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Abstract: At present, earthquakes cannot be predicted. Scientific decision-making and rescue after an
earthquake are the main means of mitigating the immediate consequences of earthquake disasters.
If emergency response level and earthquake-related fatalities can be estimated rapidly and quan-
titatively, this estimation will provide timely, scientific guidance to government organizations and
relevant institutions to make decisions on earthquake relief and resource allocation, thereby reducing
potential losses. To achieve this goal, a rapid earthquake fatality estimation method for Mainland
China is proposed herein, based on a combination of physical simulations and empirical statistics.
The numerical approach was based on the three-dimensional (3-D) curved grid finite difference
method (CG-FDM), implemented for graphics processing unit (GPU) architecture, to rapidly simulate
the entire physical propagation of the seismic wavefield from the source to the surface for a large-scale
natural earthquake over a 3-D undulating terrain. Simulated seismic intensity data were used as
an input for the fatality estimation model to estimate the fatality and emergency response level.
The estimation model was developed by regression analysis of the data on human loss, intensity
distribution, and population exposure from the Mainland China Composite Damaging Earthquake
Catalog (MCCDE-CAT). We used the 2021 Ms 6.4 Yangbi earthquake as a study case to provide
estimated results within 1 h after the earthquake. The number of fatalities estimated by the model
was in the range of 0–10 (five expected fatalities). Therefore, Level IV earthquake emergency response
plan should have been activated (the government actually overestimated the damage and activated a
Level II emergency response plan). The local government finally reported three deaths during this
earthquake, which is consistent with the model predictions. We also conducted a case study on a
2013 Ms7.0 earthquake in the discussion, which further proved the effectiveness of the method. The
proposed method will play an important role in post-earthquake emergency response and disaster
assessment in Mainland China. It can assist decision-makers to undertake scientifically-based actions
to mitigate the consequences of earthquakes and could be used as a reference approach for any
country or region.

Keywords: earthquake disaster; earthquake fatalities; rapid estimation; earthquake relief; disaster as-
sessment; earthquake emergency response; numerical simulation; empirical method; Yangbi earthquake

1. Introduction

Earthquakes are among the most severely damaging natural disasters on Earth. This
is especially true in China, where many catastrophic earthquakes have occurred in recent
history, such as the 1976 Tangshan earthquake that caused ~242,000 deaths and the 2008
Wenchuan earthquake that caused ~69,000 deaths [1]. At present, no technology can
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accurately predict earthquakes. Therefore, facilitating timely, scientific judgments on
the disaster situation can play an important role in relief after an earthquake. Rapidly
estimating the number of fatalities and identifying the earthquake emergency response
level can help decision-makers take scientifically-based actions to optimize the earthquake
relief plan.

Current earthquake fatality estimation methods can be divided into two categories:
analytical and empirical methods [2]. The former requires a variety of detailed data, includ-
ing building inventories, building structure types, vulnerabilities, and building occupancy.
After the earthquake, based on the seismic intensity distribution and the detailed list of the
buildings on it, and further combining the damage vulnerability and human loss ratio of
different structural types of buildings under different intensities to calculate the number
of fatalities in all buildings [3–5]. In contrast, empirical methods use seismic parameters
(e.g., seismic intensity, magnitude, or ground motion parameters) and demographic data
(e.g., population density and number of destroyed buildings) to estimate the number of
fatalities from previous earthquakes via statistical regression [2,6–10]. Generally, analytical
methods are more accurate than empirical methods. However, implementing an accu-
rate analytical process across entire Mainland China is not feasible. First, high-resolution
databases of building characteristics (e.g., building inventory and types) do not currently
exist nationwide. Second, Daniell et al. pointed out that >30% of all earthquake fatalities
in the Asia Pacific are typically caused by non-structural damage (e.g., heart disease and
fire) [11]. Third, the inherent dynamic characteristics of these databases (e.g., the inventory,
type, and vulnerability of buildings, which change with societal development), lead to
great uncertainty in rapid post-earthquake fatality estimation. Therefore, to rapidly obtain
such an estimate after an earthquake in Mainland China, we opted to rely on an empirical
method. Li et al. developed an earthquake fatality estimation model based on the Mainland
China Composite Damaging Earthquake Catalog (MCCDE-CAT) [1,12]. Based on many
earthquake events estimations, Li et al. verified that the model has an optimal evaluation
ability for large earthquakes that resulted in tens of thousands of fatalities, such as the
Wenchuan earthquake, and small earthquakes that resulted in relatively few fatalities [12].

This estimation model mainly relies on data of seismic intensity distribution and
population exposure. Many high-precision population datasets are freely available on the
Internet, such as CIESIN [13], Asiapop [14], and LandScan [15]. Three methods are com-
monly used to obtain seismic intensity data. The first relies on field surveys by earthquake
administration. Professionals collect information on damages in a sampling survey unit.
By calculating the average damage, the seismic intensity can be estimated according to the
predefined Seismic Intensity Scale [16,17]. However, it relies on a limited number of sample
sites. When investigators finally draw the seismic intensity distribution map, an elliptical
distribution in space is generally assumed. This shape does not reflect the irregular pattern
of seismic intensity resulting from differences in underground stress, rock lithology, site
effects, and topography. In addition, the investigation process requires substantial human
and material resources, and can last several days. Therefore, earthquake intensity cannot be
used for the rapid estimation of post-earthquake fatalities. The second (empirical) method
relies on the widely used Ground Motion Prediction Equations (GMPEs) [18–20]. However,
it suffers from several limitations, such as the ergodic hypothesis, insufficient near-source
observation data, and insufficient spatial correlation processing [21]. In addition, the statis-
tical and approximate nature of this empirical method hinders appropriate characterization
of heterogeneities in seismic intensity, as in the first method.

With the rapid development of computer technology, the third method, namely a large-
scale parallel fast numerical calculation method based on physical simulation, has gained
significant attention [22–24]. This method can simulate the entire physical process of seismic
wavefield propagation from the source to the surface. It can calculate the influence of near-
surface site effects, terrain, and other factors on the results, thus, producing a detailed
spatial distribution of surface seismic intensity. This is a major improvement compared
to the two aforementioned methods. Therefore, we selected this method to obtain the
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seismic intensity distribution, specifically using the three-dimensional (3-D) curved grid
finite difference method (CG-FDM) [25–27] based on a parallel algorithm [24]. This method
is characterized by high calculation speed and high accuracy and can reproduce complex
undulating surfaces.

In the following sections of the paper, we first introduce the physically-based numerical
simulation method and the earthquake fatality assessment model for Mainland China.
Subsequently, considering the Ms 6.4 Yangbi earthquake that occurred in Yunnan Province
on 21 May 2021 as an example, we present the results of a rapid assessment of the fatalities
after the earthquake. Finally, the proposed method and its features are discussed, followed
by concluding comments.

2. Methods

The proposed method combines the 3-D CG-FDM with an earthquake fatality estima-
tion model based on regression analysis. The numerical simulation is solved by a GPU
owing to its high computational performance.

2.1. Strong Ground Motion Numerical Simulation

As aforementioned, the 3-D CG-FDM [25,26] was selected as the strong ground motion
numerical simulation method for calculating the seismic intensity. The method was selected
considering its (1) high calculation accuracy, (2) high calculation efficiency, (3) flexible
division of the calculation grid according to the undulating terrain, (4) use of the traction
mirror method to calculate free surface, and (5) easy parallel computing. The method
has been verified in seismic numerical simulations at various dimensions [25–28] and has
been applied to strong ground motion numerical simulations and rapid seismic disaster
analyses [29–32]. Considering that the theoretical derivation and application of this method
have been explained comprehensively in the cited literature, here, we only provided a brief
introduction.

The first-order velocity-stress equations for the wave equation in elasticity were as
follows:

ρvi,t = σij,j + fi and (1)

σij,j = λδijvk,k + µ(vi,j + vj,i), (2)

where ρ is density, f is the source term, vi presents the velocity component, σij presents the
stress component, λ and µ are the Lamé constants, and δij is the Kronecker tensor.

To simulate complex surface conditions, the physical quantities in Equations (1) and
(2) were mapped from the curved grid in the physical space (x, y, z) to the uniform grid in
the computing space (ξ, η, ζ), as shown in Figure 1.
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During the specific implementation of the numerical calculation, for integration in the
time domain, we adopted the fourth-order Runge–Kutta integral form. When calculating
the difference in the spatial domain, the forward and backward difference operators in
the DRP/opt MacCormark scheme [33] were used alternately to solve the velocity-stress
in Equations (1) and (2) in the Runge–Kutta time marching scheme. Taking the x-axis
derivative as an example, the operator forms were as follows:

LF
x (U)i =

1
∆x

3

∑
n=−1

anUi+n and (3)

LB
x (U)i =

1
∆x

3

∑
n=−1

−anUi−n, (4)

where U is a velocity-stress vector [U =
(
vx, vy, vz, σxx, σyy, σzz, σxy, σxz, σyz

)T]; Lx represents
the spatial difference in the x-direction; superscripts F and B represent the forward and
backward difference operators, respectively; i represents the grid index; and an are a set of
difference coefficients. For a comprehensive derivation and application of the 3-D CG-FDM,
see [25,26].

To rapidly calculate large-scale natural earthquakes, we must also adopt parallel
calculation. The graphics processing unit (GPU) has strong parallel computing power,
high memory access bandwidth, and low latency [34]. Wang et al. achieved a parallel
operation of the CG-FDM and developed a platform for rapid response to earthquake
disasters (CGFDM3D-EQR) based on a heterogeneous CPU/GPU architecture [24]. After
the earthquake, the platform can rapidly estimate the seismic intensity distribution through
parallel numerical simulation within 30 min. To verify the reliability and effectiveness of
the platform, they did four numerical simulations and compared them with the instrument
observation results, and obtained the expected results. For the case in this paper, we use
this computing platform to carry out the strong ground motion numerical simulation.

2.2. Earthquake Fatality Estimation Model

We used the Mainland China earthquake fatalities estimation model developed by Li
et al. [12], which is based on data of seismic intensity and losses for historical earthquakes.
Clearly, the performance of this model depends on the completeness of data, and their
integrity and consistency across events. Li et al. compiled an open-source MCCDE-CAT
(see Data Availability Statement) from 1950 to 2018 based on six earthquake catalogs. They
used a large number of previous studies, reports, and websites to verify and complement
the information [1]. The catalog includes basic seismological data, social and economic loss
data, population exposure data, and intensity distribution data for each earthquake event.
Based on data recorded for the 377 earthquake events in the MCCDE-CAT (Figure 2), Li
et al. used a logarithmic linear fatality ratio function with two free parameters to develop a
set of earthquake fatality estimation models via regression analysis [12]. A large number
of earthquake cases were used to verify that the model could estimate >85% of the values
within an order of magnitude of the recorded values. A brief introduction to this method is
provided below.
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Figure 2. Location of the 377 earthquake epicenters in the Mainland China Composite Damaging
Earthquake Catalog (MCCDE-CAT) used by Li et al. to develop the fatality assessment model [12].
The thick black lines divide Mainland China into the five sub-regions as follows (a): Xinjiang region,
(b): Qinghai-Tibet Plateau region, (c): Northeast region, (d): North China region, and (e): South
China region.

According to the characteristics of the geological structures, historical seismicity, focal
mechanisms, and social and economic development in Mainland China, the MCCDE-CAT
was divided into five sub-regions (as divided by thick black lines in Figure 2). Moreover,
according to the differences in the earthquake fatality ratio with time, related to changes
in the seismic resistance of buildings, public education, and other factors, the human
development index (HDI) was used to evaluate changes in social development level over
time to adjust the fatality ratio.

The earthquake-related fatalities were calculated as follows:

E =
XI

∑
I=V

(
r(I)×

HDImax−year

HDIevent−year

)
× Pe(region, intensity=I) (5)

where E represents the estimated value, r(I) is the fatality ratio function (which is a
logarithmic linear model, i.e., log(r) = β + θ × I, with two free parameters (β, θ)), I
is the seismic intensity. Intensity V-XI is the minimum and maximum intensities of all
known seismic records of damaging earthquakes in Mainland China. HDI represents
the human development index, which is the correction term for the fatality ratio, r, and
Pe(region, intensity=I) represents the number of people exposed in regions with different
seismic intensities, I.

The two parameters β and θ of the fatality function were obtained by minimizing the
objective function as follows:

ε = ln


√√√√ 1

N

N

∑
i=1

(Ei − Oi)
2

+

√√√√ 1
N

N

∑
i=1

[
ln
(

Ei
Oi

)]2
, (6)
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where Oi represents the recorded fatalities for the ith earthquake event, Ei represents the
estimated fatalities in Equation (5), and N represents the number of earthquake events.

According to the relevant provisions in the National Earthquake Emergency Plan
(NEEP) (see Data Availability Statement) for Mainland China, the Chinese government
classifies the earthquake emergency response into four levels as follows: Level IV (≤10 fa-
talities), Level III (10 < Number of fatalities ≤ 50), Level II (50 < Number of fatalities ≤ 300),
and Level I (>300 fatalities). To rapidly evaluate the response level after an earthquake, we
constructed a normal cumulative distribution function based on the estimated fatalities
and fitting residual calculated using this method (its rationality has been verified using the
normality test [12]). The probability P of a specific fatality range was calculated as follows:

P(a < fatality ≤ b) = Φ
[

ln b − ln(Ei)

ζ

]
− Φ

[
ln a − ln(Ei)

ζ

]
, (7)

where Φ represents the normal cumulative distribution function with respect to the ex-
pected value, ln(Ei), and the log residual, ζ. For more details on the development and
validation of this estimation model, see [12].

3. Case Study: 2021 Ms 6.4 Yangbi Earthquake

Using the above rapid earthquake fatality estimation method, we rapidly calculated
the seismic intensity distribution, estimated a total of five deaths, and determined an
earthquake emergency response of Level IV within 1 h after the 2021 Ms 6.4 Yangbi
earthquake. Later, the government reported that there were three fatalities during this
earthquake, consistent with our assessment expectations. This case study of the 2021 Yangbi
earthquake is described in detail below.

3.1. Background and Data

At 21:48:34 on 21 May 2021, a Ms 6.4 earthquake occurred in Yangbi County, Dali
Bai Autonomous Prefecture, Yunnan Province. The epicenter was located at 99.87◦ E,
25.67◦ N, and the focal depth was 8 km. The maximum intensity on the surface was VIII.
The earthquake area was located near the southwest boundary of the Chuan-Dian block,
where historically strong earthquakes have been relatively frequent. In addition, this region
features complex mountains and gullies, rendering it difficult to perform post-earthquake
relief work. Figure 3 shows the topographic distribution of the area near the Yangbi
earthquake. The overall trend of the mountains in the area is northwest-southeast and the
fault trend is similar. The black wireframe in Figure 3 represents the numerical simulation
area. The blue wireframe is the projection of the fault on the surface while the red star is
the projection of the epicenter onto the surface. The focal mechanism solution shows that
this earthquake was a strike-slip earthquake with a large-dip angle (78.3◦ or 72.9◦).

The 3-D terrain data were extracted from the Shuttle Radar Topographic Mission digital
elevation dataset (see Data Availability Statement) provided by the Consultative Group for
International Agricultural Research-Consortium for Spatial Information [35]. This dataset
is based on the NASA data processed through an interpolation technique to obtain global
seamless connection elevation data with a resolution of 90 m. The 3-D medium model used
in the simulation was the Chinese crust-upper mantle seismic reference model [36] (see Data
Availability Statement). This model is based on data from >2000 seismic stations obtained
through environmental noise Rayleigh wave tomography and seismic tomography, with
a lateral resolution of 0.5◦ × 0.5◦ and a maximum vertical depth of 150 km, covering the
entire territory of China. The source data (see Data Availability Statement) were provided
by Wang et al., the Institute of Qinghai-Tibet Plateau Research, and the Chinese Academy
of Sciences [37].
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3.2. Numerical Simulation Results

The Yangbi earthquake was numerically simulated using the GPU-based 3-D CD-
FDM described in Section 2.1 and the input data described above. The grid size was
set to 800 × 800 × 400 and the spatial resolution was 200 m × 200 m. Figure 4 shows
four wavefield snapshots during the propagation of the seismic wavefield obtained via
numerical simulation. The energy of this earthquake mainly spread outward along the
fault strike and perpendicular to the fault strike. Energy in the other directions was weak,
consistent with the relatively weak disaster situation in major cities to the east of the
epicenter. In addition, the propagation of the seismic wavefield on the surface was complex.
Abundant multiple reflection waves were generated near the peaks and ridges along the
fault strike; coherent superposition enhanced the ground motion. These simulation results
were consistent with those of previous studies on the impact of topography on seismic
wavefield propagation [30,38–41].

Based on GPU parallel computing, we calculated the seismic intensity distribution
according to the PGV-intensity relationship provided by the latest China Seismic Intensity
Scale (GB/T 17742-2020) (see Data Availability Statement), as shown in Figure 5, where
the base map represents the population distribution data (see Data Availability Statement)
provided by LandScan [15]. The calculation results showed that the maximum seismic
intensity was VIII, entirely concentrated in Yangbi County. The majority of the intensity
VII area was distributed in Yangbi County and a small part extended to sparsely populated
areas in Yongping County in the southwest. The densely populated areas of the counties
and cities adjacent to Yangbi only suffered a maximum seismic intensity VI, among which
the densely populated areas of Eryuan County in the north and Yongping County in the
southwest only suffered a seismic intensity V. Damage caused by earthquakes with intensity
V–VI are generally considered to be highly limited [42]. Therefore, we estimated that the
overall damage due to this earthquake was relatively small. The intensity distribution
began from the fault as the center, extended outward in an overall butterfly-like shape,
and gradually decayed. The main reasons for this distribution pattern for the seismic
intensity are that the fault rupture scale of this earthquake was small, and the fault slip
was dominated by strike-slip. Therefore, strong S-wave energy was generated along the
fault strike and perpendicular to the fault strike, finally presenting a distribution pattern
similar to the double couple point source radiation pattern on the surface. In addition, the
fault strike, dip angle and slip angle were about 138◦, 73◦ and –163◦, respectively. The fault
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hanging wall was located in the southwest. Owing to the hanging wall effect of the fault,
the energy in the southwest direction was stronger than that in the footwall direction. The
asymmetric shape of the specific details for the intensity also reflected the non-uniformity
of the surface seismic intensity distribution under the actual complex conditions (i.e., the
media and terrain).

Int. J. Environ. Res. Public Health 2022, 19, x FOR PEER REVIEW 8 of 14 
 

 

 

Figure 4. Evolution process of wavefield propagation (east-west velocity component, Vx) along the 

ground surface at the indicated time points for the Yangbi earthquake. (Note: the color range from 

–0.02 to 0.02 m/s is not the range of the Vx amplitude. The range was reduced to show the details of 

ground motion more clearly). 

Based on GPU parallel computing, we calculated the seismic intensity distribution 

according to the PGV-intensity relationship provided by the latest China Seismic Intensity 

Scale (GB/T 17742-2020) (see Data Availability Statement), as shown in Figure 5, where 

the base map represents the population distribution data (see Data Availability Statement) 

provided by LandScan [15]. The calculation results showed that the maximum seismic 

intensity was VIII, entirely concentrated in Yangbi County. The majority of the intensity 

VII area was distributed in Yangbi County and a small part extended to sparsely popu-

lated areas in Yongping County in the southwest. The densely populated areas of the 

counties and cities adjacent to Yangbi only suffered a maximum seismic intensity VI, 

among which the densely populated areas of Eryuan County in the north and Yongping 

County in the southwest only suffered a seismic intensity V. Damage caused by earth-

quakes with intensity V–VI are generally considered to be highly limited [42]. Therefore, 

we estimated that the overall damage due to this earthquake was relatively small. The 

intensity distribution began from the fault as the center, extended outward in an overall 

butterfly-like shape, and gradually decayed. The main reasons for this distribution pattern 

for the seismic intensity are that the fault rupture scale of this earthquake was small, and 

the fault slip was dominated by strike-slip. Therefore, strong S-wave energy was gener-

ated along the fault strike and perpendicular to the fault strike, finally presenting a distri-

bution pattern similar to the double couple point source radiation pattern on the surface. 

In addition, the fault strike, dip angle and slip angle were about 138°, 73° and –163°, re-

spectively. The fault hanging wall was located in the southwest. Owing to the hanging 

wall effect of the fault, the energy in the southwest direction was stronger than that in the 

footwall direction. The asymmetric shape of the specific details for the intensity also re-

flected the non-uniformity of the surface seismic intensity distribution under the actual 

complex conditions (i.e., the media and terrain). 

Figure 4. Evolution process of wavefield propagation (east-west velocity component, Vx) along the
ground surface at the indicated time points for the Yangbi earthquake. (Note: the color range from
–0.02 to 0.02 m/s is not the range of the Vx amplitude. The range was reduced to show the details of
ground motion more clearly).

Int. J. Environ. Res. Public Health 2022, 19, x FOR PEER REVIEW 9 of 14 
 

 

 

Figure 5. Seismic intensity distribution was obtained via rapid numerical simulations of the Yangbi 

earthquake. The base map represents the population distribution provided by LandScan [15]. 

3.3. Fatality Estimation Results 

Based on the above seismic intensity distribution data, GIS software (Version 10.9) 

was used to calculate regional superposition using LandScan population distribution data 

to obtain population exposure values in different seismic intensity areas. Equations (5) 

and (7) are then used to estimate the fatalities related to the Yangbi earthquake and the 

probability of the emergency response levels, as shown in Figure 6. Five fatalities were 

estimated; the highest probability for the estimated fatality range was 0–10, with a value 

of 65.2%. According to the post-earthquake emergency response regulations in the NEEP, 

this event would be defined as a ”General Earthquake Disaster Event” with a high prob-

ability, corresponding to a Level IV earthquake emergency response. According to the 

population density distribution, two relatively densely populated cities are located nearby 

the epicenter: Dali City in the east and Weishan County in the southeast. However, the 

densely populated areas only suffered from seismic intensity VI. Overall, we considered 

that the earthquake was relatively minor and did not cause major damage. Finally, we 

proposed the initiation of a Level IV emergency response plan, using Yangbi County as 

the main rescue area during earthquake relief. Weishan County, Dali City, Eryuan 

County, Yunlong County, and Yongping County were considered as secondary concerns. 

Among them, the northwest area in the two urban areas of Dali and Weishan is the key 

disaster relief area in the secondary disaster relief. 

On 23 May, the Yunnan provincial government reported a final fatality count of three 

for the Yangbi earthquake (see Data Availability Statement). Even though the estimates 

deviated from the reported fatalities, the error remained within one order of magnitude, 

consistent with expectations. In addition, the reported fatalities also occurred within the 

0–10 fatality range estimated in this study. In summary, the estimation results for the 

Yangbi earthquake were ideal, which shows that the fatality estimation method is suffi-

cient to conform to the actual needs of the government for rapidly implementing earth-

quake emergency response decisions after an earthquake. 

Figure 5. Seismic intensity distribution was obtained via rapid numerical simulations of the Yangbi
earthquake. The base map represents the population distribution provided by LandScan [15].



Int. J. Environ. Res. Public Health 2022, 19, 6820 9 of 14

3.3. Fatality Estimation Results

Based on the above seismic intensity distribution data, GIS software (Version 10.9)
was used to calculate regional superposition using LandScan population distribution data
to obtain population exposure values in different seismic intensity areas. Equations (5)
and (7) are then used to estimate the fatalities related to the Yangbi earthquake and the
probability of the emergency response levels, as shown in Figure 6. Five fatalities were
estimated; the highest probability for the estimated fatality range was 0–10, with a value of
65.2%. According to the post-earthquake emergency response regulations in the NEEP, this
event would be defined as a “General Earthquake Disaster Event” with a high probability,
corresponding to a Level IV earthquake emergency response. According to the population
density distribution, two relatively densely populated cities are located nearby the epicenter:
Dali City in the east and Weishan County in the southeast. However, the densely populated
areas only suffered from seismic intensity VI. Overall, we considered that the earthquake
was relatively minor and did not cause major damage. Finally, we proposed the initiation
of a Level IV emergency response plan, using Yangbi County as the main rescue area
during earthquake relief. Weishan County, Dali City, Eryuan County, Yunlong County, and
Yongping County were considered as secondary concerns. Among them, the northwest area
in the two urban areas of Dali and Weishan is the key disaster relief area in the secondary
disaster relief.

On 23 May, the Yunnan provincial government reported a final fatality count of three
for the Yangbi earthquake (see Data Availability Statement). Even though the estimates
deviated from the reported fatalities, the error remained within one order of magnitude,
consistent with expectations. In addition, the reported fatalities also occurred within the
0–10 fatality range estimated in this study. In summary, the estimation results for the
Yangbi earthquake were ideal, which shows that the fatality estimation method is sufficient
to conform to the actual needs of the government for rapidly implementing earthquake
emergency response decisions after an earthquake.
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earthquake.

4. Discussion

Even though the Yangbi earthquake is a low-fatality earthquake event, it was selected
as a case study here, because it was not among the earthquake events used in the original
fatality estimation model. To further verify the effectiveness of this method, we selected
the Ms 7.0 Sichuan Lushan earthquake on 20 April 2013 in our estimation model data.
This earthquake caused great damage, which resulted in 196 deaths and direct economic
losses of more than 10 billion US dollars. The source model used in this case was provided
by Wang et al. [43]. The seismic intensity distribution was obtained by strong ground
motion simulation, as shown in Figure 7a, where the maximum seismic intensity is VIII
in this event. The hardest-hit areas of seismic intensity VII–VIII were concentrated in five
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cities near the epicenter (Lushan, Baoxing, Tianquan, Mingshan, and Ya An), in which
Lushan suffered the most serious damage. The estimated high-intensity areas correspond
to the most severely damaged areas reported after the earthquake (see Data Availability
Statement). As shown in Figure 7b, the final estimated number of deaths is 104, and the
fatality range with the largest probability of this earthquake is 50–300. According to the
NEEP, a Level II earthquake emergency response plan should be initiated for this event.
In this case, the expected and recorded fatalities have the same magnitude order, and the
number of recorded deaths is in the estimated fatality range. If the plan was initiated
according to our estimated earthquake emergency response level, it would fully meet the
actual needs of this earthquake disaster relief. This reasonable result is significant for the
earthquake relief and rescue effort.
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Figure 7. (a) The seismic intensity distribution calculated by numerical simulations for the 2013 Ms
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level for the 2013 Ms 7.0 Lushan earthquake.

The numerical simulation results depended on the source model, velocity medium,
terrain, and other data. At present, there are no unified results of other studies for the
previously mentioned variables, except terrain, and determining the same is beyond the
scope of this paper. Most source models are derived from the inversion of teleseismic
waveform data; the maximum frequency of waveforms is usually lower than that of the
near-field waveforms. Zhang et al. comprehensively discussed the influence of different
frequencies on the numerical simulation results for strong ground motion, based on the
Sunway TaihuLight supercomputer (Institute of Computing Technology, Chinese Academy
of Sciences, China). The supercomputer is the world’s first supercomputer with a peak
performance exceeding 100 PFlops and 1.3 PB memory [44]. They found that the sensitivity
of the surface seismic intensity to frequency change is low [45]. Therefore, the accuracy
of the simulation results based on teleseismic data in this study was sufficient to meet
the requirements of preliminary post-earthquake rapid estimation. In addition, the final
fatality estimation results obtained in this study also demonstrated the reliability of the
method. High-frequency waveforms generated in the near field could contain more details
on sources. However, seismic stations are absent in some areas near epicenters, or the local
government does not disclose the data, consequently, making it difficult for researchers to
obtain near-field data at the first time. Teleseismic data not only ensure the implementation
of this method rapidly after an earthquake but also produce timely estimation results.
Further, the numerical intensity and estimated fatalities will be updated with continuous
improvements to post-earthquake data collection (e.g., near-source data or more accurate
teleseismic data).
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The fatality estimation method is an empirical method based on regression analysis.
Therefore, the estimated results cannot be used as an accurate prediction for the fatalities of
an earthquake. However, the estimated value can be guaranteed to be within one order of
magnitude of the actual number of fatalities [12]. In other words, the model can estimate
the number of fatalities within a reasonable range. Therefore, the method is appropriate
for rapid fatality estimations during a post-earthquake emergency response. Using this
method to estimate the probability of each fatality range can provide a scientific quantitative
basis to the government and related agencies to activate a specific earthquake emergency
response plan based on the NEEP. Regarding the case study of the Yangbi earthquake on
21 May 2021, we determined the number of fatalities in the range of 0–10 (the calculated
expected value was 5). Based on the quantitative estimated fatalities and NEEP, we evaluate
that this earthquake should be initiated a Level IV earthquake emergency response plan.
However, the local government actually initiated a Level II emergency response plan after
the earthquake, which overestimated the damage degree of the earthquake and led to
unnecessary wastage of resources. The emergency response level estimated by our method
was more consistent with the actual mitigation requirements. In addition, the actual
number of fatalities was within the estimated range and within an order of magnitude of
the expected estimates. Therefore, it can be concluded that our estimation results were
consistent with the expectations.

There are some limitations of this study, for example, the uncertainty of each parameter
in the fatality estimation model needs to be further determined. The model is currently
too simplified. In the future, some parameters that are highly correlated with the fatalities
can be considered to further enhance the estimation accuracy. In addition, the far-field
data carries fewer high-frequency components than the near-field. In the future, if we can
cooperate with earthquake-related institutions in Mainland China to obtain near-field data
as soon as possible, the accuracy of the final calculation results will be further increased.

The above result demonstrates the potential of the proposed method to assist the
government in a rapid post-earthquake emergency response. In the future, if an earthquake
occurs in Mainland China, the application of this method will facilitate rapid estimation
of the earthquake fatalities and indicate the appropriate emergency response level. These
estimations can provide scientific guidance to the government and relevant institutions for
real-time disaster relief applications, such as rapid post-earthquake emergency response
decision-making and appropriate relief and resource allocation. Finally, it can reduce
additional losses and save more lives.

5. Conclusions

Combining a physics-based numerical simulation of earthquake intensity and a
statistics-based fatality estimation model, we propose a method for rapidly estimating the
number of fatalities and emergency response levels after an earthquake. We successfully
applied it to the Ms6.4 Yangbi earthquake in Yunnan on 21 May 2021, and the calculated
results are reasonable compared with the actual number of deaths. In the future, if an
earthquake occurs in Mainland China, the application of this method will facilitate rapid
estimation of the earthquake fatalities and indicate the appropriate emergency response
level. These estimations can provide scientific guidance to the government and relevant
institutions for real-time disaster relief applications, such as rapid post-earthquake emer-
gency response decision-making and appropriate relief and resource allocation. Finally, it
can reduce additional losses and save more lives.

Other similar countries or regions that have experienced many earthquakes can use the
method proposed in this study as a reference. Based on the local historical human loss data,
the fatality assessment model was constructed using regression analysis, and combined
with the open-source GPU numerical simulation program; consequently, a method for
timely assessment of fatalities was developed. In areas with few historical earthquakes,
information on adjacent areas can be considered to evaluate the fatalities.
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