However, it is worth noting that our results were satisfactory as the GMPE 

chosen in our study was not obtained using historical seismic fits in the region and the PGV predictions 

were not corrected by station records. With regard to the average residuals, the closer their location are 

to the epicentre, the more accurate were the results calculated by the method used in this study. 245 

 

Figure 7: Residuals and average residuals of PGV prediction results; station observations were downloaded from 

ShakeMap. (a) Average residuals within 100 km and (b) average residuals within 200 km. 

Converting PGVvs30 to seismic intensity based on the MMI scale, the range of intensity zones at V 

degrees and above was overall very similar to the intensity range assessed by ShakeMap, with differences 250 

along the surface rupture direction due to the slightly longer Lowess fit curve on both sides (Fig. 8). 
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Figure 8: Results of the 2016 Kaikōura Mw 7.8 earthquake’s intensity assessment. (a) Earthquake intensity 

evaluated from untreated aftershocks and (b) earthquake intensity evaluated by utilising Lowess results. 

3.2 Lowess-fit results and actual surface rupture 255 

The aftershock sequence in the short term after the mainshock could already outline the basic 

characteristics of the mainshock rupture surface (Kisslinger, 1996). Here, we focused on the length and 

direction of the fault rupture and used its coordinate position as input data for SM99 GMPE to calculate 

PGA and PGV. We counted the lengths of surface ruptures (fault ruptures) of nine earthquakes with 

Mw >7.0 from the relevant literature, digitised these rupture traces using ArcGIS, and compared them 260 

with the curve obtained using Lowess fitting (Fig. 9). We measured the lengths and mean linear directions 

of this curve using ArcGIS, and calculated the lengths of surface ruptures using Wells' empirical equation 

(Wells and Coppersmith, 1994). It was found that the curve fitted using the aftershock sequence obtained 

within 2 h of the mainshock could roughly portray the information of the length and direction of the 

mainshock rupture (Table 2). 265 
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Figure 9: Comparison of Lowess-fitted curves with actual surface rupture for the (a) 2005 Kashmir Mw 7.6; (b) 

2008 Wenchuan Mw 7.9; (c) 2010 Baja California Mw 7.2; (d) 2011 Van Mw 7.1; (e) 2016 Kumamoto Mw 7.0; (f) 

2016 Kaikōura Mw 7.8; (g) 2018 Palu Mw 7.5; (h) 2019 Ridgecrest Mw 7.1; and (i) 2021 Maduo Mw 7.3 earthquakes. 

In the 2008 Wenchuan, 2010 Baja California, 2016 Kaikōura, 2019 Ridgecrest, and 2021 Maduo 270 

earthquakes, the Lowess-fitted curves matched well with the actual surface rupture in both length and 

mean linear direction, and could better portray the basic information of the mainshock rupture, such that 

the earthquake intensities assessed based on this result were more accurate. In the two cases of the 2011 

Van and 2016 Kumamoto earthquakes, the Lowess-fitted curves were in better agreement with the actual 

rupture results in the linear average direction, but there were differences in the length and location of the 275 

judgments. In the 2005 Kashmir and 2018 Palu earthquakes, the Lowess fits were unsatisfactory. As the 

aftershocks are distributed more densely at the two ends of the fault (Hu et al., 2013), and the average 

linear direction is only determined by the beginning and end of the curve, the fitted curve has good 

similarity with the linear average direction of the actual rupture. The aftershocks distributed at the two 

ends of the fault exist at a certain distance from the causative fault (Ozawa and Ando, 2021), thus causing 280 

the fitted curve to be generally longer than the surface rupture. 
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Table 2: Comparison of Lowess-fit results for 9 earthquakes with actual surface rupture and results from the Wells’ 

empirical model. 

Date Location Magnitude 
Rupture 

 Length(km) 

Fitting  

Length(km) 

Wells 

result 

Rupture  

direction 

Fitting  

direction 
Aftershocks 

20051008 Kashmir (Pakistan) 7.6 70 138.77 135.25 306.50  335.62 54 

20080512 Wenchuan (China) 7.9 275 340.88 238.26  39.97 40.60  43 

20100404 Baja California (Mexico) 7.2 120 151.37 66.29 323.23 320.49 60 

20111023 Van (Turkey) 7.1 31.95 60.39 52.64 11.12 3.86 46 

20160415 Kumamoto (Japan) 7.0 34 164.75 43.94 35.58 40.65 538 

20161113 Kaikōura (New Zealand) 7.8 184 242.88 197.28 31.35 30.52 106 

20180928 Palu (Indonesia) 7.5 161.83 120.04 122.82 101.56 127.25 18 

20190706 Ridgecrest (US) 7.1 63.42 62.11 53.97 137.60  137.94 105 

20210521 Maduo (China) 7.3 99.5 158.42 81.42 346.43 347.93 70 

20220107 Menyuan (China) 6.6 26 34.09 35.77  351.93 351.70  43 

 285 

The quality of the aftershock catalogue has a strong relationship with the fitting results. The data source 

utilised to pick up the aftershock events, the aftershock event relocation method, and the selection method 

of the aftershock sequence - all have significant effects (Liao et al., 2021; Zhao et al., 2022b). We believe 

that the number of aftershocks has an important influence on the Lowess results and the time efficiency 

of seismic intensity assessment. In addition, the complexity of the fault system in the seismogenic region 290 

(Baranov et al., 2022), such as the fractal dimension of the fault system, also has an impact on the results 

(Nanjo and Nagahama, 2000). Fitting of aftershock events using Lowess is more suitable when the fault 

strike near the mainshock is known to be relatively clear and the fault system is simple. 

4 Discussion 

4.1 Stability of AL-SM99 295 

In essence, here we explored the possibility of exploiting early aftershock data through Lowess and found 

that this method achieved fairly accurate earthquake intensity assessment results. The quality of 

aftershock data (number of aftershocks, accuracy of aftershock localisation, and magnitude of 

aftershocks) controls the robustness of the method to a certain extent. The aftershock data observed by 

conventional stations are sufficient for the use of our method (Zhao et al., 2022a; Zhao et al., 2022b); 300 

however, good data quality could produce more accurate assessment results. In addition, we used a robust 

version of Lowess, whose parameter f controls the degree of smoothing and is the only parameter that 
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needs to be adjusted according to the data properties during the implementation of this algorithm. The 

larger the setting of parameter f, the smoother is the fitting result; its recommended value ranges from 

0.2 to 0.8. Without knowing the characteristics of the data, it is a reasonable to take 0.5 as the starting 305 

value (Cleveland, 1979), so the accuracy of our intensity assessment is more controlled by the 

smoothness f. 

Taking the 2008 Wenchuan Mw 7.9 and 2016 Kaikōura Mw 7.8 earthquakes as examples, when f is set 

to a lower value, the fitting results were more affected by the local data, especially the aftershocks that 

were spatially distributed far away as these could interfere with the calculation of GMPE and affect the 310 

accuracy of earthquake intensity assessment (Fig. 10). When f exceeds a certain value, the fitted curve is 

concentrated in a specific area, and the curve is smoother at this time. The influence of aftershocks with 

abnormal spatial location on the fitting effect gradually decreases, and we believe that this stable result 

reflects the spatial characteristics of the mainshock rupture and can be used in the calculation of SM99 

GMPE. The fitted curve for f = 0.5 lies in the stable region. The number and spatial distribution 315 

characteristics of aftershocks have a large influence on the value of parameter f. In an actual seismic 

emergency, the parameters can be adjusted according to the characteristics of the acquired data as well 

as expert experience to obtain a curve that is more in line with the rupture characteristics. 

 

Figure 10: Lowess-fitted curves and line densities for different values of smoothness f for the (a) 2008 Wenchuan 320 

Mw 7.9 and (b) 2016 Kaikōura Mw 7.8 earthquakes. A total of 99 curves were fitted using Lowess in steps of 0.01 

in the range from 0.01 to 0.99. 

4.2 Conditions for the application of AL-SM99 

Previous studies have utilised known fault geological data and far-field station back-projection results 

for SM99 GMPE calculations (Zhang et al., 2021; Chen et al., 2022). Our study continues to expand the 325 
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data sources for such GMPE calculations. For the application of AL-SM99, the mainshock must be 

accompanied by a certain size of aftershock or be a swarm-type earthquake, as the method requires a 

certain number of aftershock sequences for accuracy. 

From the empirical relationship, high magnitude earthquakes are often accompanied by significant 

surface rupture on the scale (Bonilla et al., 1984; Wells and Coppersmith, 1994). In this study, PGV 330 

calculated using the Lowess-fit results and site information for earthquakes with Mw ≥ 7.0 was generally 

better than that calculated for earthquakes with Mw of 6.5-6.9 (Table 3). The b-value is used to describe 

the number of small earthquakes that occur after every large earthquake. In a study of the effect of 

mainshocks on the aftershock size distribution, a significant increase in the b-value was also found for 

earthquakes with Mw ≥ 7.0 (Gulia et al., 2018; Van Der Elst, 2021). No significant correlation was found 335 

between this method and the nature of the causative fault or the spatial distribution of aftershocks, and 

the type of earthquake mechanism did not seem to have a significant effect on the fitting results of the 

spatial distribution trend of aftershocks (Kagan, 2002). We believe that when the magnitude is small, we 

can directly utilize SM99 calculate PGV and PGA without lowess fitting after excluding aftershock 

events with abnormal spatial distribution, or we could take a buffer of a certain distance to the fitted 340 

curve to select the aftershock data for calculation (Ozawa and Ando, 2021). In addition, GMPEs also 

affect the calculation of small-magnitude earthquakes to some extent (Chen et al., 2022). 

Table 3: Average residuals and grading of PGV predictions within 50 km for 22 earthquakes, this PGV results 

obtained using our method. The average residuals of PGV within 50 km are divided into three levels with the 

boundaries of ± 0.1 and ± 0.2, and are assigned the values of 1, 2, and 3. 345 

Date Country Magnitude 
Residual 

(log10(obs./calc.)) 
Rank Type 

Space  

distribution 

20020203 Turkey 6.5 0.1233 2 normal fault dispersed 

20130816 New Zealand 6.5 -0.2328 3 Strike-slip fault random 

20161030 Italy 6.6 0.1433 2 normal fault cluster 

20180905 Japan 6.6 -0.1087 2 reverse thrust cluster 

20190120 Chile 6.6 0.0019 1 normal fault dispersed 

20220107 China 6.6 0.3423 3 Strike-slip fault cluster 

20001006 Japan 6.7 -0.2024 3 Strike-slip fault cluster 

20080613 Japan 6.9 0.1756 2 reverse thrust cluster 

20180504 America 6.9 0.3009 3 reverse thrust random 

20030526 Japan 7.0  0.0236 1 reverse thrust cluster 

20100112 Hati 7.0  -0.0499 1 Strike-slip fault random 

20100903 New Zealand 7.0  0.2755 3 Strike-slip fault random 
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20160415 Japan 7.0  -0.018 1 Strike-slip fault cluster 

20201030 Greece 7.0  0.0323 1 normal fault cluster 

20111023 Turkey 7.1 -0.1291 2 reverse thrust random 

20181130 America 7.1 0.2909 3 normal fault cluster 

20190706 America 7.1  -0.1636 2 Strike-slip fault cluster 

20171112 Iraq 7.4 0.2888 3 reverse thrust dispersed 

20150425 Nepal 7.8 -0.1143 2 reverse thrust cluster 

20161113 New Zealand 7.8 -0.0978 1 reverse thrust cluster 

20080512 China 7.9 -0.0481 1 reverse thrust random 

20150916 Chile 8.3 0.0775 1 reverse thrust cluster 

 

Aftershock events accumulate after an earthquake. The probability of an aftershock occurs in a 

hyperbolic relationship with time (Omori, 1894; Utsu, 1961; Guglielmi and Zavyalov, 2018) and the 

number of aftershocks has an important influence on the results of the Lowess fitting. The first quartile, 

median, and third quartile of the number of aftershocks in this study were 28, 46, and 89, respectively. 350 

Conservatively, a better result can be fitted with approximately 40–100 aftershocks. When the number 

of aftershocks is too small, it can be considered to delete the aftershocks with abnormal spatial positions 

and then directly use them for calculation. If necessary, some aftershocks that are not judged to be outliers 

can be manually removed in combination with expert experience. Foreshocks themselves may be a 

product of the earthquake nucleation process (Dodge et al., 1996), and can be considered for inclusion in 355 

the data selection to expand the amount of useful aftershock data. 

As the input data of SM99 GMPE, the model prediction results are credible if the aftershocks can better 

reflect the information of the causative faults. The average residuals of the PGV and PGA predictions 

for the 24 earthquakes were all in the range of -0.5–0.5 (Fig. 11). The PGA and PGV predictions showed 

an overall trend wherein the residual values increased farther away from the epicentre and stabilised after 360 

reaching a certain distance, indicating that our method can effectively predict the extent of the hardest-

hit areas. For earthquakes with Mw ≥7.5, the average residual curves of the GMPE results were relatively 

stable and closer to 0, lying approximately within the -0.1–0.1 interval, indicating that this method is 

more applicable to larger magnitude earthquakes. 
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 365 

Figure 11: Average residual curves of PGA and PGV for 24 earthquakes, which have station-recorded. (a) Mean 

residuals of PGV and (b) mean residuals of PGA. The average residuals calculated in steps of 10 km within 200 km 

from the epicentre are connected into curves. 

The extent of the hardest-hit areas evaluated using our method is relatively similar to that obtained by 

the ShakeMap results. Overall, the seismic intensities assessed by our method may be higher than those 370 

assessed by ShakeMap in some regions (Fig. 12). If intensity assessment results that are 1 degree higher 

than those obtained from ShakeMap are acceptable, the ratio of the two areas in the hardest-hit areas is 

significantly increased. Indirectly, this reflects the reliability of assessing earthquake intensities using 

early aftershock data in terms of location and extent. The expression is used to obtain the area ratio as 

 375 

 

and the AISM is the area of the highest intensity zone in the ShakeMap intensity assessment results, AI is 

the area of the intensity zone corresponding to the highest intensity value of ShakeMap in the intensity 

assessment results of this study, and A(I+1) is the area where the intensity assessment results are 1 degree 

more than the highest intensity obtained from ShakeMap. 380 
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Figure 12: Violin plot of the ratio of the area of the hardest-hit areas assessed in this study to that of the hardest-hit 

areas assessed by ShakeMap for 59 earthquakes. 

ShakeMap has become the authoritative global platform for distributing and sharing earthquake 

information, and has played an important role in documenting many major earthquakes and geological 385 

disasters (Worden et al., 2020). However, in some areas, especially those with less availability of station 

information, the seismic intensity assessed by ShakeMap may be quite different from the actual situation. 

For example, the Mw 7.3 earthquake that occurred on May 21, 2021 in Mado, Qinghai Province, China, 

produced a surface rupture with a northwest-southeast orientation and an intensity anomaly zone in the 

southeast direction of the epicentre, whereas the direction of the finite fault model used by ShakeMap 390 

was close to the west-east distribution and the intensity of the hardest-hit area (Ⅷ-MMI) differed 

greatly from the actual intensity (Fig. 13) (Zhang et al., 2021; Chen et al., 2022b). The fitting results of 

aftershocks recorded within 2 hr after the main shock can provide a reference for judging the causative 

fault, and for checking the results of finite fault and back projection. GMPEs have a strong regional 

character. We believe that selecting the attenuation relationship of the area where the earthquake is 395 

located for calculating PGA and PGV is helpful to obtain more accurate ground motion results. 
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Figure 13: The 2021 Maduo Mw 7.3 earthquake’s intensity assessment results. (a) Comparison of seismic intensities 

assessed using Lowess results with macroseismic intensities obtained from CEA; and (b) comparison of seismic 

intensities assessed using Lowess results with intensity assessment results obtained from ShakeMap. 400 

4.3 Time efficiency 

Taking the 2016 Kaikōura Mw 7.8 earthquake as an example, the fitted curve gradually lengthened with 

an increase in time and the direction indicated by the beginning and end of the curve in different periods 

did not change significantly, although the curve changed locally in a more obvious manner (Fig. 14). 

This indicates that the curve fitted by Lowess is constantly and dynamically corrected as the number of 405 

aftershocks increases and that the use of aftershock sequences around 1.5 h after the earthquake is 

sufficient to assess the seismic intensity distribution well. This is in reasonable agreement with the 

experience acquired from all the earthquake case calculations carried out in this study and the actual 

application results of the 2022 Menyuan earthquake in Qinghai (Zhao et al., 2022). Under circumstances 

where the aftershock data meet the above conditions, a highly reliable intensity evaluation can be 410 

generated within 1.5 h of an earthquake. 
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Figure 14: The 2016 Kaikōura Mw 7.8 earthquake’s Lowess split-time fitting results. (a) Lowess fitting curves 

plotted at 0.5 h intervals; and (b) seismic intensity map assessed based on 1.5 h aftershocks fitting result. 

In areas with dense monitoring stations, or those using artificial intelligence aftershock pickup methods, 415 

a large number of aftershock data can often be obtained in a short time. For example, in Japan, a large 

number of good aftershock records can greatly shorten the intensity assessment time (Fig. 15). Good data 

quality can shorten the intensity assessment results to within 30 min, which greatly increases the 

efficiency of intensity assessment. 

 420 

Figure 15: Results of rapid seismic intensities assessment. (a) The 2008 Iwate-Miyagi Nairiku Mw 6.9 earthquake’s 

seismic intensities were assessed using aftershocks that occurred within 10 min. (b) The 2016 Kumamoto Mw 7 

earthquake seismic intensities were assessed utilising aftershocks that occurred within 10 min, after manual removal 

of aftershocks that were spatially distant but not judged to be outliers. 

5 Conclusions 425 

In this study, we propose an improved method to evaluate the seismic intensities based on aftershock 

sequences obtained within 2 h after the mainshock, by considering the aftershock sequences as 

scatterplots in latitude-longitude coordinates and fitting them by the Lowess method. The fitting results 

were utilised to roughly characterise the mainshock rupture trend, and the ground motion data were 

calculated by SM99 GMPE. Finally, the PGV was converted to seismic intensity by the seismic intensity 430 

scale. The main contributions of this work are as follows: 

1. The aftershock sequence within the very early period after the mainshock (within 2 hr) of an 

earthquake with Mw ≥7.0 can roughly characterise the length and direction information of surface 
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rupture. The curves obtained based on Lowess smoothing are useful as guides for post-earthquake 

judgment of causative faults and on-site investigations. 435 

2. The Lowess method was more applicable in higher magnitude (Mw ≥7.0) earthquakes, and the fitting 

results were always slightly longer than the actual surface rupture, indicating that aftershocks occur 

at a certain distance from both ends of the fault within the very early stage after the mainshock. For 

earthquakes of smaller magnitude, the mainshock rupture may not be obvious, and the aftershocks 

could be utilised directly in the GMPEs to calculate the ground motion parameters after excluding 440 

the outliers. This method improves the utilisation value of the data available in the early post-

earthquake period and enhances the method of using aftershock sequences. 

3. Aftershocks often cause secondary damage to buildings in the affected area, which in turn generates 

more serious economic losses or casualties. The Lowess smooth curve is essentially the spatial 

distribution trend of the aftershock sequence, and the seismic intensity map evaluated based on this 445 

method can reflect the range of the hardest-hit areas and the spatial distribution of the possible 

property damage and casualties caused by the earthquake. 

4. The PGA and PGV were calculated using aftershock sequences and SM99 GMPEs, which were 

converted to seismic intensities by seismic intensity scale. The assessed intensities have some 

accuracy and can be used for early post-earthquake emergency response work, and the selection of 450 

appropriate GMPEs can obtain more accurate intensity assessment results. 

In this study, only the coordinate position of the aftershock is utilised when fitting the aftershock 

sequence with Lowess. There is still a gap between the curve length and local trend obtained by fitting 

and the actual surface rupture. In future work, the type of the causative fault and the geological 

environment of the seismogenic area can be taken into consideration, and the empirical formula such as 455 

Wells’ surface rupture formula can be utilised to correction. In addition, it is useful to study the aftershock 

sequence relocation method to improve the fitting accuracy, and take an in-depth look into the 

relationship between the spatial distribution and genesis of early aftershock sequences and the causative 

fault. Lowess is also worth discussing with regard to the application of smoothing the spatial distribution 

trend of aftershocks over a long period, and the possibility exists to combine aftershock predictions to 460 

achieve seismic intensity prediction. 
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