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Abstract. Accurate and rapid assessment of seismic intensity
after a destructive earthquake is essential for efficient early
emergency response. We proposed an improved method, AL-
SM99, to assess seismic intensity by analyzing aftershock
sequences that occur within 2 h of mainshocks. The imple-
mentation effect and application conditions of this method
were illustrated using 27 earthquakes with My, 6.5-8.3 that
occurred globally between 2000 and 2023. When the fault
system in the seismic region is clear and simple, the ro-
bust LOWESS-fitted (locally weighted regression program)
curves could be used to estimate the location and length of
the fault rupture. LOWESS results can indicate the overall
rupture trend and make reliable rupture-scale judgments even
when the fault system is complex. When My, >7.0 and the
number of aftershocks exceeds 40, the AL-SM99 intensity
evaluation results may be more reliable. Using aftershock
catalogues obtained by conventional means allows for a sta-
ble assessment of seismic intensities within 1.5 h of the main-
shock. When the number of aftershocks is sufficiently large,
the intensity assessment time can be greatly reduced. With
early accessible aftershocks, we can quickly determine the
rupture fault planes and have a better estimate of the seismic
intensities. The results of the intensity assessment provide
a useful guide for determining the extent of the hardest-hit
areas. By expanding the data sources for seismic intensity
assessment, the early accessible data are utilized adequately.
This study provides a valuable reference point for investigat-
ing the relationship between early aftershock events and fault
rupture.

1 Introduction

Seismic intensity reflects the strength of ground motion
caused by an earthquake and its influence at a certain lo-
cation. Rapid and accurate assessment of seismic intensity
facilitates the development of emergency measures in the
aftermath of a destructive earthquake, thereby reducing the
number of fatalities and property damage (Erdik et al., 2011;
Poggi et al., 2021). Therefore, it is necessary to develop
methods for the rapid assessment of seismic intensity and
the effective utilization of disaster data in the early post-
earthquake period.

Various methods have been employed to evaluate seismic
intensities. In regions, such as Japan, with a dense distri-
bution of seismic monitoring stations, the density of inten-
sity meters and stations is sufficient to support the assess-
ment of intensities (Nishimae, 2004). The ShakeMap system
of the US Geological Survey (USGS) combines predicted
ground motion values with station observations to determine
the seismic intensity of a region and publishes the results on-
line in near real time (Worden et al., 2020). Empirical mod-
els, particularly elliptical attenuation models, are widely uti-
lized in China, where the relevant authorities conduct on-site
investigations during a certain period after an earthquake to
draw and publish macroseismic intensity maps (Wang et al.,
2013; Xu et al., 2020). Furthermore, deep-learning-based
real-time seismic intensity prediction has emerged as a cur-
rent research focus (Otake et al., 2020; Chen et al., 2022). In-
ternet data, remote sensing and radar data are widely utilized
in earthquake damage assessment (Dell’acqua and Gamba,
2012; Hao et al., 2012; Xu et al., 2013; Yao et al., 2021).
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The time between the occurrence of an earthquake and
the first acquisition of disaster data from the seismogenic
region, typically within 2-3h of the mainshock, is defined
as the black-box period for earthquake emergency response
(Nie and An, 2013). In general, little information regarding
a disaster has been reported from the disaster area during
this period, despite the fact that decision-makers require rea-
sonably reliable data to initiate emergency response efforts.
Seismic monitoring networks and the internet are the main
sources of data (Nie et al., 2012; Xia et al., 2019). Conse-
quently, ground motion assessment maps are typically gener-
ated using data from dense intensity meters, empirical mod-
els or internet-based seismic intensity assessment systems,
and they serve as the foundation for early emergency com-
mand and decision-making (Wald et al., 1999; Atkinson and
Wald, 2007; Sokolov et al., 2010). Back projection could im-
age the fault geometry of large earthquakes at high resolution
and is frequently used to trace surface rupture processes and
source durations (Ishii et al., 2005; Wan et al., 2022). The
combination of back-projection results and P-wave ampli-
tudes could be used to quickly estimate the source length and
magnitude of large earthquakes (Wang et al., 2017). Using
the back-projection technique and ground motion prediction
equation (GMPE), Chen et al. (2022a) developed a new algo-
rithm for quickly obtaining the intensity maps of destructive
earthquakes. The algorithm was validated during the emer-
gency response phase of the 2021 Maduo M,, 7.3 and 2021
Yangbi M,, 6.1 earthquakes in China and was confirmed to
be suitable for intensity assessment in regions with sparse
observation networks (Chen et al., 2022b).

The spatial distribution of aftershock sequences after large
earthquakes reflects surface rupture information. Aftershock
sequences are widely utilized in studies to investigate the
structure and nature of causative faults and the process of
earthquake nucleation (Umino et al., 2002; Bachura and Fis-
cher, 2016). Artificial intelligence (AI) can extract valuable
information and patterns from massive amounts of data, and
it is frequently used in seismology to improve phase detec-
tion sensitivity while processing massive amounts of real-
time monitoring data (Jiao and Alavi, 2020). The use of ma-
chine learning enables more sensitive identification of shake
events and increases the number of detected earthquakes
compared to routine methods (Liu et al., 2020). Relocated
aftershock sequences have become one of the most impor-
tant 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 edge of the area of maxi-
mum co-seismic displacement or the activation of subsidiary
faults at the rupture boundary of the mainshock (Mendoza
and Hartzell, 1988); dynamic 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 M\, 7.9 earthquake were located below or around
the mainshock slip patch boundaries, and the geometry of the
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fault limited the occurrence of early aftershocks within the
first 24 h (Yin et al., 2018). Aftershock sequences that occur
shortly after the mainshock could outline the basic charac-
teristics of the mainshock rupture surface (Kisslinger, 1996).
The area of the aftershock zone is a good first-order approxi-
mation of the mainshock rupture area, as the aftershocks tend
to concentrate near the boundary of the mainshock rupture
(Neo et al., 2021). Mainshock and aftershock sequence simu-
lations in geometrically complex fault zones have shown that
early aftershocks are good indicators of the extent of main-
shock rupture; it is reasonable to estimate the length of the
fault plane based on well-constrained aftershock locations,
and most aftershocks are distributed within 1-1.5 km of the
mainshock rupture (Yukutake and lio, 2017; Yabe and Ide,
2018; Ozawa and Ando, 2021).

As mentioned previously, it is possible to extract fault rup-
ture information from early aftershock data. The seismic in-
tensities assessed by Zhao et al. (2022b) using aftershocks
within 2h of the 2022 Menyuan M, 6.6 earthquake and
GMPE based on fault rupture agreed with the on-site in-
vestigation results. Although the seismic intensity assessed
by this method was useful for identifying the hardest-hit ar-
eas, no in-depth analysis of the selection and application of
aftershock data was conducted. In this study, we propose a
method for rapidly assessing the seismic intensity following
an earthquake by analyzing the spatial distribution of after-
shock sequences using the locally weighted regression pro-
gram (LOWESS). The interquartile range (IQR) was utilized
to exclude aftershocks with abnormal geographic coordinates
from the aftershock sequence that occurred within 2 h of the
mainshock. The geographic coordinates of the processed af-
tershocks are then fitted with LOWESS, and the results of
the fitting are used in the GMPE calculation. Finally, the
ground motion calculation results are converted to seismic
intensity using the seismic intensity scale. The implementa-
tion of the new method and the effect of intensity assessment
are demonstrated for specific earthquake cases, and its appli-
cability is discussed.

2 Data and methods
2.1 Data

The earthquakes chosen for this study had a magnitude (My,)
greater than or equal to 6.5 and were shallow (hypocenter
depth less than 70km). When the Modified Mercalli Inten-
sity (MMI) is VII, ShakeMap uses the terms “very strong”
and “moderate damage” to describe the levels of impact on a
region (Worden et al., 2020). Similar descriptions of intensity
VII exist in the Chinese Seismic Intensity (CSI) scale. For
the intensity range of VII-VIII, human perception of shak-
ing began to be saturated, and it may be difficult to distin-
guish seismic intensities above VII based on the individual
descriptions of the felt shaking alone (Dengler and Dewey,
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Figure 1. Aftershock sequence spatial distribution before and after deleting outliers. The (a) 2003 Miyagi-Oki My, 7.0 and (b) 2022 Menyuan

My, 6.6 earthquakes.

1998; Worden et al., 2020). To ensure that the cases included
in the study caused significant effects within the seismogenic
region and conveniently compare our results with those as-
sessed by ShakeMap, it was specified that the maximum in-
tensity of the ShakeMap evaluation for the cases used in this
study could not be less than VII. The more aftershocks that
occur within a 2 h period, the more probable that the length,
direction and other aspects of the surface rupture are out-
lined. The events chosen in this study had a minimum of
15 aftershocks within 2h of the mainshock. A total of 27
earthquakes between 2000 and 2023 that met the aforemen-
tioned criteria were chosen, and their seismic station data and
isoseismal lines were downloaded in shapefile format from
ShakeMap (https://earthquake.usgs.gov/data/shakemap/, last
access: 3 September 2023).

Except for earthquakes occurring in China and two earth-
quakes in Tiirkiye in February 2023 with M,, exceeding 7.0,
the aftershock sequences for all earthquakes were obtained
from the International Seismological Centre (ISC). As the
ISC only recorded a small number of the aftershocks that oc-
cur 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 digitized the
intensity map drawn by the on-site investigation published
by the China Earthquake Administration (CEA) using Ar-
cGIS. The global VS30 was downloaded from the US Geo-
logical Survey website, and the earthquake occurrence time
used was coordinated universal time.

2.2 Methods
2.2.1 Outlier selection and deletion

In the raw aftershock sequence data, there may be isolated
aftershocks far from the aftershock cluster area. These af-
tershocks are regarded as outliers, affecting the judgment
of the distribution trend of aftershocks and causing the
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LOWESS result to deviate. IQR is a straightforward method
in descriptive statistical data analysis that is frequently em-
ployed to identify outliers in a variety of fields (Rojas-
Martinez et al., 2007; Spitzer et al., 2014). It is expressed
as the difference between the third (Q3) and first (Q1) quar-
tiles, i.e., IQR =Q3 — Q1. The quartile range [Q1 — kIQR,
Q3 +kIQR] is utilized as the criterion for identifying out-
liers (Perez and Tah, 2020). If the aftershock longitude or
latitude value fell outside this range, it was deemed an out-
lier and deleted; the default value for £ in R software is 1.5.
In this study, outliers were selected and eliminated using the
R programming language.

If the raw data contain outliers, the fitting line will be
biased toward sporadic aftershocks. After removing these
events, the new trend line is more consistent with the spa-
tial distribution of the aftershock sequence (Fig. 1). The
preserved aftershocks contain useful information concerning
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 My, 7.9 and 2016 Kaikoura My, 7.8 earth-
quakes (Table 1).

2.2.2 Application of LOWESS

Fitting methods are frequently used to visualize trends in
scatterplots and predict the future development of the re-
search object. Since the introduction of local fitting for pro-
cessing time series data into the general situation of re-
gression analysis, local regression methods have developed
continuously (Macaulay, 1931; Watson, 1964; Stone, 1977).
Cleveland (1979, 1981) proposed a single-variable local
smoothing method, a robust locally weighted regression pro-
gram (LOWESS) for using this method to smooth scatter-
plots. Later, a multivariate smoothing model called LOESS
was also introduced (Cleveland and Devlin, 1988). LOWESS
has been utilized to visualize trends in scatterplot distribu-
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Table 1. Number of aftershocks and identified outliers for the selected earthquakes.

H. Zhao et al.: Rapid estimation of seismic intensities by analyzing early aftershock sequences using LOWESS

Data Location Magnitude  Aftershocks  Outliers
1 6 Oct 2000 Matsue (Japan) 6.7 152 4
2 26 May 2003  Miyagi-Oki (Japan) 7.0 259 24
3 8 Oct 2005 Kashmir (Pakistan) 7.6 54 0
4 12 May 2008  Wenchuan (China) 79 43 0
5 13 Jun 2008 Iwate—Miyagi Nairiku (Japan) 6.9 227 1
6 4 Apr 2010 Baja California (Mexico) 7.2 60 2
7 3 Sep 2010 Darfield (New Zealand) 7.0 139 2
8 11 Apr2011  Hamadori (Japan) 6.6 79 12
9 23 Oct 2011 Van (Tirkiye) 7.1 46 6
10 16 Aug 2013  Lake Grassmere (New Zealand) 6.5 46 3
11 25 Apr2015  Gorkha (Nepal) 7.8 68 14
12 16 Sep 2015  Illapel (Chile) 8.3 56 4
13 15 Apr2016  Kumamoto (Japan) 7.0 538 0
14 30 0Oct 2016 Preci (Italy) 6.6 89 6
15 13 Nov 2016  Kaikoura (New Zealand) 7.8 106 0
16 12 Nov 2017  Sarpol-e Zahab (Iraq) 7.4 15 2
17 4 May 2018 Hawaii (USA) 6.9 38 1
18  5Sep2018 Tomakomai (Japan) 6.6 162 6
19 28 Sep 2018 Palu (Indonesia) 7.2 18 2
20 30 Nov 2018  Anchorage (USA) 7.1 127 9
21 6Jul 2019 Ridgecrest (USA) 7.0 105 2
22 30 Oct 2020 Samos (Greece) 7.0 97 10
23 21 May 2021 Maduo (China) 7.3 70 1
24 7 Jan 2022 Menyuan (China) 6.6 43 4
25 5 Sep 2022 Luding (China) 6.6 78 8
26 6 Feb 2023 Pazarcik (Tiirkiye) 7.8 27 5
27 6 Feb 2023 Elbistan (Turkiye) 7.5 24 0

tions in a variety of natural and social sciences (Quacken- 2.2.3 SM99

bush, 2002; Tetlock, 2007; Grimmer and Stewart, 2013; Law
et al., 2014). LOWESS improves visualization of geophysi-
cal and high-frequency financial data trends and is simple to
implement (Mariani and Basu, 2014).

Figure 2 shows the LOWESS-fitting results for aftershocks
that occurred within 2 h of the 2008 Wenchuan M,, 7.9 and
the 2016 Kaikoura M, 7.8 earthquakes. The early after-
shocks of these two events were distributed along the sur-
face rupture zone and within a certain range on both sides
of the zone, based on the spatiotemporal distribution of the
aftershock sequences (Fig. 3). The early aftershocks of the
Wenchuan earthquake occurred within 300 km of the epicen-
ter and were concentrated along the main rupture direction,
and those of the Kaikoura earthquake were distributed within
200 km of the epicenter and relatively dispersed along the
main rupture strike, which was primarily caused by the com-
plex fault system (Wallace et al., 2018). Early aftershocks in
both cases ruptured in a single direction. Based on this, we
believe that the fitting results in Fig. 2 can depict the length
and direction of the earthquake rupture.

Nat. Hazards Earth Syst. Sci., 23, 3031-3050, 2023

Si and Midorikawa (1999) obtained the GMPE, which we
call SM99, by fitting 21 records of strong shocks that oc-
curred in Japan between 1968 and 1997. This equation ex-
ploits the shortest fault distances and calculates ground mo-
tion using the geometry of the imaged faults, has been val-
idated by historical examples and actual seismic emergen-
cies, and has been found to be applicable in western China
in addition to Japan (Kamigaichi et al., 2009; Si et al., 2010;
Zhao et al., 2022a). A rapid seismic intensity assessment has
been accomplished using fault data or back-projection tech-
niques based on this GMPE, providing a powerful guaran-
tee for earthquake emergency response (Zhang et al., 2021;
Chen et al., 2022b). In this method, the accurate inversion
of the source rupture process and selection of GMPEs with
good applicability remain the focus of research. We calcu-
lated the ground motion value by substituting the fault data
with the LOWESS result of aftershock sequences obtained
within 2h of the mainshocks. The GMPE is not modified,
and the equations can be referred to in the relevant literature
(Si and Midorikawa, 1999; Chen et al., 2022).

As previously mentioned, the improved method consists
of three essential components: aftershocks, LOWESS and

https://doi.org/10.5194/nhess-23-3031-2023
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SM99. It rapidly assesses the seismic intensity using two
main steps: fitting the trend of spatial distribution of after-
shocks using LOWESS and then calculating the ground mo-
tion utilizing SM99. We named the method AL-SM99.

3 Results
3.1 AL-SM99 application results
3.1.1 The 2008 Wenchuan My, 7.9 earthquake in China

The 2008 Wenchuan My, 7.9 earthquake was one of the
most devastating seismic events in China in recent years
(Chen et al., 2018). AL-SM99 was used to calculate the
peak ground velocity (PGV) and site-corrected PGV values
(we called PGVvs3p) for this earthquake. The ground motion
value was then converted to seismic intensity using CSI and
the ground motion—intensity conversion equation (GMICE;
Worden et al., 2012, 2020), respectively.

The curve obtained by LOWESS smoothing for the af-
tershocks that occurred within 2h of the mainshock exhib-
ited reasonable agreement with the length and direction of
the actual surface rupture, particularly from Beichuan to
Qingchuan, where it almost coincided with the actual sur-
face rupture and lay entirely within the ShakeMap-published
planar distribution of faults (Fig. 4). The seismic intensities
evaluated from the raw aftershock data, whose geographical
coordinates were directly utilized in the SM99 calculation,
can roughly infer the extent of the hardest-hit area, and the in-
tensity zone boundaries in the direction of the causative fault
were found to agree with both the CEA and ShakeMap inten-
sity maps. The spatial dispersion of aftershocks results in an
excessively broad assessment range of intensity VIII when
compared to those of ShakeMap and CEA. This was particu-
larly evident between Wenchuan and Beichuan, where inten-
sity estimates were approximately one intensity level higher
than those derived from ShakeMap. However, the boundaries
between intensity regions were extremely consistent with
those determined by ShakeMap (Fig. 5).

Figure 6 shows the profiles of different seismic inten-
sity assessments. The maximum MMI values based on the
PGVyvs3g assessment are consistent with the ShakeMap re-
sults, with a significant match in the range of intensity zones
from Beichuan to Qingchuan. The highest intensity assessed
on the CSI scale was X, which was one intensity level less
than the published macro intensity value from the CEA. Both
results have roughly the same amount of intensity in the
IX region, and macroseismic intensities X—XI are also sit-
uated within this range. In addition, the intensity assessment
results from Beichuan to Qingchuan were approximately one
intensity level lower than the CEA results. However, the
boundary locations of the various intensity regions are re-
markably similar. For example, the boundaries of intensity
regions VII and VI determined by our method roughly over-
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Table 2. Effect of AL-SM99 in predicting the PGV of the Wenchuan
earthquake within the assessment region for ShakeMap intensity
greater than or equal to V.

Residual R?2 RMSE MAE

(logp(obs./calc.))
AL-SM99 —0.169 0461 22.058 11.757
ShakeMap 0.039 0453 22225  9.523

lapped those of intensity regions VIII and VII determined by
the CEA, respectively. As previously mentioned, it is difficult
for people to accurately assess the effects of VII and higher
intensities based solely on perception. That is, the ground
motion values calculated using GMPE are instrumental in-
tensities, reflecting a high level of strong shaking and unaf-
fected by factors such as population and buildings (Worden
et al., 2020). Therefore, we consider this result to be normal.
The AL-SM99 result was highly consistent with published
intensity ranges from the CEA for the southwestern region
of Beichuan.

Table 2 demonstrates that the PGVvs3( values calculated
by AL-SM99 were remarkably similar to those calculated by
ShakeMap. Notably, ShakeMap considers station records of
high quality when calculating ground motion, whereas the re-
sults of this study were not corrected using station data. The
hardest-hit areas assessed by the LOWESS-smoothed data
were more convergent and had a clearer extent compared to
the unprocessed aftershock sequences, and the length along
the causative fault direction was not significantly altered.
This demonstrates the potential of AL-SM99 for applications
where the fault system in the seismogenic region is straight-
forward and the rupture scale of the source is evident. After-
shocks recorded in the first 2h following an earthquake can
be used to portray more accurate information concerning the
rupture direction and length using the LOWESS curves. The
assessment results are crucial in identifying disaster regions
and prioritizing the deployment of rescue forces.

3.1.2 The 2016 Kaikoura My, 7.8 earthquake in New
Zealand

On 13 November 2016, a M,, 7.8 earthquake struck the
Kaikoura region of New Zealand. It ruptured on the sur-
face of approximately 20 faults and exhibited a highly com-
plex form that exceeded the traditional perception of multi-
fault ruptures (Litchfield et al., 2018; Wallace et al., 2018).
The relocated aftershock sequence of this earthquake was al-
most entirely concentrated in the shallow crust of the upper
plate, and few aftershocks occurred at the subduction inter-
face (Lanza et al., 2019).

Fitting the aftershock sequence obtained within 2h of
the mainshock yielded a southwest—northeast curve (Fig. 7),
which was consistent with the overall directional distribution
of the surface rupture (Kaiser et al., 2017). The length of the

https://doi.org/10.5194/nhess-23-3031-2023
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curve was slightly longer than the actual surface rupture, and
during the early post-earthquake period, the basic pattern of
surface rupture could be tentatively determined. The GMICE
was used to convert the predicted PGVvs3g values to MMI
and generate intensity assessment maps (Fig. 8). Although
no outliers were identified during the pre-processing phase,
the range of assessed earthquake intensities based on the raw
aftershock sequence was excessively broad. Nearly the en-
tire estimated area of intensity VIII falls within the range of
ShakeMap intensity VII. In addition, individual aftershocks
were spatially dispersed but were not deemed to be outliers,
resulting in zones of anomalous intensity (Fig. 8a). This out-
come impedes the accurate determination of areas with vary-
ing degrees of damage. Figure 8b exhibits the seismic in-
tensity as assessed by AL-SM99. The AL-SM99 results ef-
fectively constrain the size of each intensity region. Along
both sides of the rupture, the extent of each intensity region
is nearly identical to that from ShakeMap. This method ef-
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fectively mitigates the effects of aftershock anomalies that
are not identified during the pre-processing phase. Owing to
the influence of aftershocks distributed at the far reaches of
the fault, the fitted LOWESS curve is slightly longer than the
actual rupture, resulting in the assessed intensity range being
slightly longer along the fault strike. However, the overall as-
sessment outcome is acceptable. Although it is impossible to
precisely depict the rupture of a complex fault system, we
were still able to determine the extent of the affected region
within a few hours of the earthquake based on the results of
a good fit to the overall strike and length of the fault rupture.

3.1.3 AL-SM99 latest application cases

According to the USGS report, My, 7.8 and My, 7.5 earth-
quakes struck on 6 February 2023 in the Kahramanmarag
region of Tiirkiye. The death toll had reached 52700 peo-
ple in Tiirkiye and Syria as of 5 March 2023, and it caused
an estimated USD 89.2 billion in property damage in both

https://doi.org/10.5194/nhess-23-3031-2023
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Figure 7. Comparison between the LOWESS-fitting curve and ac-
tual surface rupture of the 2016 Kaikdura My, 7.8 earthquake.

countries, making it the deadliest natural disaster in mod-
ern Turkish history (Wikipedia, 2023). The causative fault
for the M,, 7.8 earthquake is located along the N60 strik-
ing East Anatolian Fault and continues toward the Dead Sea
Fault and the N25 striking Karasu Fault; the causative fault
for the M, 7.5 earthquake is located north of the previous
one, along the N100 striking Siirgii-Cartak Fault (Provost
et al., 2023). We conducted an intensity assessment imme-
diately following the earthquake by collecting aftershock se-
quences from the Regional Earthquake-Tsunami Monitor-
ing Center (http://www.koeri.boun.edu.tr/sismo/2/tr/, last ac-
cess: 3 September 2023) within 2h of both earthquakes, as-
sessing the intensity of both earthquakes using AL-SM99
(Fig. 9). The intensity assessments of both events were con-
sistent with the ShakeMap intensity maxima at level IX. The
results of the LOWESS fit to the aftershock sequence re-
vealed a bilateral rupture pattern for both earthquakes, pro-
viding a reference for examining the rupture of the source
using physical inversion. In particular, the seismic intensity
of the M,, 7.8 earthquake estimated using the LOWESS re-
sults is highly consistent with that estimated using the inverse
projection results (Chen et al., 2023). The extent of the af-
fected region as determined by AL-SM99 is nearly identical
to that of the recently updated intensity version of ShakeMap,
accurately identifying a portion of the intensity anomalies.
The shape of the intensity VIII-IX region reflects the shape
characteristics of the two causative faults; however, the in-
tensity of the M, 7.5 earthquake in the northwest is overesti-
mated. Owing to the close proximity of the two earthquakes,
we speculate that the fault and secondary faults in the region
were activated by the superposition of the two earthquakes
and produced more aftershocks, which were included in the
intensity assessment of the second earthquake and were not
judged as outliers, resulting in an overestimation of the inten-
sity. In general, however, the intensity assessment results of
the two earthquakes can provide reasonable early estimates
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of the extent of the disaster area, and the output of fine ground
motion grid data can provide support for estimating casual-
ties, property damage, etc. The application of AL-SM99 to
these two earthquakes further demonstrates the applicability
and dependability of the results.

3.2 LOWESS-fit results and fault rupture

Shortly after the mainshock, the aftershock sequence could
outline the fundamental characteristics of the mainshock rup-
ture surface (Kisslinger, 1996). We focused on the length
and direction of the fault rupture in this study. Figure 10 ex-
hibits the spatial distribution of the rupture trajectories and
LOWESS-fit curves. Table 3 compares the lengths and ori-
entations of the fault rupture and fitted curves, and empirical
rupture lengths are estimated using the Wells rupture formula
(Wells and Coppersmith, 1994). The linear directional mean
is a tool for measuring the direction or orientation of a set of
lines; it determines the direction based solely on the starting
and ending points of the lines (Mitchell, 2005). It was used
in this study to determine the average orientation of the main
rupture tracks.

In the Wenchuan, Baja California, Kaikoura, Ridgecrest,
Maduo, Pazarcik and Elbistan earthquakes, the LOWESS-
fitted curves matched the actual fault rupture well in terms
of linear directional mean and could accurately depict the
orientation of the main rupture. Overall, the length of the
LOWESS-fitted curve is longer than the actual rupture. For
certain earthquakes, the lengths of the fitted curves are closer
to the lengths calculated by the empirical equations than
to the actual ruptures. Because aftershocks are densely dis-
tributed at the tips of the fault (Hu et al., 2013), and the linear
directional mean is only governed by the starting and ending
points of the curve, the fitted curve has good similarity with
the linear average direction of the actual rupture. The after-
shocks that occurred at the tips of the fault exist at a certain
distance from the causative fault (Ozawa and Ando, 2021),
causing the fitted curve to be longer than the surface rupture.

The quality of the aftershock catalogue has a major impact
on the fitting results. The data source used to pick the after-
shock events, the aftershock event location method and the
aftershock sequence selection method are all directly related
to the spatial location of the aftershock sequence employed in
AL-SM99, which further influences the length and direction
of the fitted curve (Liao et al., 2021; Zhao et al., 2022b). To
ensure the accuracy of the fitted curves and enhance the tem-
poral efficiency of assessing seismic intensities, the number
of aftershocks is important. Although we cannot currently
provide an exact minimum standard for the number of af-
tershocks required for AL-SM99, it may be difficult to ob-
tain significant results for fewer than 20 aftershocks, as in
the case of the 2018 Palu earthquake. Moreover, the com-
plexity of the fault system in the seismogenic region, such as
its fractal dimension, has an effect on the outcomes (Nanjo
and Nagahama, 2000; Baranov et al., 2022). When the fault
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Figure 9. Seismic intensity assessment results of the (a) 2023 Pazarcik (Kahramanmaras) My, 7.8 earthquake and (b) 2023 Elbistan (Kahra-
manmarag) My, 7.5 earthquake. The isoseismal lines used for comparison are the outcomes of an evaluation of ShakeMap versions 15 and 9,

respectively.

strike near the mainshock is known to be relatively clear and
the fault system is simple, LOWESS is a more appropriate
method for analyzing aftershock events.

We gathered data on the estimated source rupture of
the back-projection algorithm for the Wenchuan earthquake
(Chen et al., 2022a). Using the same technique, a set of
results reflecting the surface rupture of the 2016 Kaikura
M, 7.8 earthquake was calculated using waveform data from
the high-sensitivity seismograph network in Japan. Both the
LOWESS and back-projection results show rupture direc-
tions similar to those indicated by the long axis of the iso-
seismal line in the area with intensity VIII of the Wenchuan
earthquake, but the former estimates a longer rupture length
(Fig. 11a). Furthermore, the back-projection results reveal
more details concerning the rupture. For example, they indi-
cate a possible fracture near the IX-degree intensity anomaly
in the long-axis direction. This method has also demonstrated
benefits in determining the intensity anomaly area for the

Nat. Hazards Earth Syst. Sci., 23, 3031-3050, 2023

2022 Maduo M,,7.3 earthquake (Chen et al., 2022b). As
a nonparametric method, the points fitted by LOWESS are
clearly distributed along a curve. However, when the fault
system in the seismogenic region is complex, the dominant
orientation of the rupture traced using the back-projection
method may be problematic (Fig. 11b). A clear guide to
array data selection may be required when using the back-
projection method, and we recognize that the results of ar-
ray data calculations are more accurate when the appropri-
ate region is chosen (Wang and Hutko, 2018). Aftershocks
that have been relocated can be used to determine rupture
fault trajectories, and their combination with inverse projec-
tion techniques has been applied to determine transient shear
ruptures (Li et al., 2019; Cheng et al., 2023). These two meth-
ods could be cross-referenced in application for more accu-
rate intensity evaluation results overall.
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Figure 10. Comparison of LOWESS-fitted curves with actual surface rupture for the (a) 2005 Kashmir My, 7.6, (b) 2008 Wenchuan My, 7.9,
(c¢) 2010 Baja California My 7.2, (d) 2011 Van My 7.1, (e) 2016 Kumamoto My 7.0, (f) 2016 Kaikoura My, 7.8, (g) 2018 Palu My, 7.5,
(h) 2019 Ridgecrest My 7.1, (i) 2021 Maduo My, 7.3, (j) 2023 Pazarcik My, 7.8 and (k) 2023 Elbistan My, 7.5 earthquakes. Fault rupture
traces were extracted from relevant literature or downloaded from ShakeMap and then digitized in ArcGIS (Kaneda et al., 2008; Li et al.,
2008; Fletcher et al., 2014; Liu et al., 2015; Toda et al., 2016; Shi et al., 2019; Zhang et al., 2021; Reitman et al., 2023).

4 Discussion
4.1 Stability of AL-SM99

In essence, we have explored the possibility of exploiting
early aftershock data through LOWESS and found that this
method achieved fairly accurate earthquake intensity assess-
ment results. The quality of aftershock data (number of af-
tershocks, accuracy of aftershock localization and magni-
tude of aftershocks) controls the robustness of the method
to a certain extent. The aftershock data observed by con-
ventional stations are sufficient for our method (Zhao et al.,

https://doi.org/10.5194/nhess-23-3031-2023

2022a,b); 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 one that needs to be adjusted
based on the data properties during the implementation of
this algorithm. The criterion for determining f is to choose
a value that is as large as possible to minimize the variability
in the smoothed points without damaging the data pattern.
The larger the setting of parameter f, the smoother the fit-
ting result is; its recommended value ranges from 0.2 to 0.8.
Without knowing the data characteristics, it is reasonable to
take 0.5 as the starting value (Cleveland, 1979). The value

Nat. Hazards Earth Syst. Sci., 23, 3031-3050, 2023
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Table 3. Comparison of LOWESS-fit results for 11 earthquakes with actual surface rupture and results from the Wells empirical model. The

fitting length and linear directional mean were measured using ArcGIS.

Date Location Magnitude Rupture Fitting Wells  Rupture Fitting  Aftershocks
length (km) length (km) result direction direction
8 Oct 2005 Kashmir (Pakistan) 7.6 70 138.77 135.25 306.50 335.62 54
12 May 2008  Wenchuan (China) 7.9 275 340.88  238.26 39.97 40.60 43
4 Apr 2010 Baja California (Mexico) 7.2 120 151.37 66.29 323.23 320.49 60
23 Oct2011  Van (Tiirkiye) 7.1 31.95 60.39 52.64 11.12 3.86 46
15 Apr2016 ~ Kumamoto (Japan) 7.0 34 164.75 43.94 35.58 40.65 538
13 Nov 2016  Kaikdura (New Zealand) 7.8 184 242.88 197.28 31.35 30.52 106
28 Sep 2018 Palu (Indonesia) 7.5 161.83 120.04 122.82 101.56 127.25 18
6 Jul 2019 Ridgecrest (USA) 7.1 63.42 62.11 53.97 137.60 137.94 105
21 May 2021  Maduo (China) 7.3 99.5 158.42 81.42 346.43 347.93 70
6 Feb 2023 Pazarcik (Tirkiye) 7.8 407.60 250.08 227.58 38.82 38.51 27
6 Feb 2023 Elbistan (Tiirkiye) 7.5 188.92 230.08 122.82 7.93 7.09 24
104°E 172°B
(a) (b)
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Figure 11. Comparison of surface rupture results obtained using the LOWESS and back-projection methods for the (a) 2008 Wenchuan

My, 7.9 and (b) 2016 Kaikoura My, 7.8 earthquakes.

of f determines the size of the local range over which the
weighted linear regression is performed. When f is reduced
to a small value, fewer aftershocks are used to determine the
fitted values in that range, causing the fitted curve to shift
toward aftershocks that are more spatially dispersed. The fit-
ted curve deviates significantly from the position of the fault
rupture track. Therefore, the accuracy of our intensity assess-
ment is more controlled by smoothness f.

Taking the 2008 Wenchuan My, 7.9 and 2016 Kaikoura
M,, 7.8 earthquakes as examples, when f is set to a lower
value, the fitting results are more affected by the local data;
in particular, the aftershocks that were spatially distributed
at a significant distance could interfere with the calculation
of GMPE and affect the accuracy of earthquake intensity
assessment (Fig. 12). When f exceeds a certain value, the
fitted curve becomes smoother and more concentrated in a
specific region. The influence of aftershocks with abnormal
spatial location on the fitting effect gradually decreases; this
stable result reflects the spatial characteristics of the main-
shock rupture and can be used in the calculation of SM99.

Nat. Hazards Earth Syst. Sci., 23, 3031-3050, 2023

For f =0.5, the fitted curve is in the stable region. The num-
ber and spatial distribution of aftershocks have a significant
impact on the value of parameter f. In a real-world seismic
emergency, the parameters can be adjusted based on the char-
acteristics of the acquired data as well as expert experience
to produce a curve that is more consistent with the rupture
characteristics.

4.2 Conditions for the application of AL-SM99

Previous studies have utilized known fault geological data
and far-field array back-projection results for SM99 calcula-
tions (Zhang et al., 2021; Chen et al., 2022). Our research
increases the number of data sources used for such calcula-
tions. As AL-SM99 requires a certain number of aftershocks
for accuracy, the earthquake to which the method is applied
must be accompanied by a certain size aftershock or be a
swarm-type earthquake.

According to the empirical relationship, large earthquakes
are frequently accompanied by significant surface rupture
(Bonilla et al., 1984; Wells and Coppersmith, 1994). In this

https://doi.org/10.5194/nhess-23-3031-2023
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Table 4. Average residuals of PGVvs3( predictions within 100 km for 23 earthquakes; this PGV result was obtained using AL-SM99. The
dominant slip types were identified based on the moment tensor results obtained from the ShakeMap website.

Date Country Magnitude Residual  Slip type Space
(logg(obs./calc.)) distribution
16 Aug 2013  New Zealand 6.5 0.3737  Strike-slip fault Random
11 Apr 2011  Japan 6.6 0.2447  Normal fault Cluster
30 Oct 2016  Italy 6.6 0.0341  Normal fault Cluster
5 Sep 2018 Japan 6.6 0.2531 Reverse thrust Cluster
7 Jan 2022 China 6.6 0.1999  Strike-slip fault  Cluster
5 Sep 2022 China 6.6 0.1748  Strike-slip fault  Cluster
6 Oct 2000 Japan 6.7 0.1679  Strike-slip fault ~ Cluster
13 Jun 2008 Japan 6.9 0.0307  Reverse thrust Cluster
4 May 2018 USA 6.9 —0.1511 Reverse thrust Random
26 May 2003  Japan 7.0 0.0786  Reverse thrust ~ Cluster
3 Sep 2010 New Zealand 7.0 —0.1179  Strike-slip fault ~Random
15 Apr2016  Japan 7.0 —0.1025  Strike-slip fault  Cluster
30 Oct 2020  Greece 7.0 0.3235  Normal fault Cluster
30 Nov 2018  USA 7.1 0.1723  Normal fault Cluster
6 Jul 2019 USA 7.1 —0.0472  Strike-slip fault  Cluster
12 Nov 2017  Iraq 7.4 0.1913  Reverse thrust Dispersed
6 Feb 2023 Tiirkiye 7.5 0.2654  Strike-slip fault ~ Cluster
8 Oct 2005 Pakistan 7.6 0.1355  Reverse thrust Random
25 Apr 2015  Nepal 7.8 —0.0476  Reverse thrust  Cluster
13 Nov 2016  New Zealand 7.8 —0.0392  Reverse thrust Cluster
6 Feb 2023 Tiirkiye 7.8 0.1557  Strike-slip fault Random
12 May 2008  China 7.9 —0.1693  Reverse thrust Random
16 Sep 2015  Chile 8.3 0.0827  Reverse thrust Cluster

study, the PGVvs3( calculated using the LOWESS-fit results
and VS30 data for earthquakes with M,, >7.0 was supe-
rior to that calculated for earthquakes with My, 6.5-6.9 (Ta-
ble 4). The b value describes the number of small earthquakes
that occur following every large earthquake. A significant in-
crease in the b value was also discovered for earthquakes
with My, >7.0 in a study of the effect of mainshocks on
the aftershock size distribution (Gulia et al., 2018; Van Der
Elst, 2021). There was no significant correlation between this

https://doi.org/10.5194/nhess-23-3031-2023

method and the fault slip types or the degree of spatial ag-
gregation of aftershocks, and the type of source mechanism
appeared to have no significant effect on the results (Ka-
gan, 2002). When the magnitude is small, we can directly
use SM99 to calculate PGV and PGA after excluding out-
liers, or we can add a buffer a certain distance from the fit-
ted curve to select the aftershock data for calculation (Ozawa
and Ando, 2021; Zhao et al., 2023). If necessary, aftershocks
that are not deemed outliers can be manually removed with

Nat. Hazards Earth Syst. Sci., 23, 3031-3050, 2023
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Figure 13. Heat map of the average residuals of predicted (a) peak ground acceleration (PGA) and (b) PGVvsj3( values for 23 earthquakes,
which have good station records. A residual value is calculated for every 10km increase in the range of 200 km from the epicenter, and
the corresponding color is assigned to the corresponding position in the graph. The magnitudes were divided into three groups. Each row
represents an earthquake, and the histogram on the left displays the associated magnitude.

expert experience. GMPEs also influence the calculation of
small-magnitude earthquakes to a certain degree (Chen et al.,
2022a).

Aftershocks accumulate after an earthquake, and the prob-
ability of an aftershock occurs in a hyperbolic relationship
with time (Omori, 1894; Utsu, 1961; Guglielmi and Za-
vyalov, 2018). As previously mentioned, the number of af-
tershocks has a significant impact on the LOWESS-fitting
results. In this study, the first quartile, median and third quar-
tile of the aftershock number were 43, 70 and 116.5, respec-
tively. Conservatively, using more than 40 aftershocks for the
assessment is likely to yield more reliable results. Even fore-
shocks may be the result of the earthquake nucleation pro-
cess (Dodge et al., 1996). Therefore, foreshocks can be con-
sidered for inclusion in the raw data to increase the amount
available.

The model prediction results are credible if the after-
shocks accurately reflect the information of the causative
faults as the input data of SM99. The average residuals of the
PGVvs30- and PGA-predicted values for the 23 earthquakes
were between —0.4 and 0.4 (Fig. 13). With increasing mag-
nitude, the residuals of ground motion prediction decrease
significantly. The residuals of ground motion predictions for
earthquakes with magnitudes of 7.5-8.3 are superior to those
of the other two subgroups, whereas the residuals of My, 6.0—
6.5 are higher. This implies that the method is more applica-
ble in large-magnitude earthquakes. For many earthquakes
shown in Fig. 13, the residuals of the ground motion predic-
tion results increase with distance, indicating the advantage
in determining the extent of the hardest-hit areas.

ShakeMap has established itself as the authoritative global
platform for distributing and sharing earthquake information
and has played a critical role in documenting many major

Nat. Hazards Earth Syst. Sci., 23, 3031-3050, 2023

earthquakes and geological disasters (Worden et al., 2020).
However, in certain regions, particularly those with limited
access to station monitoring data, the seismic intensity esti-
mated by ShakeMap may differ significantly from the actual
situation. For example, the 2021 Maduo My, 7.3 earthquake
shown in Fig. 14 produced a northwest—southeast-oriented
surface rupture and an intensity anomaly zone southeast of
the epicenter (Zhang et al., 2021; Chen et al., 2022b). The
estimated direction of the ShakeMap high-intensity regions
in Fig. 14b was close to the west—east distribution, and the
range of intensity VIII was significantly different from the
actual intensity. Aftershock fitting results recorded within 2 h
of the mainshock can be used to determine the causative fault
and provide a reference for examining the results of finite
fault and back projection. GMPEs possess a strong regional
identity. The selection of appropriate GMPEs within a seis-
mogenic region allows for a more precise estimation of earth-
quake intensity.

4.3 Time efficiency

The primary goal in developing this method was to provide
information services to response workers during the black-
box period of an earthquake emergency. We learned the fol-
lowing from the calculations of all the cases in this study
and from actual earthquakes emergency work (Zhao et al.,
2022b, 2023). If seismic stations in the seismogenic region
are as sparse and uneven as those in western China, once
the earthquake is determined to be suitable for use with
AL-SM99, a reliable seismic intensity assessment map can
be produced within 1-1.5h of the mainshock. The majority
of the time required to produce the results is spent acquir-
ing aftershock data, while processing the aftershock data re-
quires only a few seconds, and the calculation and output
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Figure 15. LOWESS split-time fitting results of the 2016 Kaikoura My, 7.8 earthquake. (a) LOWESS-fitting curves plotted at 0.5 h intervals
and (b) assessment of seismic intensity using aftershocks within 1.5 h of the earthquake.

of the maps require approximately 5 min. Taking the 2016
Kaikoura My, 7.8 earthquake as an example, the fitted curve
gradually lengthened with an increase in time, and the di-
rection 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. 15).
This indicates that the curve fitted by LOWESS is constantly
and dynamically corrected as the number of aftershocks in-
creases and that the use of aftershock sequences approxi-
mately 1.5h after the earthquake can sufficiently assess the
seismic intensity distribution. This is consistent with the ex-
perience mentioned above.

In areas with dense monitoring stations or those using ar-
tificial intelligence aftershock pickup methods, a large num-
ber of aftershock data can often be obtained in a short time.
For example, in Japan, a large number of good aftershock
records can significantly shorten the intensity assessment
time (Fig. 16). Good data quality can shorten the intensity
assessment results to within 30 min and greatly increase the
efficiency of the intensity assessment. Chen et al. (2022a)

https://doi.org/10.5194/nhess-23-3031-2023

proposed a rapid assessment method that can generate inten-
sity assessment maps within 30 min. The spatial location of
the rupture trajectories obtained from the inversion of rup-
ture processes for small-magnitude earthquakes may be less
satisfactory (Honda et al., 2011; Yao et al., 2019); however,
for these earthquakes, the seismic intensities assessed using
aftershock data may be more accurate (Kang et al., 2023).
The AL-SM99-fitted curves of the spatial distribution of af-
tershocks can be used as a cross-reference for the correction
of the above inversion results, increasing the speed of the
operation using both methods. For global earthquakes, when
the magnitude reaches the trigger threshold of the ShakeMap
system, the first version of the assessment results is gen-
erated through the original solution built into the system
within minutes of the mainshock and is continuously up-
dated as data are aggregated and accumulated (Worden et al.,
2020). Thus, we have considered combining AL-SM99 with
aftershock monitoring to dynamically present intensity as-
sessment results, because for earthquakes with small rupture
scales, relying on the epicenter coordinate or a small number
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(b) 2016 Kumamoto My, 7 earthquakes were evaluated using aftershocks that occurred within 10 min. For the latter, distant aftershocks that

were not identified as outliers were manually removed.

of aftershocks can provide useful shaking distribution esti-
mates.

5 Conclusions

In this study, we developed a method for evaluating seismic
intensities based on aftershock data gathered within 2 h of the
mainshock. Aftershock sequences are treated as scatterplots,
with LOWESS fitting applied to their longitude and latitude
coordinate values. The result of the fit is used to roughly de-
scribe the fault rupture trend, and the SM99 was used to cal-
culate ground motion data. The PGV values were then con-
verted to seismic intensity. The main conclusions are as fol-
lows.

The length and direction of the surface rupture can be
roughly outlined by the early aftershock sequence following
the mainshock. The fitted curves from LOWESS are helpful
for pinpointing the location of causative faults and rupture
scales. When the fault system in the seismic region is clear
and simple, the LOWESS-fitted curves can be used to accu-
rately determine the location and length of the fault rupture.
When the fault system is complex, LOWESS results can still
indicate the overall rupture trend and make reliable rupture-
scale judgments.

LOWESS is suited for aftershock sequences of large-
magnitude earthquakes (M, > 7.0). The fitted curves are al-
ways slightly longer than the actual surface rupture, indi-
cating that aftershocks occurred at a certain distance from
the tips of the fault shortly after the mainshock (Ozawa and
Ando, 2021). This method broadens the scope of application
for early post-earthquake aftershock data.

Aftershocks frequently cause secondary damage to build-
ings in the affected region, resulting in greater economic
losses or fatalities. The seismic intensity map based on the
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spatial distribution trend assessment of aftershock sequences
could reflect the extent of the hardest-hit areas and regions
where property damage and fatalities may occur.

‘When the listed conditions are met, the seismic intensities
assessed using AL-SM99 can serve as a useful reference for
early earthquake emergency response efforts. The outcomes
of intensity assessment may also provide a basis for different
perspectives in studying the radiative energy of earthquakes
and locating causative faults. Obviously, selecting the appro-
priate GMPEs can produce more accurate intensity assess-
ment results.

Notably, only the coordinate positions of the aftershocks
are used when fitting the aftershock sequence with LOWESS.
A discrepancy remains between the fitted curve length, the
local trend and the actual surface rupture. In future research,
the type of the causative faults and geological context of
the seismogenic regions will be considered, and empirical
formulas such as the Wells surface rupture formula will be
used for correction. It is beneficial to study the aftershock
sequence relocation methods and the relationship between
the spatial distribution of early aftershock sequences and
causative faults. The application of LOWESS to smoothing
the spatial distribution trends of aftershock sequences over
extended time periods is also of interest. AL-SM99 can dy-
namically generate intensity assessment results in conjunc-
tion with aftershock monitoring networks. Although the via-
bility of aftershock prediction remains debatable, it is possi-
ble to combine aftershock predictions and achieve rapid seis-
mic intensity prediction (DeVries et al., 2018; Mignan and
Broccardo, 2019).

Data availability. Aftershock data for earthquakes outside of
China were downloaded from http://www.isc.ac.uk/iscbulletin/
search/catalogue/ (Bondér and Storchak, 2011).
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