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1   Introduction

Following an earthquake, a rapid assessment is made 
to determine the coordinates of the epicenter, trigger 
time, and magnitude, which all have great signifi cance 
on emergency rescue and response, among other factors. 
Traditional assessment methods used to determine these 
three elements are made by broadband seismographs or 
accelerometers. However, for large earthquakes and/or 
near earthquakes, broadband seismographs may include 
saturation and tilt phenomenon, resulting in distortion of 
the record in terms of seismic wave speed and amplitude. 
The displacement obtained with accelerometers and two 
integral calculations of acceleration can also be distorted 
because of the phenomenon of tilting and rotating (Li, 
2009; Li et al., 2015). Moreover, most of the scale of the 

magnitude is associated with the amplitude or frequency 
of the seismic wave. The larger vibration energies 
of the lower frequency part of a large earthquake are 
easy to lose in the seismograph record, which can lead 
to inaccurate assessments of these three earthquake 
elements, especially for earthquakes that are greater than 
Ms 8.0 (Allen and Hiroo, 2003). 

2 Inversion method for the elements of the 
    earthquake

2.1 Inversion of three-dimensional coordinates of the 
      epicenter and trigger time

The deducing process of the inversion method is 
used by the indirect adjustment method based on the 
least-square theory, that is,
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where qi = f(di) is the weight function related to epicentral 
distance; and vi is the correction of the three elements of 
the earthquake, that is, 
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ˆ̂̂̂( , , , )N E H T  are estimates of the elements of 

the earthquake; ( , , , )i i i iN E H t  are geodetic coordinates 
of the No. i CORS station; U is the propagation speed 
of the P wave; it is the arrival time of the P wave on the 
No. i CORS; and 0T is the trigger time of the P wave on 
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the epicenter (Surveying adjustment subject groups of 
Wuhan University, 2002).

0 0N̂ N n  , 0 0Ê E e  , 0 0Ĥ H h  , 0 0T̂ T t   
(3)

where 0 0 0 0( , , , )N E H T are the approximate values of 
0 0 0 0

ˆ̂̂̂( , , , )N E H T  , respectively. The matrix form of Eq. (3) 
is as follows: 
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The simplifi cation of Eq. (4) is written into Eq. (5):

0X̂ X x                                (5)
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Equation (7) can be deduced from the linearization 
of Eqs. (3), (4), (5) and Eq. (6) to Eq. (2).
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Eq. (8) is transformed into Eq. (9):

i i i iv L n M e R h Ut l                       (9)

Equation (9) is the error equation of the CORS i , when 
the number of the CORS stations is r . The matrix of the 
equations is written as follows (Surveying adjustment 
subject groups of Wuhan University, 2002):
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 T minV QV   is the matrix form of 2
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 ,
because r parameters are independent, so x can be 
solved according to the free extremum method, which is 
expressed as follows: 
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Make the matrix transposition between two sides of 
T 0V QB  , which is written as follows:

T 0B QV                                 (14)

Put Eq. (10) into Eq. (14), which is written as follows:

T T 0B QBx B Ql                        (15)

According to Eq. (15), x is solved, which is as 
follows:

T T[ ]x B QB B Ql                       (16)

Put   Eq. (16) into Eq. (4), the values of 0 0 0 0
ˆ̂̂̂( , , , )N E H T  

are solved (Zumberge et a1., 1997).

2.2  Estimation of depth of hypocenter

The depth of the hypocenter is part of the epicenter 
location, and is as follows:

0
ˆH H H                               (17) 

where H is the depth of the hypocenter, and H is the 
ground elevation of the epicenter.

2.3  Accuracy estimation

The above studies explain that 0 0 0 0
ˆ̂̂̂( , , , )N E H T

are four unknown variables, and need data from two 
CORS stations. When the number of CORS stations 
exceeds two, it is shown that there must be a redundant 
observation quantity, and the number is re; the accuracy 
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evaluation is then as follows (Surveying adjustment 
subject groups of Wuhan University, 2002).

(1) Error estimation of unit weight is as follows:

T
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                       (18)

(2) Error estimation of the parameters.
According to the indirect adjustment method, 

T[ ]B QB   is the weight reciprocal matrix of the 
parameters, which are independent of each other. 
Therefore, the weight reciprocal is expressed in the 
following diagonal matrix:
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From 0ˆ̂i iW  , the error estimation of the matrix 
is as follows:
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Two times the error are taken as the actual error, and 
is written as:
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(21)

2.4  Magnitude estimation

In 1945, Gutenberg recorded different seismic data 
in California by several strong-motion seismographs. 
He applied the empirical regression method to deduce 
the level peak displacement of the station, and the 
relationship between the epicentral distance and 
magnitude, to develop a magnitude estimation model 
(Blewitt et al., 2006; Fang et al., 2014; Wu and Li, 2006; 
Wright et al., 2012), as follows (Surveying adjustment 
subject groups of Wuhan University, 2002):

s log( ) 1.656log( ) 1.818iM A d           (22)

where A is the level peak displacement caused by 
the seismic surface wave, whose unit is μm; id
( 0 020 130id  ) is the epicentral distance, whose unit 
is degree (1° is 100 km); and Ms is the magnitude.

Magnitude estimation is related to the distance from 
the epicenter, because the closer the CORS station is to 

the epicenter, the larger the infl uence of the CORS signal, 
so the reliability of the result is much lower. Therefore, 
the weight function can be expressed with distances (Wu 
and Li, 2006); the weighted estimation of the magnitude 
is as follows:
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where MSi is the magnitude of every CORS station, and 
( )i iq f d  is the weight function related to epicentral 

distance.

3 Inversion method applied in the Lushan 
    earthquake based on CORS

3.1  Geographical and geological background in Lushan

Lushan is in the Longmenshan fault zone, and the 
Longmenshan fault zone, located in the mid-eastern 
boundary of the Tibetan plateau, is situated between the 
Tibetan plateau and the Sichuan basin. The Longmenshan 
fault zone is surrounded by the southern margin of the 
Qinling fault zone and the Xianshuihe fault zone. It 
originates from the area of Guangyuan and Baishui, after 
intersecting with the east-west tectonic belt of Kunlun-
Qinling at an oblique angle, expanding to the southwest 
along the west boundary of the Sichuan Basin, and it 
fi nally meets at the north-south tectonic belt of Kangding 
and the northwest fault zone of Xianshuihe. The length 
of the Longmenshan fault zone is about 500 km, and its 
width is about 70 km. The Longmenshan fault zone is 
composed of three large fault zones from south to north: 
Wenchuan-Maoxian-Pingwu-Qingchuan shown as F1 in 
Fig. 1, Yingxiu-Beichuan-Guanzhuang shown as F2 in 
Fig. 1, and Dujiangyan-Hanwang-Anxian shown as F3 
in Fig. 1 (Peng et al., 2009).

3.2 CORS monitoring points in Longmen region of 
      CORS network

The GNSS data are derived from the CORS network 
of the Sichuan province. The network are mainly 
distributed in the Sichuan basin, covering an area of 
250,000 km2, and its scientifi c research is mainly based 
on monitoring crustal movement. Until April 2013, the 
number of CORS stations distribution in Sichuan and the 
surrounding areas was approximately 70 or so, as shown 
in Fig. 2 (Li, 2009).

Based on these observations, in order to reduce 
the infl uence of atmospheric delay and ionospheric 
delay, the closer the optimal selection of the reference 
stations (< 10 km), the better the effect. When applied 
in a coseismic crustal deformation study, the reference 
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stations should be kept away from the seismic belt, and 
the seismic active region. After the earthquake, seismic 
waves spread very fast. If the selection of the reference 
stations is too close, the program calculation is set for 
stationary, and no displacement occurs, the calculated 
results for the displacement of the moving station may 
be the result of superposition of the reference station 
and the moving station’s displacement, not the actual 
motion state of the moving station, so that it is unable 
to detect the station’s movements (Yin et al., 2010, 
2009; Bilich et al., 2008). Two options are available to 
solve this problem as follows: use the theory of seismic 
propagation distance, and choose the station that is 
farthest from the moving station as a reference for the 
calculation, or use the method of wire transfer from the 
nearest to the farthest station (Gu et al., 2015).

Choosing the station that has a distance greater than 
the product of the seismic wave propagation velocity and 
duration as a reference station can achieve a relatively 
reliable positioning result. In an inland earthquake, the 
survey results could be signifi cant if the Qionglai station, 
which is the nearest to the Ya'an station, is chosen as 
the reference station. The Zhongjiang station in GNSS 
sequence of 237-277 s obviously contained its own set 
of movements when the earthquake occurred (Li, 2009). 
If the aim is to have the reference station after selection 
refl ect the full movement in the station, and to achieve 
high precision at the same time, the Penshan station is 
the best in theory. However, in practice, because of the 
observation quality, the Jiange station is actually the best 

choice. In the fi gure above, the Qionglai station is used 
as the reference station to analyze the movement of the 
Ya'an station, since it is important to determine whether 
the seismic wave arrived fi rst at the Ya'an or Qionglai 
stations. Comparing the sequence where the Qionglai 
station is the reference station with the others, if the 
jump moment of the seismic wave is in line with other 
stations, it is seen that the seismic wave fi rst arrived at 
the Ya'an station. On the contrary, if the jump happened 
earlier than at the other stations, it is seen that the 
seismic wave fi rst arrived at the Qionglai station. In the 
E‒W direction of the sequence diagram, the time that the 
Qionglai station jumps is faster than at the other stations 
at about 1.5 s, and the arrival time is about 192.1 s by 
determination. The coordinates of the timing in the N‒S 
direction is consistent with the other stations, and it takes 
190.9 s to arrive. The main cause of this phenomenon 
is that the Ya'an station in the east-west direction is not 
sensitive to the arrival of the seismic waves (Fang, 2010; 
Yin et al., 2010; Meng et al., 2007). 

4 Inversion implementation of three-
  dimensional epicenter coordinate and 
       trigger time

Through the inversion method described above, 
the determination of the arrival moment of the seismic 
wave at the CORS station is a key step, and makes ∆t = ti - T0 
known. Second, via the distance (U∆t) rendezvous, 
approximation of the epicenter location and trigger time 
is obtained according to the inversion method, which 
provides an estimate. The details are discussed in detail 
later.

4.1 Choice of characteristic function

Past research shows that in the role of uniform shear 
stress, due to expansion at a constant speed circular 

Fig. 1  Geological background of the Sichuan Basin (Peng 
                 et al., 2009). Longitudinal axis is longitude; transverse 
       axis is latitude. The black star is the epicenter of 
      Wenchuan earthquake, located in Yinxiu Town of 
        Wenchuan County. The red star is the epicenter of 
        Lushan earthquake, located in Ya'an City. Chengdu 
     is the capital of Sichuan and is located in the 
              Sichuan Basin

Fig. 2   CORS stations distribution in Lushan region
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crack, the expansion of the circular crack at a constant 
speed lead to a step change of the displacement (Sato and 
Hirasawa, 1973). Through the characteristic function, 
these features were enlarged as far as possible so as to 
protrude, and pick   up.

S transformation is a kind of nondestructive 
reversible linear time-frequency analysis method. It 
combines short-time Fourier transform with wavelet 
transform, and not only keeps the direct relationship 
with the Fourier transform, but also has different 
resolutions under different frequencies (Stockwell, 
2007; Stockwell et al., 1996; Zhang et al., 2012, Yi et al., 
2008). Assuming a continuous time series function ( )h t , 
the S transformation is expressed as: 

2 2| | ( )( , ) ( ) exp( )exp( 2 i )d
22

f f tS f h t ft 




 
  


(25)

where ( )h t  is the original coordinate sequence,
2 2| | ( )exp( )

22
f f t 


 is the Gauss window function, 

t is the time, f is the frequency, and is the scale factor 
that controls the Gauss window in the t axis position.

4.2  Determination of the arrival time of P wave 

The TRACK module in GAMIT is used to process 
the HF GNSS data (http://www-gpsg.mit.edu/~simon/
gtgk/). TRACK is a high precision GNSS data processing 
software developed by the Massachusetts Institute of 
Technology and Scripps Institute of Oceanography. 
The kinematic positioning module in GAMIT/GLOBK 
can be used to account for high frequency GNSS data 
(Simona et al., 2013; Hung and Rau, 2013). From 
the 0.02 s of sampling frequency (Liu et al., 2013), 
according to the S transformation of the time-series of 
the coordinates at the Qionglai and Ya'an stations, and 
the spectrum diagram of the displacement mutation 
caused by the earthquake, determination of the arrival 
time of the seismic wave at the CORS station is obtained 
as follows (Zhang et al., 2012):

From existing data, it is seen that the fi rst arrival 
time of the seismic wave is not consistent in the N‒S 
and E‒W directions, which is related to the wave 
movement at these stations and the error assessment 
in the S transform. In order to further compare and 
distinguish the fi rst arrival time of the seismic wave, 
the acceleration of the horizontal displacement for 
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Fig. 3  Displacement spectrum of Qionglai, the black arrow point to the mutation moment for earthquake, namely the arrival time 
           of seismic wave (Li, 2009)
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respectively, are the corresponding plane rectangular 
coordinate of (N0, E0) and should also be in the course 
of the S transform, which is a key condition of the 
calculation in the three-dimensional coordinate of the 
epicenter. The fi rst arrival time of the seismic wave, 
namely the displacement mutation moment caused by 
the arrival of the seismic wave at the CORS station, is 
shown in Table 1 (Crowell et al., 2013; Xu et al., 2010; 
Wu et al., 2013).

There was an obvious time difference between the 
Ya'an station, where the seismic wave fi rst arrived, and 
the others, and it was 26 s different from the Chengdu 
station. The time interval was short and very important. 
In disaster relief and seismic emergency response, a rapid 
seismic pre-alarm would likely save lives. Therefore, it is 
important to study seismic waves at increased epicentral 
distances, and seismic wave energy attenuation. The P 
seismic wave arrived fi rst at the CORS station; while 
in theory, it should have been the P wave (Gu et al., 
2015;Wu et al., 2013; Wang, et al., 2013;Wang, et al., 
2000;Yin et al., 2010). 

4.3 Inversion of epicenter location, depth of 
         hypocenter and trigger time 

Three stations were analyzed, the Ya'an, Tianquan 
and Qionglai stations, which are where the seismic 

waves arrived fi rst. The seismic waves reached these 
stations at speeds of 7.11 km/s, 7.02 km/s, 7.01 km/s, 
respectively, with an average speed of 7.05 km/s, which 
corresponds to the characteristics of the speed of the P 
wave. Centered on Ya'an station where the seismic wave 
arrived fi rst, the epicenter was 30.04N,103.05E, and 
its precision was 0.01°. The difference in the epicenter 
published by the China Earthquake Administration 
was -0.24° in the N‒S direction and 0.14° in the E‒W 
direction (Gu et al., 2015; Li, 2009).

By inversion, the depth of the hypocenter was 16.7 
km, with an error and relative error of 3.7 and 0.22 km, 
respectively. The trigger time was 183.71 s in GNSS 
time, and minus 16 s of the jump time from 1982, and 
was then converted to 8:02:47.71 in Beijing time, with an 
error and relative error of 0.04, 0.00024 s, respectively. 
In general, the inversion was ideal, and the remaining 
errors may be related to the time of the seismic wave 
arrival extracted by the spectrum (Gu et al., 2015; Li, 
2009).

5  Weighted estimation of magnitude

The magnitude issued by the China Earthquake 
Administration was Ms 7.0, according to different 
epicentral distances of the CORS station; thus, different 
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methods were used in this study. From Table 2, the 
CORS stations is divided into three types: (1) epicentral 
distance of the CORS station was less than 1°, (2) 
regardless of the epicentral distance, the arithmetic 
average of magnitude of the CORS was obtained; and 
(3) considering the difference between the epicentral 
distance and the condition (20º < di < 130º) in Eq. (22), 
the weighted average magnitude of CORS was solved as 
shown in Table 3 (Gu et al., 2015).

It is observed that the Qionglai, Tianquan and Ya'an 
stations are closer to the epicenter and are affected by the 
earthquake so as to enlarge the error, and it is seen that the 
magnitude obtained by the weighted average method is 
closer to the magnitude published by China Earthquake 
Administration, which shows that the method described 
herein is better than the other methods.

6  Conclusion

In this study, the inversion method of three elements 

of an earthquake is set up, with reference to the existing 
seismic data, to better analyze and explain the inversion 
process. The results are as follows:

(1) An inversion method was established for three-
dimensional epicenter coordinates, trigger time, and 
magnitude based on CORS, and was successfully applied 
to the Lushan earthquake.

(2) The real time and high precision positioning 
of the CORS station enabled access to the quasi-real 
time condition of the three elements, which ensured the 
precision of the three inversion elements.

(3) The characteristic function was optimized 
to improve the accuracy of the selection speed or 
acceleration mutation to accurately determine the arrival 
moment of the seismic wave.
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Table 2  Estimation of magnitude 

CORS station Epicentral 
distance (km)

Weight 
( )i i iq d d  

Magnitude
Msi

CORS station Epicentral 
distance (km)

Weight 
( )i i iq d d

Magnitude
Msi
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Mingshan 173 173 6.67 Guangyuan 360 360 7.14
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Table 3   Comparison of magnitude evaluation

Epicentral distance
(1°= 100 km)

Magnitude 
estimation

Magnitude issued by China 
Earthquake Administration Error Relative

error

di ≤ 1º, ( ) 1i iq d  6.32

Ms7.0

0.68 9.7%

di <130º, ( ) 1i iq d  6.77 0.23 3.3%

20 < di< 130º, ( )i i iq d d 7.01 0.11 1.6%
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