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Abstract 37 

For mainland China, the primary obstacle in conditional spectrum (CS) based ground 38 

motion selection work is that the corresponding seismic hazard deaggregation results were not 39 

released for the China national standard GB 18306- 2015 “Seismic Ground Motion Parameter 40 

Zonation Map”, which refers to the fifth-generation seismic hazard map. Therefore, this study 41 

firstly constructed a probabilistic seismic hazard map for mainland China using the three level 42 

seismicity source models as applied to produce the fifth-generation seismic hazard map. The 43 

derived peak ground acceleration (PGA) values in our seismic hazard map were basically 44 

consistent with the fifth-generation seismic hazard map for most of the 34 principal Chinese 45 

cities considered. Then, three-dimensional deaggregation scheme was performed for PGA and 46 

5%-damped spectral acceleration (Sa) corresponding to mean return periods of 475 and 2475 47 

years. Based on the magnitude-longitude-latitude deaggregation results of three example cities: 48 

Xichang, Kunming, and Xi’an, approximate and pseudo-exact conditional spectrum were 49 

established with/without considering multiple casual earthquakes and possible strike directions 50 

of the potential source areas. The mean pseudo-exact CS lies between the results of 51 

approximate CS using long and short axis GMMs. The conditional standard deviation of 52 

pseudo-exact CS is approximately 1.1 to 1.5 times larger than the approximate CS for the 53 

periods away from the conditional period. For three example cities, hazard consistency of the 54 

spectral accelerations of the ground motion realizations matching target distribution of pseudo-55 

exact CS and geometric mean approximate CS were evaluated and validated. Moreover, for 56 

the 34 studied cities, we tabulated the uniform hazard curve and deaggregation results for PGA 57 

and Sa values (0.2, 0.3, 0.5, 0.7, 1.0, 1.5, and 2.0s) at MRPs of 475 and 2475 years. 58 

(https://github.com/JIKUN1990/China-Seismic-Hazard-Deaggregation-34cities) 59 

  60 
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1 Introduction 61 

The China Earthquake Administration (CEA, 2015) developed the fifth-generation national 62 

standard “Seismic Ground Motion Parameter Zonation Map” (GB 18306-2015), which has also 63 

become part of the current national seismic design code of buildings GB 50011-2010 64 

(MHURC, 2016). The fifth-generation seismic hazard map includes a horizontal peak ground 65 

acceleration (PGA) map, characteristic period (i.e., the second corner period, Tg, of the 66 

response spectra) map, and site amplification adjustment coefficients considering various site 67 

classes (Gao, 2015). As established by the National Research Council (NRC, 1988), seismic 68 

hazard deaggregation (or disaggregation) is an inseparable part of probabilistic seismic hazard 69 

analysis (PSHA), which help separate the contributions to the mean annual rate of exceedance 70 

of a specific ground motion value at a target site attributable to scenarios of magnitude (M), 71 

source-to-site distance (R), and the ground motion error term (ε). However, the hazard 72 

deaggregation results for mainland China, or at least the principal cities, have not yet been 73 

officially released or published.  74 

The unavailability of this deaggregation information is an obstacle that cannot be ignored 75 

in many engineering applications or studies. For example, hazard deaggregation could provide 76 

essential information regarding the selection of appropriate ground motion records for testing 77 

the adequacy of the design of new structures or the seismic response of existing ones. Without 78 

clear earthquake scenario information (e.g., magnitude and distance), the design seismic group 79 

and design intensity levels defined in the current Chinese seismic code (GB 50011-2010) are 80 

too ambiguous to match corresponding real ground motion recordings (Wen et al., 2018). 81 

Additionally, many hazard-consistent target spectrum or distribution, such as the conditional 82 

spectrum, CS (Baker and Cornell, 2005; 2006; Baker, 2011) or generalized conditional 83 

intensity measurements (GCIM) method (Bradley, 2010; 2012), cannot be constructed and 84 

applied for realistic engineering projects in China owing to the lack of deaggregation 85 

information. To solve the problem, Lv et al(2017) used the stochastic finite fault method to 86 

obtain the ground motion prediction models, and accomplished the PSHA, deaggregation work 87 

for Xi’an city region in China. Authors (Ji et al., 2018) developed an empirical M-R-ε seismic 88 

hazard deaggregation procedure according to the PSHA results of the local seismic safety 89 

evaluation of engineering projects in China. Relying on these results, the approximate CS was 90 

built according to the deaggregation results. However, the procedure was cumbersome for 91 

engineering application and the hazard level were not consistent with the current fifth-92 
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generation seismic hazard map because the utilized GMM and seismicity models are different. 93 

Besides that, CMS or CS are not easy to be implemented in practice considering that the 94 

seismicity information given in seismic safety evaluation report is usually not intact and not 95 

accessible to public.  96 

In this study, we first developed a seismic hazard map using the three-level seismicity 97 

models applied to produce the fifth-generation national Seismic Ground Motion Parameter 98 

Zonation Map. The seismic hazard results for 34 principal cities in China were then validated 99 

by comparison with the hazard levels released in the fifth-generation zonation map. Then, the 100 

hazard results were disaggregated to identify the dominant earthquake scenarios that contribute 101 

to the resulting ground motion hazard of the 34 target cities. The cities of Xichang, Kunming, 102 

and Xi’an were selected as representative examples for analysis of the corresponding 103 

deaggregation results based on the joint M–R–ε distributions and longitude–latitude 104 

distributions. Based on the deaggregation results, approximate and pseudo-exact CS were 105 

established. Finally, hazard consistency of the spectral accelerations matching target CS were 106 

verified at different conditional periods. 107 

2 China Seismic Hazard Map  108 

2.1 Adopted CPSHA procedure 109 

Before discussing hazard deaggregation work in relation to China, it is important to 110 

introduce the China PSHA (CPSHA) scheme. The CPSHA scheme, which is modified based 111 

on classical PSHA techniques, was applied in development of the fifth-generation national 112 

Seismic Ground Motion Parameter Zonation Map and adopted for development of the hazard 113 

map used in this study. 114 

As described in Gao (2015), the seismicity model of the CPSHA scheme is based on three 115 

levels of seismicity source areas: the seismic province (Level 1), background seismicity zone 116 

(Level 2), and tectonic potential source areas (Level 3), as illustrated in Fig. 1(a). First, the 117 

seismic province is divided based on the seismic zones that reflect the overall statistical seismic 118 

activity of the region. An upper magnitude limit (Muz), the b value of the Gutenberg–Richter 119 

(G-R) distribution (Anderson and Luco, 1983), and the annual rate of occurrence of 120 

earthquakes of ≥M4 (v4) are then defined for the seismic province. The background seismicity 121 

zone is then divided within the seismic province according to the background tectonic 122 

differences among different parts of the seismic zones. It is done to illustrate the features of 123 
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small–moderate earthquake seismicity in the different tectonic backgrounds. The background 124 

upper magnitude limit (Mb) needs to be given for this level. Then, the tectonic potential source 125 

area is extracted from the background seismic zone to represent the local tectonic features and 126 

seismic congregation belt (or zone). Usually, the value of Mb is not smaller than that in the 127 

background seismicity zone. In background seismicity zones, only earthquakes of small–128 

moderate magnitude could occur, whereas tectonic potential source areas include all 129 

earthquake events that do not exceed the upper magnitude limit. The locations of the 29 seismic 130 

provinces and 77 background seismicity zones of mainland China (Gao, 2015) used in our 131 

study are illustrated in Fig. 1(b) with corresponding number labels. The values of Muz, b, v4, 132 

and Mb are also listed in Table 1.  133 

The seismicity model of the CPSHA method follows three basic assumptions: 134 

(1) Magnitude distribution satisfies the truncated G-R relation in the seismic province. 135 

(2) Earthquake occurrence in the seismic province satisfies the Poisson distribution. 136 

(3) The distribution of seismicity is non-uniform in the seismic province, while the 137 

seismicity is uniformly distributed in the background seismicity zone and the tectonic potential 138 

area sources (Zhou and Sun, 2000). This is the main difference between the CPSHA scheme 139 

and the classical PSHA procedure proposed by Cornell (1968).  140 

As the magnitude distribution satisfies the truncated G-R relation in the seismic province 141 

(assumption (1)), the probability of the j-th magnitude bin (mj) in the seismic zone can be 142 

calculated as follows: 143 

0

0

2exp( ( ))
( ) ( )

1 exp[ ( )] 2

j

j

uz

m M
P m sh m

M M

  
 

  
g , 

(1) 

where ln10b  , and M0 and Muz are the lower and upper magnitude limits, respectively, in 144 

the seismic province. 145 

According to assumption (2), the annual rate of occurrence of earthquake events for which 146 

M ≥ M0 satisfies the Poisson distribution: 147 

0 0( ) exp( )
( )

!

n
v v

P n
n


 . (2) 

Bender (1986) proposed that the assumption of homogeneous source zones is inaccurate 148 

and suggested using the normal distribution to assign seismicity around a single point, which 149 
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could make seismicity vary smoothly across source zone boundaries. According to assumption 150 

(3), the probability of mj earthquake events occurring in a seismic province, P(mj), is also not 151 

distributed uniformly. In CPSHA, the heterogeneous nature of seismicity in the source area is 152 

reflected by the magnitude spatial distribution function, , jl m
f , which refers to the probability 153 

of mj earthquake events occurring in the i-th source area. The summation of , jl m
f in one seismic 154 

province should equal unity. Then, the mj earthquake occurrence probability of a random point 155 

(x, y) in the i-th source area (( , ) | )
j

P x y m  could be defined as Eq. (3), where Ai is the area of 156 

the i-th potential source: 157 

,

1
(( , ) | )

jj l m

i

P x y m f
A

  . (3) 

Given that mj earthquakes occur randomly in the i-th potential source area of the k-th 158 

seismic province, the probability of an intensity measure (IM) of >im at the target site is defined 159 

as follows: 160 

1

( ) ( ) (( , ) | ) ( | ( , ( , ))
Nm

k k j k j

j

P IM im P mj P x y m P IM im m x y dxdy


     , (4) 

where ( | ( ,( , ))
j

P IM im m x y  is calculated using the GMMs. Finally, the CPSHA annual 161 

exceedance probability of IM ≥ im at the target site can be derived as follows:  162 

, 0

1 1 1 0

( )

2exp( ( ))
1 exp[ ( | ( , ( , )) ( ) ]

1 exp[ ( )] 2

j

Nz Nm Ns
k l m j

j

k j i i uz

P IM im

v f M M
P IM im m x y sh m dxdy

A M M

 
  

 

 
     

   g
. (5) 

In the fifth-generation Seismic Ground Motion Parameter Zonation Map, the GMMs 163 

developed by Yu et al. (2013) (hereafter, YLX13) were used with consideration of the 164 

differences in seismic activity between different regions of China. Four sets of coefficients 165 

were derived for four regions by YLX13: (1) Tibet region: the Tibetan Plateau; (2) Xinjiang 166 

region: the Xinjiang region except the Tarim Basin; (3) Eastern active region: the seismically 167 

active regions in eastern China, the North China Block, and regions along the southeast coast 168 

of China; and (4) Stable regions: including the South China Block in southeast China, northeast 169 

China, the Erdos Basin, and the Tarim Basin. These four regions are represented by different 170 

colors in Fig. 1(b). The YLX13 GMMs were developed for Ms in the range of 5–8, and an 171 

epicenter distance (Repi) in the range of 0–200 km. They were developed for sites with values 172 
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of VS30 ≥ 500 m/s, which are defined as rock sites. By multiplying the site amplification factors 173 

as described in Gao (2015), the ground motions from YLX13 regarding Chinese Class II soil 174 

sites were predicted and used to construct the final fifth Seismic Ground Motion Parameter 175 

Zonation Map. 176 

 

Fig. 1 (a) Tri-level seismic source model including the seismic province, background 

seismicity zone, and tectonic features zone (left). The seismicity of the seismic province has 

nonuniform distribution and is assigned between different potential source areas using the 

magnitude spatial function, while the distribution of seismicity is uniform within the 

potential source areas (right). (b) Spatial distribution of the 29 seismic provinces and 77 

background seismicity zones. The different colors represent the four GMMs applied in four 

different regions.  

177 



 

8 
 

Table 1  Seismicity parameters for the seismic provinces and background seismicity zones in China 178 

179 
ID 

Code 

Num 
Mb Mu b v4 ID 

Code 

Num 
Mb Mu b v4 ID 

Code 

Num 
Mb Mu b v4 

1 I1 6 7.5 0.9 22 29 III5-a 5.5 
8 0.9 4.5 

58 V4-1a 6.5 
9 0.85 83 

2 I2 6.5 8 0.92 107 30 III5-b 5.5 59 V4-1b 7 

3 II1-a 5 

7 1.2 3.2 

31 III6-a 6 7 1.05 2 60 V4-2a 6 
8 0.77 20 

4 II1-b 5 32 III7-a 5.5 
6.5 1.2 1 

61 V4-2b 6 

5 II1-c 5 33 III7-b 5 62 V4-3a 6.5 

8.5 0.81 25 6 II1-d 5 34 IV-a 5 

7.5 1 5 

63 V4-3b 6.5 

7 II1-e 5 35 IV-b 5 64 V4-3c 6.5 

8 II1-f 5 36 IV-c 5 65 VI-1a 6 

8.5 1.1 44 
9 II2-a 5.5 

8 0.87 5.6 

37 IV-d 5 66 VI-1b 6.5 

10 II2-b 5 38 IV-e 5 67 VI-1c 6.5 

11 II2-c 5 39 IV-f 5 68 VI-1d 5.5 

12 II2-d 5 40 V1-a 6.5 

8 0.92 50 

69 VI-2a 6.5 8.5 0.8 7 

13 II2-e 5 41 V1-b 7 70 VI-3a 6 

8 0.83 9 

14 II2-f 5.5 42 V1-c 6 71 VI-3b 5.5 

15 III1-a 6 
7.5 0.85 3 

43 V2-1a 6 

8 0.71 5.2 

72 VI-3c 6 

16 III1-b 5.5 44 V2-1b 6.5 73 VI-3d 6 

17 III2-a 5.5 

8.5 0.85 4 

45 V2-1c 6.5 74 VI-3e 6 

18 III2-b 5.5 46 V2-1d 6 75 VI-4a 6.5 

8.5 0.75 7 19 III2-c 5.5 47 V2-2 5.5 

8.5 0.75 6.4 

76 VI-4b 6.5 

20 III2-d 5 48 V2-2a 6 77 VI-4c 6 

21 III2-e 5.5 49 V2-2b 6  VI-5  7 1.2 1.6 

22 III3-a 5.5 

8 0.86 4.6 

50 V2-3a 6 

8.5 0.84 12 

 VII  7.5 1.05 6 

23 III3-b 5.5 51 V2-3b 6  VIII  7 1.05 6 

24 III3-c 5.5 52 V2-3c 6       

25 III4-a 5.5 

8.5 0.78 2.5 

53 V2-3d 5.5       

26 III4-b 5.5 54 V3-1a 6.5 8.5 0.75 6.5       

27 III4-c 5.5 55 V3-2a 6 

8 0.85 32 

      

28 III4-d 5.5 56 V3-2b 6.5       

      57 V3-2c 6.5       
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2.2 Comparison with the fifth-generation seismic zonation map  180 

The YLX13 GMMs for four regions of China were used and applied along the direction of 181 

fault strike (long axis) and perpendicular to fault strike (short axis). For each potential source 182 

area, the specific fault strike direction was defined according to the tectonic fault characteristics. 183 

For faults with two possible strike directions, the probability for each direction was defined 184 

and implemented in the logic trees. Overall, 29 source provinces, 77 background seismicity 185 

zones, and 1199 tectonic potential source areas were implemented in computation of the map 186 

of the seismic hazard of mainland China. The corresponding magnitude spatial distribution 187 

function was implemented to compute the corresponding magnitude–frequency relationship 188 

for each source area.  189 

To validate our calculated results and ensure that they resembled the current national 190 

standard, we compared our results with the fifth-generation seismic zonation map. The PGA 191 

values defined in the fifth-generation seismic hazard map were set as the larger PGA value of 192 

the 475- and 2475-year results divided by a factor of 1.9. This factor is the average value of 193 

the 475- and 2475-year results (Gao, 2015). In the fifth-generation zonation map, there are six 194 

defined PGA bins: 0.05, 0.10, 0.15, 0.20, 0.30, and 0.40 g, representing the range of PGA 195 

values illustrated in Fig. 2(c) using error bars. The PGA values in the fifth-generation seismic 196 

hazard map refer to the Chinese Class II site category, which approximately covers the C and 197 

D boundary of the National Earthquake Hazards Reduction Program (Lu and Zhao, 2007; Ji et 198 

al., 2017). We also computed the larger of the 475- and 2475-year MRP PGA values divided 199 

by a factor of 1.9 for rock sites, which we then converted into Class II site results using the site 200 

amplification coefficients provided by the national standard (CEA, 2015). The comparison 201 

results for the 34 studied cities in different provinces of China are illustrated in Fig. 2(c). Of 202 

these cities, 26 are within the range of the PGA bins of the fifth-generation zonation map, and 203 

the remaining 8 cities are close to the upper and lower limits of the range. In the fifth-generation 204 

zonation map, the PGA values of some cities or regions need to be adjusted by local 205 

government owing to economic level or other political reasons that are not discussed further in 206 

this paper.  207 
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Fig. 2 Computed seismic hazard maps for mainland China: (a) 475-year MRP PGA for rock 

site condition (VS30 = 500 m/s), and (b) site-amplified PGA for CL-II sites. (c) Comparison 

of PGA values from our calculated hazard maps (orange bars, referring to Chinese soil site 

Class II) and from the fifth-generation map for major cities (blue bars). Range of PGA bins 

for the fifth-generation map is illustrated using error bars. 

 208 
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3 Seismic Hazard Deaggregation for Selected Cities  209 

Using three-dimensional deaggregation techniques proposed by McGuire (1995), we 210 

calculated the joint M–R–ε distributions of contributions to the 475- and 2475-year MRP 211 

hazard levels for the cities of Xichang, Xi’an, and Kunming (China). These three cities were 212 

selected as examples because they are representative of different hazard levels in different 213 

regions of China. The 475-year MRP hazard level for Xichang city (0.32 g) is larger than that 214 

for the other two cities (Kuming: 0.27 g; Xi’an: 0.23 g). The bin widths for M, R, and ε were 215 

set as 0.5, 5.0 km, and 1.0, respectively.  216 

The joint M–R–ε distributions for four target IMs: PGA, Sa (0.2 s), Sa (1.0 s), and Sa (2.0 217 

s), regarding the 475- and 2475-year MRP hazard levels are illustrated in Figs. 3 and 4, 218 

respectively. The 475-year MRP of the hazard level for Xichang is controlled by nearby 219 

earthquakes (distance: 15–18 km) with large magnitude (7.25–7.5). For Kunming, as the period 220 

of Sa increases, larger and more distant earthquake events control the hazard. The mean 221 

magnitude ( M ) is 6.6, 6.9, 7.3, and 7.4 for PGA, Sa (0.2 s), Sa (1.0 s), and Sa (2.0 s), 222 

respectively. The mean distance also increases from 19 to 36 km as the period increases. A 223 

similar tendency is observed for Xi’an, with larger mean magnitude and greater distance for 224 

Sa (1.0 s) and Sa (2.0 s) than for PGA and Sa (0.2 s). For Xichang and Kunming, the M and R 225 

distribution results for the 2475-year MRP are similar to those of the 475-year MRP hazard 226 

level. The differences are concentrated mainly in the value of ε, which increases from 1.1–1.2 227 

to 1.6–1.7 for Xichang. For Kunming, the ε value increases from 1.3–1.4 to 1.7–1.8. For Xi’an, 228 

the magnitude regarding the 2475-year MRP is approximately 0.3 higher than the results for 229 

the 475-year MRP, and the value of ε increases from 0.9–1.0 to 1.3–1.4. 230 
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Fig. 3 Contributions to hazard with MRP of 475 years for example cities, disaggregated in 

terms of latitude–longitude and joint M–R–ε distribution regarding PGA, Sa (0.2 s), Sa (1.0 

s), and Sa (2.0 s). The studied cities are (a) and (b) Xichang, (c) and (d) Kunming, and (e) 

and (f) Xi’an. 

 231 
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Fig. 4 Contributions to hazard with MRP of 2475 years for example cities, disaggregated in 

terms of latitude–longitude and joint M–R–ε distribution regarding PGA, Sa (0.2 s), Sa (1.0 

s), and Sa (2.0 s). The studied cities are (a) and (b) Xichang, (c) and (d) Kunming, and (e) 

and (f) Xi’an. 
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Fig. 5 Variation of the mean and modal values of M and R with spectral period for Xichang, 

Kunming, and Xi’an: (a) 475-year MRP and (b) 2475-year MRP. 

The variations of the mean and modal values of M and R with different spectral periods 232 

for Xichang, Kunming, and Xi’an are shown in Fig. 5. For the 475- and 2475-year MRPs, the 233 

mean values M  and R  increase progressively with period, while the modal values M* and R* 234 

show a stepwise trend. This indicates that distant sources tend to control long-period Sa, while 235 

smaller earthquakes at shorter distances dominate at shorter periods. For a given spectral period, 236 

the mean and modal values of distance do not decrease with increasing MRP, which is perhaps 237 

more likely controlled by the ε value for the three studied cities. However, the differences 238 

between the mean and modal values of M and R indicate that more than one event contributes 239 

significantly to the hazard; for example, the PGA at Kunming and Xi’an. In particular, as the 240 

discrepancy between R  and R* increases, the hazard tends to become controlled by both local 241 

and regional seismicity, suggesting a bimodal distribution (Harmsen, 2001). 242 

In the joint M–R–ε distributions cases, the strike direction of different source areas could 243 

generate results that are difficult to interpret because the applied YXL13 GMMs include two 244 

equations: one for along the direction of fault strike (long axis) and the other for perpendicular 245 

to fault strike (short axis). Therefore, we plotted the hazard deaggregation results in terms of 246 

latitude and longitude (Bazzurro & Cornell, 1999) to illustrate the distribution of the spatial 247 

contributions in a typical map of potential source areas around the target cities, as illustrated 248 

in Figs. 3 and 4. As can be seen in Fig. 3(a), the spikes in the contour map have the same 249 
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location, indicating that the dominant earthquake event for Xichang is controlled by the same 250 

potential source area conditioned at four target IMs. In contrast, as illustrated in Fig. 3(c), the 251 

spikes in the contour map for Kunming move from the nearest potential source area to a more 252 

distant one, as the target IM changes from PGA to Sa (2.0 s). This indicates that a far-field 253 

earthquake event dominates the IMs with longer period. For Xi’an, as illustrated in Fig. 3(d), 254 

the spikes are spatially distributed in three potential source areas regarding PGA, while the 255 

distribution gradually becomes concentrated in one of the potential sources as the period of Sa 256 

increases from 0.2 to 2.0 s. The overall tendency of the results regarding the 2475-year MRP, 257 

as illustrated in Fig. 5, is largely the same as that for the 475-year MRP. These results of the 258 

latitude–longitude deaggregation allow us to immediately identify the locations in the potential 259 

source areas that dominate the hazard and better interpret the results of the joint M–R–ε 260 

distributions.  261 

4 Construction of pseudo-exact conditional spectrum  262 

We would further construct the conditional spectrum (CS) based on the joint M–R–ε 263 

deaggregation and magnitude-longitude-latitude deaggregation results respectively. The 264 

concept of conditional mean spectrum (CMS) was firstly introduced by Baker and Cornell 265 

(2006). The target spectral acceleration Sa(T*) at a given period T* (e.g. the fundamental 266 

vibration period of a structure) is obtained from PSHA results (Baker and Cornell 2005). The 267 

resulting spectrum, which includes the conditional standard deviation of lnSa(T), is referred to 268 

as the Conditional Spectrum and abbreviated hereafter as CS (Lin et al., 2013a). In current 269 

practice, the approximate CS was calculated using a single GMM and single earthquake 270 

scenario, which is often taken from the mean value of the causal magnitudes and distances 271 

deaggregation results. To consider the contributions of multiple causal earthquakes and 272 

different GMMs,  the concept of the exact CS was originally proposed by Lin et al(2013a). To 273 

account for all the branch weights in PSHA logic threes, the exact CS were constructed using 274 

the deaggregation results with respect to all the input parameters in the GMMs, or be derived 275 

during the PSHA computation process by implementing each and every earthquake source and 276 

logic-tree branch. 277 

In our case, the joint M–R–ε deaggregation did not provide the strike direction information 278 

in YLX13 GMMs. Therefore, we propose to use the magnitude-longitude-latitude 279 

deaggregation results to build the pseudo-exact CS by implementing the probability of different 280 

strike directions of potential seismic source areas. It is called “pseudo” exact CS because we 281 
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did not calculate the accurate CPSHA logic-tree weight for each and every potential source as 282 

in the exact CS.  283 

Supposing that there are two possible strike directions for the potential source area: strike 284 

direction α and strike direction β. For each point source and strike direction considered, we 285 

could obtain the corresponding conditional mean spectrum 
1ln ( )|ln ( *)Sa Ti Sa T ,

2ln ( )|ln ( *)Sa Ti Sa T ,and 286 

conditional standard deviation values ln ( )|ln ( *)Sa Ti Sa T
 as follows. 287 

1 1ln ( )|ln ( *) ln ( ) 1 ln ( )( , , , , ) ( *, ) ( *)
iSa Ti Sa T Sa Ti i Sa T

M R azimuth region strike T T T       (6) 

2 2ln ( )|ln ( *) ln ( ) 2 ln ( )( , , , , ) ( *, ) ( *)
iSa Ti Sa T Sa Ti i Sa T

M R azimuth region strike T T T       (7) 

1 2ln ( ) ln ( ) ln ( )i i iSa T Sa T Sa T    ,  and 2
ln ( )|ln ( *) ln ( ) 1 ( *, )

iSa Ti Sa T Sa T iT T     (8) 

Where mean and standard deviation predicted by the YLX13 GMM were denoted ln ( )Sa Ti288 

and ln ( )Sa Ti . The magnitude (M), source-to-site distance (R), azimuth angle of the site-to-289 

source line, and strike direction of potential source area are input parameters of the YLX13 290 

GMM. The 1( *)T and 2 ( *)T  indicated the number of standard deviations which the Sa(Ti) 291 

differs from the mean spectral value predicted by the YLX13 GMM. Correlation coefficient 292 

between pairs of ε values at two periods, ( *, )iT T , were computed using the empirical 293 

equation proposed by Baker and Jayaram (2008).  294 

The magnitude-longitude-latitude deaggregation results provide the weights, wk, which 295 

indicate the contribution of kth grid point in the potential sources to the target occurrence of 296 

the Sa(T). For the specific potential source area, the probability value for the strike direction α, 297 

β were Pk1 and Pk2 respectively, which were implemented in the CPSHA procedure. For each 298 

specific potential source area in our CPSHA procedure, one of the four region-specify YLX13 299 

GMMs were utilized. Therefore the logic tree weight of different region-specify GMMs need 300 

not to be considered in construction of the pseudo-exact CS. According to the total probability 301 

theory, the ln ( )|ln ( *)Sa Ti Sa T
 and ln ( )|ln ( *)Sa Ti Sa T

  of the pseudo-exact CS can be derived as follows: 302 

1 2ln ( )|ln ( *) 1 ln ( )|ln ( *) 2 ln ( )|ln ( *)( )Sa Ti Sa T k k Sa Ti Sa T k Sa Ti Sa T

k

w P P       (9) 
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The hazard deaggregation results of three example cities illustrated in the previous section 303 

are used herein to construct the pseudo-exact CS according to Eq. (9) and (10). The Sa (T*=0.2 304 

s) and Sa(T*=1.0 s) values corresponding to 2475-yr MRP are selected as conditional target 305 

spectral acceleration. For comparison reason, we also computed the approximate CS using the 306 

mean earthquake scenario ( M , R ) obtained from the joint M–R–ε deaggregation results as 307 

shown in Fig.3 and Fig,4. Long-axis and short-axis YLX13 GMM were utilized respectively 308 

for computation of the approximate CS.  309 

 

Fig. 6 Mean conditional mean spectrum and conditional standard deviation for (a) Xichang, 

(b) Kunming, and (c) Xi’an city respectively regarding Sa(T*=0.2 s) and Sa(T*=1.0 s) with 

2475-yr MRP (2% probability of exceedance in 50 years). The results were compared 

between: approximate CS using mean earthquake scenario and pseudo-exact CS derived 

from using the magnitude-longitude-latitude deaggregation results 
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The conditional mean and variance results for approximate CS and pseudo-exact CS were 310 

illustrated in Fig.6. For three target example cities, the pseudo-exact conditional mean 311 

spectrum results lies between the approximate CS results using the long axis and short axis 312 

YLX13 GMM. The results indicated that using the geometric mean value of the approximate 313 

CS results of the long axis and short axis YLX13 GMM might also be a promising practical 314 

way to estimate the mean value of the exact CS without further computation effort relied on 315 

the mag-longitude-latitude deaggregation results. We would further evaluate its hazard 316 

consistency in the next section. On the other hand, the conditional standard deviation of the 317 

pseudo-exact CS is as expected greater than the approximate CS. There are two parts of 318 

contribution to the conditional standard deviation regarding pseudo-exact CS as illustrated in 319 

Eq.(10): (1) contribution from ln ( )Sa T
 , variance in estimated Sa for a given potential source 320 

point and magnitude; which is fixed in our case; (2) contribution from ln ( )Sa T , variance in the 321 

variation between the location of the potential source point and the corresponding strike 322 

direction. The approximate CS consider only mean ( M , R ) values and thus cannot identify the 323 

uncertainty from ln ( )Sa T  of multiple source points and possible strike directions. As illustrated 324 

in Fig. 6, the difference indicates that the variance of expectations contribution were not 325 

negligible in estimation of the conditional standard deviation. To measure the difference, the 326 

ratio between the conditional standard deviation of exact-CS and the result of the approximate 327 

CS were plotted with period ranging from 0.01 s to 10.0 s in Fig.7. The difference is more 328 

significant for the period far away from the conditional target period T*, of which the maximum 329 

ratio value could reach approximately 1.25 to 1.5.  330 

 

Fig. 7 The ratio between the conditional standard deviation of pseudo-exact CS and 

approximate CS regarding (a) Xichang (b) Kunming,  and (c) Xi’an city respectively. 
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5 Hazard Consistency Validation  331 

Hazard consistency is one of the key features of the CS, which ensures ground motion 332 

records selected based on the CS distribution independently of the choice of the conditioning 333 

period (Lin et al. 2013b). For this purpose, we would next verify the hazard consistency of the 334 

ground motions matching pseudo-exact CS and approximate CS. It is accomplished by 335 

comparing between the annual exceedance probability and the hazard curve at different 336 

conditional periods. The annual exceedance probability rate of the selected ground motions at 337 

a given period T can be evaluated using the following equation proposed by Lin et al. (2013b). 338 

( ( ) ) ( ( ) | ( *) ) | d ( ( *) |
x

Sa T y P Sa T y Sa T x Sa T x       (11) 

where ( ( ) )Sa T y   denotes the rate of exceedance of Sa(T) induced by the ground motions 339 

selected conditional on Sa(T*), and ( ( ) | ( *) )P Sa T y Sa T x   is the probability that a selected 340 

ground motion scaled to have ( *)Sa T x  has also an amplitude Sa(T) higher than a given 341 

value y.  342 

The consistency between selected ground motions and the target CS would directly 343 

influence the consistency with the target seismic hazard curve. Although the greedy 344 

optimization technique proposed by Jayaram et al (2011) significantly improves the match 345 

performance between the target distribution, it is still very hard to select satisfactory ground 346 

motion sets at extremely high Sa(T*) amplitude which is necessary in hazard consistency 347 

validation work. The approximate CS follows the multivariate lognormal distribution. 348 

Therefore we utilized the Latin hypercube sampling techniques to get the random realizations 349 

that having the same mean, variance, and correlation structure with the target CS distribution. 350 

The probability ( ( ) | ( *) )P Sa T y Sa T x   in Eq.(11) were estimated as the fraction of the 351 

realizations with ( *)Sa T x  that also satisfy ( )Sa T y .  352 

For multivariate lognormal distribution, the i th row, k th column element of the correlation 353 

matrix is:  354 

2 2
(ln | ,ln | ) 1 1

1

i j k j

ik ij kj

Sa Sa Sa Sa ij kj

i k

i k

  

  




  




 (12) 

Where ln ,lni kik Sa Sa
  ,stands for the correlation between lnSai and lnSak, which was obtained 355 

from empirical correlation equations developed by Baker and Jayaram (2008). The covariance 356 

matrix of the target approximate CS distribution could be derived as follows: 357 
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(ln | ,ln | ) (ln | ,ln | ) ln |ln ln |lni j k j i j k j i j k jSa Sa Sa Sa Sa Sa Sa Sa Sa Sa Sa Sa
Cov     (13) 

For pseudo-exact CS, the conditional logarithmic Sa distribution is not Gaussian when 358 

multiple causal earthquakes and strike directions are considered. A two step simulation 359 

approach was proposed by Bradley et al(2010) to generate realizations that have consistent 360 

mean, standard deviation and correlation structure with the target multivariate distribution. We 361 

use the same procedure to generate realizations for pseudo-exact CS distribution at different 362 

hazard level.  363 

The hazard consistency of spectral accelerations of the realizations matching CS for Xichang, 364 

Kunming, and Xi’an city were evaluated as example cases. The seismic hazard deaggregation 365 

for these three cities were repeated and applied for 10 discrete Sa(T*) amplitudes at conditional 366 

period 0.2 s and 1.0 s. For each target Sa(T*) amplitude, 100 realizations were generated to 367 

match target distribution of the approximate CS and pseudo-exact CS respectively. The 368 

geometric mean values of the approximate CS using long and short axis of YLX13 GMMs 369 

were utilized here.  370 
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Fig. 8 Comparsion between obtained annual exceedance rate versus corresponding hazard 

curves at conditional periods 1.0s and 0.2s. The results are compared for (a)(b)  Xichang, 

(c)(d) Kunming City, and (e)(f) Xi’an City respectively.  

 371 

The obtained annual exceedance rate of the 100 × 10 realizations with Sa(T)>y 372 

corresponding to conditional period T*=0.2 s and 2.0 s were illustrated in Fig. 8. For 373 

comparison purpose, the corresponding ground motion hazard curves for 0.2 s and 2.0 s were 374 

also plotted in the same figure. The stepped shape of the obtained annual exceedance rate 375 

curves are caused by the discrete Sa(T*) amplitudes. Generally, the obtained annual 376 

exceedance rate shows good agreement with corresponding ground motion hazard curves at 377 
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both 0.2 s and 2.0 s. Similar observations are found for all three example cities. At low 378 

exceedance rate, the obtained annual exceedance rate are more close to the true hazard curve 379 

when using the pseudo-exact CS as target distribution. For Xichang and Xi’an city, slight bias 380 

were found at the high exceedance rate, which are mainly because the deaggregation bins could 381 

not be set too small due to the computation capacity limit. In the work of Lin et al (2013b), the 382 

conditional standard deviations of approximate CS were inflated by a constant 10% to make 383 

the selected ground motion could match the hazard level. In our examples, the inflation of 384 

standard deviation for approximate CS may improve the hazard consistency results at low 385 

exceedance rate, while the bias between target hazard curve at high exceedance rate would be 386 

more significant. Therefore it is suggested that the geometric mean approximate CS being 387 

directly used for ground motion selection without inflation of the standard deviation when the 388 

target exceedance rate are not too low. 389 

6 Conclusions  390 

To perform deaggregation of the seismic hazard for China, we constructed a hazard map 391 

using the YLX13 GMMs, tri-level seismicity models, and the CPSHA scheme, as used to 392 

produce the fifth-generation national Seismic Ground Motion Parameter Zonation Map. 393 

Comparison revealed that our calculated PGA values for 34 principal cities in China were 394 

consistent with those of the fifth-generation zonation map, indicating that our hazard map and 395 

corresponding deaggregation results could be further applied in current engineering practice in 396 

China. Joint M–R–ε distributions and longitude–latitude distributions of the contributions to 397 

different hazard levels for three example cities (Xichang, Kunming, and Xi’an) were illustrated 398 

and interpreted. The results clearly identified the locations in the potential source areas that 399 

dominate the hazard of the target cities. As expected, distant and larger earthquakes tend to 400 

control long-period Sa, while smaller events at shorter distances dominate the shorter periods. 401 

For a given spectral period, the mean and modal values of magnitude or distance did not change 402 

substantially as the MRP increased, indicating that the hazard level of the three example cities 403 

is more likely controlled by the ε value.  404 

The magnitude-longitude-latitude deaggregation results and the probability of strike 405 

direction of potential source  was implemented to build the pseudo-exact CS. The mean 406 

pseudo-exact CS is close to the geometric mean approximate CS using long and short axis 407 

GMMs, and the conditional standard deviation is approximately 1.1 to 1.5 times larger than 408 
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the approximate CS. Hazard consistency of the spectral accelerations of the ground motion 409 

realizations matching target pseudo-exact CS and approximate CS distribution were validated. 410 

For studied three city. generally good agreement is observed between the obtained annual 411 

exceedance rate and corresponding direct hazard curves at both 0.2 s and 2.0 s. The geometric 412 

mean values of the approximate CS using long and short axis YLX13 GMMs is a practical 413 

choice when the target conditional spectral acceleration amplitude was not set too high.  414 

For convenient use of our results in potential engineering applications, we calculated mean 415 

earthquake scenario ( M , R ,  ), and modal earthquake scenario (M*, R*, ε*) values 416 

corresponding to the 475- and 2475-year MRP hazard for 34 principal cities in mainland China. 417 

The computed results were tabulated and uploaded at the open-source GitHub platform. 418 

https://github.com/JIKUN1990/China-Seismic-Hazard-Deaggregation-34cities 419 

 420 

Data and Resources 421 

The results calculated in this study for 34 principal cities in mainland China are freely 422 

accessed on the open-source GitHub platform:  https://github.com/JIKUN1990/China-423 
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Figures

Figure 1

Tri-level seismic source model including the seismic province, background seismicity zone, and tectonic
features zone (left). The seismicity of the seismic province has nonuniform distribution and is assigned
between different potential source areas using the magnitude spatial function, while the distribution of



seismicity is uniform within the potential source areas (right). (b) Spatial distribution of the 29 seismic
provinces and 77 background seismicity zones. The different colors represent the four GMMs applied in
four different regions. Note: The designations employed and the presentation of the material on this map
do not imply the expression of any opinion whatsoever on the part of Research Square concerning the
legal status of any country, territory, city or area or of its authorities, or concerning the delimitation of its
frontiers or boundaries. This map has been provided by the authors.

Figure 2



Computed seismic hazard maps for mainland China: (a) 475-year MRP PGA for rock site condition (VS30
= 500 m/s), and (b) site-ampli�ed PGA for CL-II sites. (c) Comparison of PGA values from our calculated
hazard maps (orange bars, referring to Chinese soil site Class II) and from the �fth-generation map for
major cities (blue bars). Range of PGA bins for the �fth-generation map is illustrated using error bars.
Note: The designations employed and the presentation of the material on this map do not imply the
expression of any opinion whatsoever on the part of Research Square concerning the legal status of any
country, territory, city or area or of its authorities, or concerning the delimitation of its frontiers or
boundaries. This map has been provided by the authors.



Figure 3

Contributions to hazard with MRP of 475 years for example cities, disaggregated in terms of latitude–
longitude and joint M–R–ε distribution regarding PGA, Sa (0.2 s), Sa (1.0 s), and Sa (2.0 s). The studied
cities are (a) and (b) Xichang, (c) and (d) Kunming, and (e) and (f) Xi’an.



Figure 4

Contributions to hazard with MRP of 2475 years for example cities, disaggregated in terms of latitude–
longitude and joint M–R–ε distribution regarding PGA, Sa (0.2 s), Sa (1.0 s), and Sa (2.0 s). The studied
cities are (a) and (b) Xichang, (c) and (d) Kunming, and (e) and (f) Xi’an.



Figure 5

Variation of the mean and modal values of M and R with spectral period for Xichang, Kunming, and Xi’an:
(a) 475-year MRP and (b) 2475-year MRP.



Figure 6

Mean conditional mean spectrum and conditional standard deviation for (a) Xichang, (b) Kunming, and
(c) Xi’an city respectively regarding Sa(T*=0.2 s) and Sa(T*=1.0 s) with 2475-yr MRP (2% probability of
exceedance in 50 years). The results were compared between: approximate CS using mean earthquake
scenario and pseudo-exact CS derived from using the magnitude-longitude-latitude deaggregation results

Figure 7

The ratio between the conditional standard deviation of pseudo-exact CS and approximate CS regarding
(a) Xichang (b) Kunming, and (c) Xi’an city respectively.



Figure 8

Comparsion between obtained annual exceedance rate versus corresponding hazard curves at
conditional periods 1.0s and 0.2s. The results are compared for (a)(b) Xichang, (c)(d) Kunming City, and
(e)(f) Xi’an City respectively.


