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Abstract:  

Rapidly determining seismic intensity maps of earthquakes is important because it 
offers fundamental information for effective emergency rescue and subsequent 
scientific research. It remains challenging to accurately determine seismic intensity 
map at regions with sparse instrument observations. In this study, we applied a novel 
method that consisted of array technology (back-projection), ground-motion 
prediction equations, and site corrections, to estimate the seismic intensity maps of the 
2021 Mw 7.3 Madoi, Qinghai and the Mw 6.1 Yangbi, Yunnan, China earthquakes. 

We used seismic data recorded at European stations to back-project the source 
processes of the 2021 Mw 7.3 Madoi, Qinghai and the Mw 6.1 Yangbi, Yunnan, China 
earthquakes. The back-projected energy radiations were then used as subevents or 
used to define the fault geometry. Summing the contributions of each subevent or 
estimating the shortest distances from each site to the rupture fault, we obtained the 
ground motion (PGA and PGV) for each site under rock site conditions. The estimated 
ground motions were corrected at each site for local site amplification according to 
the Vs30 database. 

Our estimated seismic intensity maps and field reports showed high similarity, 
which further validated the effectiveness of the novel approach, and pushed the limit 
of earthquake size down to ~M 6. Such efforts would substantially help in the fast and 
accurate evaluation of earthquake damage, and precise rescue efforts. 
 
Keywords: The 2021 Mw 7.3 Madoi earthquake; The 2021 Mw 6.1 Yangbi earthquake; 
Seismic intensity map; Back-projection; Ground-Motion Prediction Equations 

0 Introduction 

Immediately after large earthquakes, the most important concern is to evaluate the 

intensity and area of earthquake damage (Musson, 2005; Lee and Kiremidjian, 2007), 
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because it offers fundamental information for scientific and effective emergency 

rescue (Wang et al., 2013). Many methods have been developed for the rapid 

determination of seismic intensity maps after earthquakes (Pathier et al., 2006; Dong 

et al., 2013; Farhadi and Pezeshk, 2020; Smith and Mooney, 2021). In areas with 

dense real-time strong motion stations, shaking maps can be produced by contouring 

shaking information interpolated onto the target area (Wald et al., 1999). However, 

such dense observations are only available in a few countries and areas such as 

southern California and Japan. Most regions lack or haved sparse real-time strong 

motion observations. For those regions, the predicted ground motions are mainly 

calculated based on the earthquake location, and the earthquake magnitude, and 

ground-motion prediction equations (GMPEs). 

People’s reports directly reflect the intensity of ground motions. With the spread 

of smartphones and convenient Internet access, individual feeling reports can be 

rapidly collected and processed to complement or even generate seismic intensity 

maps (e.g., the DYFI program at the USGS, Atkinson et al., 2007; Wald et al., 2012; 

Beroza, 2013.). 

Geodetic observations play an important role in estimating the field damage 

caused by large earthquakes. At present, there are many types of remote sensing data 

that can be used, such as optical images, LiDAR, and SAR images (Gamba and 

Casciati, 1998; Suga et al., 2001; Matsuoka and Yamazaki, 2004; Dong et al., 2013; 

Ram et al., 2017). Remote sensing images can visually map the earthquake-affected 

areas and identify the degree of earthquake damage (Wang et al., 2015). In addition, 

the degree of building damage and secondary geological hazards such as barrier lakes 

can be identified through post-earthquake SAR images (Gong et al., 2010; Fan et al., 

2012). Compared to the above-mentioned methods, the acquisition of remote sensing 

data usually takes days, which limits its practical application in earthquake emergency 

response. 

   Among the above methods, the strong motion monitoring method has the best 

time efficiency, fastest, and most accurate response. However, dense observations are 
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not available everywhere in the world. Sparse real-time strong motion observations 

are common for most regions, especially in developing and undeveloped countries. 

We have proposed a novel algorithm to estimate seismic intensity maps of 

earthquakes using array technology, GMPEs, and site corrections (Chen et al., under 

review in BSSA, see attached file). The algorithm was applied to and verified by the 

2008 Mw 7.9 Wenchuan and the 2010 Mw 6.9 Yushu earthquakes. Following this 

method, a preliminary seismic intensity map of the 2021 Mw 7.3 Madoi earthquake 

was produced and issued approximately~ 4 h after the earthquake, and showed high 

similarity with the investigated seismic intensity distributions conducted by the China 

Earthquake Administration (CEA).  

To further investigate the effectiveness and applicability of the algorithm we 

examine the Mw 6.1 Yangbi earthquake in Yunnan and Mw 7.3 Madoi earthquake in 

Qinghai, and evaluated the applicability and accuracy of the algorithm. 

2 Methodology 

To rapidly estimate the shaking intensity following damaging earthquakes, we have 

proposed a novel approach using a combination of array technology, multi-source 

GMPEs, and site corrections (Chen et al., in revision). By incorporating array 

technology, we can consider the effects of fault geometries, which significantly 

improves the accuracy of the estimated seismic intensity map. The method uses three 

steps: estimation of source energy radiation, calculations of PGA and PGV according 

to GMPEs, and site corrections.  

We first performed a back-projection analysis to acquire the seismic source energy 

radiation, following the method of Krüger and Ohrnberger (2005), with details in 

Wang et al. (2016). We presumed that the grid point location with the maximum 

stacked value at each time window was a subevent of the target earthquake, and its 

stacked value was thus proportional to the seismic moment or high-frequency seismic 

energy radiation of the subevent. Becauce the rupture front likely radiates more 

high-frequency energy because of the brittle failure, we filtered broadband 
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seismograms into high-frequency bands prior to the linear stacks in back-projections.  

We then calculated the seismic intensity using three models as follows: (1) We 

assumed that the relative amplitudes and locations of the subevents represent those of 

the earthquake seismic moment releases. Based on the locations and normalized 

amplitude of the subevents, we utilized the GMPEs of Si and Midorikawa (1999) 

employing the equivalent hypocentral distance (EHD) (see Ohno et al., 1993) to 

calculate the PGAs and PGVs. (2) Similar to Model 1, all the subevents were set to 

have equal seismic moment releases, and only the spatial locations of subevents 

derived from back-projections were considered when calculating the ground motions. 

(3) This model used the GMPEs of Si and Midorikawa (1999), who employed the 

closest distance from a seismic fault to the calculation point, and only the imaged 

fault(s) geometry was utilized to calculate the ground motion. 

The PGVs on the ground surface were estimated based on the PGVs on stiff ground 

with Vs30 = 600 m/s predicted by Si and Midorikawa (1999), and information about 

the average shear-wave velocity in the upper 30 m of sediments (Vs30) (Fukushima 

and Tanaka, 1990; Midorikawa, 1994; Boore et al., 1997; Liu et al., 2013;Thompson 

et al., 2014).  

Following the above three steps, the PGA and PGV for each site were estimated 

using the back-projected source information, GMPEs, and site conditions (Vs30). We 

converted the site corrected PGVs to the China seismic intensity scale (GB/T 

17742-2020) to compare our estimates with field investigations by the CEA for the 

2021 Mw 6.1 Yangbi and Mw 7.3 Madoi, China earthquakes. 

3 Mw 6.1 Yangbi, Yunnan and Mw 7.3 Madoi, Qinghai, China earthquakes 

In recent years, many earthquake disasters have occurred in China, causing a large 

number of casualties and heavy economic losses, such as the 2008 Mw 7.9 Wenchuan 

earthquake in Sichuan, the 2010 Mw 6.9 Yushu earthquake in Qinghai, the 2014 Mw 

6.2 Ludian earthquake in Yunnan, and the 2013 Mw 6.6 Lushan earthquake in Sichuan. 
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Two recent examples are the 2021 Mw 6.1 Yangbi earthquake in Yunnan and the Mw 

7.3 Madoi earthquake in Qinghai (Fig. 1). 

At 21:48 on May 21, 2021 (Beijing Time), a strong earthquake of Mw 6.1 (25.67°N, 

99.87°E, depth 8km) occurred in Yangbi, Dali Bai Autonomous Prefecture, Yunnan 

Province, China, which caused severe damages in six counties (cities), including 

Yangbi, Dali, Eryuan, Weishan, Yunlong, and Yongping counties to varying degrees. 

Three people died, and 34 were injured (Yunnan Province Seismological Bureau, 

2021). The seismogenic fault was believed to be the Weixi–Qiaohou fault; however, 

no obvious pre-existing surface rupture was observed. The aftershock distribution 

indicated that the seismogenic fault might be a sub-branch of the Weixi-Qiaohou fault, 

which had not been previously mapped (Yang et al., 2021; Zhang et al., 2021). 

Approximately 4 h after the Mw 6.1 Yangbi earthquake, an earthquake with a Mw 

of 7.3 (34.5 N, 98.34 E, depth 17 km) occurred in Madoi, Qinghai Province at 2:04 on 

May 22, 2021. Fortunately, the source region was in a rural area with a sparse 

population, and no casualties were reported. The earthquake occurred in the BayanHar 

block, which is one of the main active blocks of the Tibetan Plateau and is bounded 

by some large-scale active faults, such as the Kunlun fault zone, 

Xianshuihe-Xiaojiang fault zone, and Longmen Shan Thrust Belt (Zhang et al., 2003; 

Ren and Zhang, 2019). Many strong earthquakes have occurred around the BayanHar 

block since the 1997 Manyi earthquake (Ren and Zhang, 2019) and the Madoi 

earthquake is the most recent earthquake along the Kunlun fault zone. The 

seismogenic fault of the Madoi earthquake belongs to the Kunlun Mountain - 

Jiangcuo fault system (Pan et al., 2021; Ha et al., 2021; Wang et al., 2021; Zhang et 

al., 2021). The Kunlun Mountain –Jiangcuo fault trace extends for approximately 650 

km, westward toward the Kunlun fault, which was partially ruptured during the 2001 

Kunlun Mw 7.8 earthquake. The ruptured fault of the Madoi earthquake is a 

sub-branch of the Kunlun fault zone, characterized by a left-lateral strike-slip. The 

co-seismic surface rupture zone of the Madoi earthquake is approximately 150 km in 

length, which is consistent with the aftershock distribution shown in Figure 1 (Pan et 
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al., 2021; Wang et al., 2021). 

4 Source processes of the two earthquakes 

We used seismic data recorded at the European Virtual Broadband Seismic 

Network to back-project the rupture processes of the Madoi and Yangbi earthquakes. 

The European seismic network consists of more than 50 network operators and ~500 

seismic stations. The epicentral distances range from 44° to 85° with azimuths of 283° 

to 335° with respect to the Yangbi earthquake, and from 296° to 330°with azimuths of 

47° to 85° for the Madoi earthquake.  

For the Yangbi earthquake, we set up a grid of 300 × 300 points (the space grid 

was 1 km, at a depth of 8 km) that covered the areas with strong ground motion. 

Following CEA, the epicenter was set at E = 99.87o and N = 25.67o. The seismic 

waveforms were filtered in the band of 0.8 to 8.0 Hz using a two-pole Butterworth 

filter. The filtered waveforms showed high similarities (Fig. 2), which was important 

for back-projections. We eliminated waveforms with heavy noise and/or strong site 

effects by setting a threshold value of 0.4 for the correlation coefficient of the 

waveforms. We stacked the 10 s time windows that were offset by 1 s. 

Figure 3b shows the size and spatial distribution of the energy release for the 

Yangbi earthquake. The earthquake rupture started from the epicenter with a strong 

energy radiation for the first 5 to 10 s near the epicenter, and then propagated 

southeast unilaterally for a few minutes. The total duration was 10–15 s, and the 

surface length was approximately 20 km. The ruptured fault lineation was compatible 

with distribution pattern of aftershocks one month following the mainshock (Fig. 1).  

For the Madoi earthquake, we set up a grid of 400 × 400 points (spaced at 1 km, 

at a depth of 17 km) that covered the areas with possible earthquake faults. Following 

the USGS, the epicenter was set at E = 98.34o and N = 34.50o. The seismic waveforms 

were filtered in the 0.8 to 8.0 Hz band using a two-pole Butterworth filter. The other 

parameters were the same as those for the Yangbi case. 

Figure 3a shows the size and spatial distribution of the energy release for the 
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Madoi earthquake. The earthquake rupture started from the epicenter with strong 

energy radiation in the first 10 s and then propagated bilaterally to the northwest and 

southeast. The total source duration was ~ 30 s, and the projected surface length of the 

rupture was ~150 km. The ruptured fault lineation was compatible with the 

distribution pattern of aftershocks one month following the mainshock (Fig. 1). The 

initial rupture speed was relatively slow, and the later part of the rupture speed was ~ 

4 km/s, which could be as fast as the local shear wave velocity (super shear). The very 

fast rupture velocity was previously identified and validated by near-filed and 

tele-seismic observations (Zhang et al., 2010; Wang and Mori, 2012). 

5 Seismic Intensity maps  

Utilizing the rupture processes of the two earthquakes derived from the 

back-projections and the above-mentioned GMPEs, we estimated the PGAs and 

PGVs for each site point. Then the PGVs on the ground surface were estimated based 

on the PGVs on stiff ground with Vs30 = 600 m/s predicted by Si and Midorikawa 

(1999).  

The site corrected PGVs were then converted to the China seismic intensity scale 

(GB/T 17742-2020) to compare our estimates with field investigations by the CEA for 

the 2021 Mw 6.1 Yangbi and Mw 7.3 Madoi, China earthquakes. 

 The intensity map of the Yangbi earthquake (Fig. 4) shows that the severely 

damaged areas from the three models were all around the epicenter, except that Model 

3 showed a southeast extension of the damaged areas. There were also some 

differences among the amplitudes of the highest intensity. The highest intensity 

derived from model 3 was Ⅸ, which was 1 degree higher than the investigated 

intensity map (IIM) and those of derived from Models 1 and 2. Careful comparisons 

indicated that the intensity map produced from Model 1 best matched the IIM. For 

example, the highest intensity (Ⅷ),  intensities VI and VII areas in Model 1 were 

very similar to those of the IIM although there are a few isolated intensity VII areas 

shown in our calculation, which were not observed in the IIM. The isolated intensity 
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VII area was Er’hai Lake, which had a very low shear wave velocity at shallow 

depths and presented amplified ground shakings after site corrections. 

Following a similar process, we calculated the intensity maps of the Madoi and 

Qinghai earthquakes (Fig. 5). Intensity maps derived from the three models shared the 

common pattern that the highest intensity (Ⅸ or above) areas were concentrated in 

the vicinity and northwest of the epicenter. Since models 2 and 3 highlight more the 

locations of the subevents derived from the back-projection and ignored the relative 

amplitudes of the stacked energy, the subevents with relatively small, stacked 

amplitudes in the west to the epicenter contributed to a large, isolated damage zone 

with intensity Ⅸ (the isolated intensity Ⅸ region in the east to the epicenter). 

Comparisons with IIM indicated that the Model 3 works best in this case, although the 

area with high intensity (VII–X) in our estimate was somewhat larger than that of the 

IIM (Fig. 6). However, the contour lines of intensities VII–Ⅸ outline the rupture 

orientation well, which was confirmed by the aftershock locations, field investigation, 

and geodetic observations (Ren et al., 2007; Wang et al., 2021). 

6 Discussion 

6.1 Importance of rapid damage estimation in minutes 

Currently, back-projection results can be obtained 10–20 min after earthquakes 

(Song et al., 2018; Yao et al., 2019), the calculations of GMPEs and site corrections 

for the seismic intensities of grid sites is very fast (within a few minutes), and the 

seismic intensity map of earthquakes can be produced in less than 30 min. Such 

information is critical for rapid emergency operations, such as casualty estimation, 

rescue team deployment, and evacuation of people at risk. 

The seismic intensity map, together with back-projected fault traces, represents a 

high-resolution fault model for further scientific research. For example, in hours, the 

use of waveform modeling, earthquake slips, and seismic moment can be calculated. 

However, to stabilize the waveform inversions, many efforts should be made, for 
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example, setting proper parameters such as source extent and rupture speed, which 

vary over a large range and vary case by case. The rupture velocity of shallow 

earthquakes could be as fast as 5 km/s (e.g., the 2010 Mw 6.9 Yushu and 2012 Mw 8.6 

off Sumatra earthquakes), or as slow as 1 km/s (e.g., the 2006 Mw 7.7 Java 

earthquake), which cannot be resolved by regular waveform modeling that utilizes 

mostly tele-seismic observations. With back-projection results, we could set the fault 

parameters (e.g., rupture extent) precisely to, stabilize the waveform modeling and 

obtain an accurate slip model within a few hours after earthquakes. 

6.2 Different models 

Based on our present strategies, we utilized back-projection results to establish 

earthquake sources. Models 1 and 2 produced a multi-point source model, and the 

weighted sum of the multi-point sources contributed to the final seismic intensities.  

Model 3 generated a fault plane, and the seismic intensity was calculated using the 

GMPEs with the shortest distance to the fault plane. Based on the application of this 

method to several earthquakes, including the 2008 Mw 7.9 Wenchuan, the 2010 Mw 

6.9 Yushu, Qinghai, and the two earthquakes presented in this study, we found that 

Model 3 works best for large earthquakes with considerable source extents. Because 

of complexity of the earthquake energy radiation (e.g., frequency dependency), the 

relative amplitudes of the stacked energies can’t fully represent the seismic moments 

or radiated energies on the fault plane. Therefore, Model 3 simplified the source 

information by utilizing only the minimum distance from the sites to the locations of 

multiple sources. This simplification helps to outline the geometry of ruptured fault 

(s). For large earthquakes, the contour lines of the isoseismal curves were mainly 

controlled by the fault geometry. With accurate fault geometry, the pattern of 

isoseismal curves could be well constrained. For the Madoi earthquake, our results 

showed a slightly curved fault, which is consistent with the surface rupture mapped by 

field investigations (Pan et al., 2021). The calculated intensity contour lines showed 

similar orientations (Fig. 5), which was also confirmed by the seismic intensity map 

investigated by the CEA teams.  
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Model 1 is more suitable for moderate earthquakes, that is, earthquakes with 

magnitudes ＜ 6.5, (e.g., the Mw 6.1 Yangbi, Yunan earthquake). For such 

earthquakes, the source extent was approximately 20 km or less. The locations of the 

radiated energies were more concentrated in the epicentral area, which is more like a 

point source than large earthquakes with substantial source extents. In this case, given 

the same GMPEs, a point source assumption and finite fault model do not cause 

significant differences in estimating seismic intensity maps. In particular, considering 

that the back-projection results could not resolve the geometry of moderate 

earthquakes well, Model 1-mainly useed the subevents that were concentrated in the 

epicentral area, and showed better estimates of the seismic intensity map for the 

Yangbi earthquake. 

6.3 Confirmation of results with ShakeMap, DYFI, and early aftershock 

distribution.  

For the Madoi earthquake, the rupture propagated bilaterally 70 km east and west. 

Usually, the back-projection algorithm determines the most probable source location 

according to the stacked amplitudes of grid points, which may be biased due to the 

rupture directivity and azimuth of the seismic array. For example, the east rupture 

segment of the Madoi earthquake was illustrated more poorly than the west segment 

because the European stations were in the forward direction of the west segment 

rupture.  

Therefore, complementary confirmation of the rupture extent and damaged areas 

was needed from other resources. For example, with the advances in AI technology 

and its application in seismology, early aftershocks of large earthquakes can be well 

determined (Yang et al., 2021). Their locations can delineate the general features of 

the ruptured fault (s), which offers independent information about the earthquake 

rupture and can be used to validate the back-projected source geometry and the 

estimated seismic intensity map. People feel reports such as Did You Feel It? The 

DYFI program collects information from people who felt an earthquake and created 
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maps that show what people experienced and the extent of damage (USGS); hence, 

they can offer direct verification of the seismic intensity map. Comprehensive 

integration of information from multiple resources would make the seismic intensity 

map more accurate. 

Conclusions 

We back-projected the seismic data recorded at the European station to estimate the 

source processes of the 2021 Mw 7.3 Madoi, Qinghai and the Mw 6.1 Yangbi, Yunnan, 

China earthquakes. Then we summed the contributions of each subevent or estimated 

the shortest distances from each site to the ruptured faults, and obtained the ground 

motion (PGA and PGV) for each site under rock site conditions. The estimated PGVs 

were corrected for local site amplification using the Vs30 database (USGS).  

This study validated the effectiveness of the novel approach and pushed the limit of 

earthquake size to as small as ~M 6. Therefore, it can be applied to many moderately 

damaging earthquakes that frequently occur in continents with severe damage. Such 

efforts would substantially help fast and accurate evaluation of earthquake damage, 

precise rescue efforts, and follow-up scientific research. 
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Figure 1. (a) Seismicity and surface faults in the source region. The yellow circles indicate the 

locations of M≥ 5 earthquakes (since 1990) from the CEA. The focal mechanisms are from the 

Global CMT program. The red lines represent the main block boundaries. (b) Locations of the 

2021 Mw 7.3 Madoi earthquake sequence. The red star and yellow circles show the epicenter and 

aftershocks, respectively. (c) The same as (b) plotted for the 2021 Mw 6.1 Yangbi earthquake. 

 

Figure 2. (a) Locations of seismic stations (green triangles). The red dashed lines represent the 

equidistant lines of the 2021 Mw 7.3 Madoi earthquake, and the blue dashed lines represent the 

equidistant lines of the 2021 Mw 6.1 Yangbi earthquake. (b) Representative waveforms of the 

2021 Mw 7.3 Madoi, Qinghai earthquake recorded in the European seismic network. The 

waveforms are aligned at the P onset, as indicated by the red dashed line. (c) The same as (b) 

except for the 2021 Mw 6.1 Yangbi, Yunnan earthquake. 
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Figure 3. (a) Locations and amplitudes for the stack, with the maximum amplitude at each time 

step for the 2021 Mw 7.3 Madoi earthquake. The back-projection results are obtained from stacks 

of the seismograms filtered in three frequency bands (0.2–2.0 Hz, 0.5–5.0 Hz, and 0.8–8.0 Hz). 

The lack star represents the epicenter determined by the USGS. (b) The same as (a) except for the 

2021 Mw 6.1 Yangbi earthquake. The black star represents the epicenter determined by the USGS. 

 

Figure 4. Estimated PGVvs30 of the 2021 Mw 6.1 Yangbi earthquake around the source region. 

The blue contour lines represent the contours of seismic intensities from field investigations 

conducted by the CEA. Three different strategies of utilizing back-projection results are employed 

in the three models, which contributes some variations to the estimated seismic intensity maps. 

The blue star indicates the epicenter of the Mw 6.1 Yangbi earthquake. 
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Figure 5. Shows the same information as Figure 4 except for the 2021 Mw 7.3 Madoi earthquake. 

 

Figure 6. (a) The red line represents the profile line shown in (b), and the blue contour lines 

represent the contours of seismic intensities from field investigations conducted by the CEA. (b) 

Comparisons between calculated (black) and investigated (blue) seismic intensities along the 

profile line shown in (a). 
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Figure 7. (a) Comparisons between the seismic intensity maps determined by the field surveys 

(blue lines) and the ShakeMap program (red contours) for the 2021 Madoi earthquake. (b) Similar 

to (a), except the cyan and blue lines indicate the seismic contour lines determined by the 

ShakeMap program (USGS) and the red contours relate to our estimates. 

 

Figure 8. (a) Comparisons between the seismic intensity maps determined by the field surveys 

(blue lines) and the ShakeMap program (red contours) for the 2021 Yangbi earthquake. (b) Similar 

to (a), except the cyan and blue lines indicate the seismic contour lines determined using the 

ShakeMap program (USGS) and the red contours relate to our estimates. 




