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Abstract—To adaptively forecast forthcoming large after-

shocks of the 2008 Mw7.9 Wenchuan, China, earthquake, we

construct a new hazard model to describe the occurrence rate of

aftershocks in a study region along the Longmenshan fault. The

model is denoted by SRJ since it is a combination of the Reasen-

berg–Jones (RJ) model and a spatial hazard model that is obtained

by taking a reference of previous earthquakes in the study region.

We employ the maximum likelihood (ML) method to estimate the

SRJ model based on aftershocks that occurred within 1 or 2 days

after the Wenchuan earthquake. The probabilities of M C 5.0

aftershocks at each of the grids in the study region during next few

days are then computed according to the estimated SRJ model, and

hence the corresponding relative aftershock hazard (RAH) map is

constructed. Finally, according to a variety of criteria for evaluating

the hazard maps on depicting possible rupture area of forthcoming

large aftershocks, the SRJ-based RAH map is demonstrated to be

more efficient than the RAH maps constructed based on the RJ

model incorporated with the gridding method using a fixed radius

or varying radii.

Key words: Conditional distribution, lognormal normal dis-

tribution, maximum likelihood estimate, normal distribution,

Reasenberg–Jones model, relative aftershock hazard map.

1. Introduction

Large earthquakes followed by a devastating main

shock often bring a significant hazard to the area with

a high-density population or weakened structures. To

help decision makers to determine a low-risk emer-

gent rescue work or an optimal treatment of damaged

structures, the near real-time information about the

hazard of large aftershocks is highly demanded.

Therefore, an evaluation for the hazard of large

aftershocks of a drastic main shock has been exten-

sively studied. For example, the Gutenberg–Richter

law (Gutenberg and Richter 1944) states the fre-

quency–magnitude distribution of earthquakes. In

addition, the Omori–Utsu law (Omori 1894; Utsu

1961; Utsu et al. 1995) describes the decaying

occurrence rate of aftershocks at an elapsed time

from the main shock. The Reasenberg–Jones (RJ)

model (Reasenberg and Jones 1989, 1994), combin-

ing directly the Gutenberg–Richter and Omori–Utsu

laws, then gives the time–magnitude hazard for an

earthquake sequence after the main shock.

Basically, there are two important parameters in

the RJ model. One is the b value in the Gutenberg–

Richter law that measures the ratio of small to large

earthquakes, and the other is the p value in the

Omori–Utsu law that quantifies the power decay of

aftershocks. In fact, both the b and p values are found

to vary spatially (Kisslinger and Jones 1991; Smith

1981; Wiemer and Katsumata 1999; Wiemer and

Wyss 1997). Hence, to depict a possible rupture area

of future large aftershocks, a probabilistic aftershock

hazard (PAH) map is constructed based on the RJ

model incorporated with the gridding method (Wie-

mer and Wyss 2000). The PAH map is then used to

forecast large aftershocks of the main shock in Cal-

ifornia (Gerstenberger et al. 2005, 2007).

In practice, the assessment of spatial hazard of after-

shocks is of urgent need within a short time after the main

shock in the study region. However, applying the grid-

ding method with the maximum likelihood (ML)

estimated RJ model (Aki 1965; Ogata 1983) may not be

appropriate for near real-time forecast of aftershocks,
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especially when only sparse data are available in a short

time after the main shock. For example, the gridding

method with varying radii of equal data size may lose its

locality for involving data overspread grids. On the other

hand, the gridding method with a fixed radius is conve-

nient to apply, but the grid may contain insufficient data to

guarantee the reliability of model estimation. Therefore,

to have a near real-time spatiotemporal forecast of

aftershocks, we suggest constructing a space–time–

magnitude hazard function for aftershocks. In this way,

the model can be estimated based on available data.

Probabilities of forthcoming large aftershocks can then be

computed for all the grids in the study region based on the

estimated model. Finally, the map of aftershock hazard

can be obtained and used for locating the possible rupture

area of such aftershocks.

Note that the great 2008 Mw7.9 Wenchuan shock

with a focal depth of 19 km is a thrust and shallow

earthquake and potentially brings up hazardous after-

shocks (Zhang et al. 2008). Therefore, it is important to

forecast large aftershocks in a potential rupture area

(Fig. 1) within a short time after the main shock (Smyth

et al. 2010). Since the epicenter of the Wenchuan

earthquake at (31.00�N, 103.40�E) is near the Lon-

menshan fault, it is reasonable to expect that aftershocks

would majorly occur along the fault (Li et al. 2009).

Hence, we consider a study region that covers the epi-

center of the Wenchuan shock and the Longmenshan

fault, and then construct a spatial hazard model for

earthquakes in the region. Finally, we obtain a space–

time–magnitude hazard model for aftershocks of the

Wenchuan earthquake by combining the RJ model and

the newly developed spatial hazard model. Therefore,

this model is, hereafter, denoted by SRJ model.

The remainder of the paper is organized as fol-

lows. In Sect. 2, we introduce the SRJ model and

show how to estimate the parameters by using the

ML method. In Sect. 3, we report the results of an

analysis of earthquakes after the Wenchuan shock

and present the results of an evaluation of the related

RAH maps. A discussion on how to use the proposed

SRJ model for the hazard of aftershocks is given in

Sect. 4. Finally, in Sect. 5, we draw conclusions for

the research work with some remarks.

2. Models and Methods

2.1. Time–Magnitude Aftershock Hazard Model

The frequency–magnitude distribution of earth-

quakes according to the Gutenberg–Richter

(Gutenberg and Richter 1944) law is

log10 NðmÞ ¼ a� bm; m[Mc; ð1Þ

where NðmÞ is the number of M�m earthquakes, a is

a constant related to the activity, b measures the ratio

of small to large earthquakes and Mc is the cut-off

magnitude for a complete earthquake catalogue. Note

that we take Mc = 4.0 herein for completely recorded

aftershocks of the Wenchuan earthquake (Wiemer

and Wyss 2000). In fact, the magnitude of earth-

quakes is distributed according to a left-truncated

exponential distribution. Therefore, the probability

density function (pdf) of the earthquake magnitude is

hðmÞ ¼ b expf�bðm�McÞg; m[Mc; ð2Þ

and the probability of observing an M[m earth-

quake is then given by

SðmÞ ¼ expf�bðm�McÞg; m[Mc; ð3Þ

where b ¼ b ln 10. Note that the maximum likelihood

(ML) estimate of the parameter b and hence b can be

obtained from Aki (1965).

Figure 1
Aftershocks with magnitude 4.0 or larger that occurred during

2008/05/12–2008/05/19. The red star locates the epicenter of the

2008 May 12 Mw7.9 Wenchuan earthquake. The parallelogram

cornered by (105.25�E, 33.00�N), (106.50�E, 33.00�N), (102.25�E,

31.00�N) and (103.40�E, 31.00�N) is the region under study
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The Omori–Utsu law (Omori 1894; Utsu 1961;

Utsu et al. 1995) states the time-decaying occurrence

rate of an aftershock sequence as

kðtÞ ¼ ea

ðt þ cÞp ; t[ t0; ð4Þ

where the constant ea or a reflects the activity of

aftershocks under study, c reveals the activity of

aftershocks in the earliest stage, and the parameter p

measures the decaying rate. Hence, the probability of

aftershocks under study occurring in the time interval

(T1, T2), T1 [ t0, can be evaluated as

PðT1; T2Þ ¼ 1 � exp �
Z T2

T1

kðtÞdt
� �

¼ 1 � exp �eaAðT1; T2; c; pÞf g; ð5Þ

where Aðs; t; c; pÞ ¼ fðt þ cÞ1�p � ðsþ cÞ1�pg=ð1 �
pÞ for p 6¼ 1 and lnðt þ cÞ � lnðsþ cÞ for p ¼ 1. Note

that the ML estimates of the related parameters, a, c and

p, can be obtained by maximizing the likelihood

function in Ogata (1983). Therefore, the probability in

(5) can be estimated by replacing the involved

parameters with the corresponding ML estimates.

Assuming that the magnitude and occurrence time

of aftershocks are independent, the RJ model

(Reasenberg and Jones 1989, 1994) describes the

occurrence rate of M[m aftershocks as

kðt;mÞ ¼ kðtÞSðmÞ; t[ t0 and m[Mc; ð6Þ

where SðmÞ and kðtÞ are given in (3) and (4),

respectively. Hence, the probability of at least one

M[m aftershock occurring during the time interval

(T1, T2), T1 [ t0 can be evaluated as

Pðm; T1; T2Þ ¼ 1 � exp �eaAðT1; T2; c; pÞSðmÞf g:
ð7Þ

Again, the ML estimates of the parameters in (6)

can be obtained by maximizing the associate likeli-

hood function, and hence the probability (7) can be

estimated accordingly.

2.2. Space–Time–Magnitude Aftershock Hazard

Model

We propose a bivariate distribution for possible

epicenters of aftershocks of the Wenchuan earthquake

where the Longmenshan fault is considered as a line

source for the ruptures. The probability that an

aftershock occurs at (x�E, y�N) in a study region then

depends on how far it is from the epicenter of the main

shock at (103.40�E, 31.00�N) and the fault. Note that

19 M C 4.0 earthquakes occurring before the main

shock in the study region (Fig. 2) suggest a half-normal

distribution with standard deviation r[ 0 for

z ¼ logð1 þ jx� 103:4jÞ. Hence, the pdf for z is

obtained as

WðzÞ ¼ 2

rz
ffiffiffiffiffiffi
2p

p exp � z2

2r2
z

� �
; z[ 0: ð8Þ

Given that the earthquake occurred at x or z, the

conditional probability that the earthquake occurs at

(x�E, y�N) is then measured by how much it departs

from the Longmenshan fault as represented by a

linear function of x, namely, h0 þ h1x. The earth-

quakes that occurred before the main shock in the

study region then suggest the conditional normal pdf

of y given z with mean zero and ry [ 0 as given by

WðyjzÞ ¼ 1

ry
ffiffiffiffiffiffi
2p

p exp �ðy� h0 � h1xÞ2

2r2
y

( )
;

�1\y\1: ð9Þ

Figure 2
Earthquakes with magnitude 4.0 or larger that occurred during

1970/01/01–2008/05/11 in the parallelogram region under study
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Note that, based on the 19 M ] 4.0 earthquakes

before the Wenchuan shock in the study region, the

ML estimates of the parameters are

ĥ0 ¼ �53:99; ĥ1 ¼ 0:82; r̂ ¼ 0:52 and r̂y ¼ 0:21.

Moreover, the statistical goodness-of-fit test (Shapiro

and Wilk 1965) gives observed significance levels as

0.701 and 0.107 for the normal distributions in (8)

and (9), respectively. Therefore, we obtain the SRJ

model that describes the occurrence rate of after-

shocks of magnitude M at time t from the main shock

with epicenter at (z, y) as

kðt;m; z; yÞ ¼ kðtÞhðmÞwðz; yÞ for t[ t0; m[Mc;

�1\z; y\1;

ð10Þ

and the associated pdf is

f ðt;m; z; yÞ ¼ gðtÞhðmÞwðz; yÞ for t[ t0; m[Mc;

�1\z; y\1;

ð11Þ

where wðz; yÞ ¼ wðzÞwðyjzÞ, h(m) is given in (2) and

gðtÞ is the pdf associated with kðtÞ in (4) as given by

gðtÞ ¼ eaðp� 1Þcp�1

ðt þ cÞp ; t[ t0:

Suppose that the study region can be partitioned

into J grids as

Rj ¼ fðz; yÞ : z1j � z� z2j; y1j � y� y2jg;
j ¼ 1; 2; . . .; J

The probability of M�m aftershocks occurring

during the time interval (T1, T2), T1 [ t0; in the grid

Rj can be obtained as

Pjðm; T1; T2;RjÞ ¼ 1

� exp �eaAðT1; T2; c; pÞSðmÞ
ZZ

Rj

wðz; yÞdzdy
( )

;

j ¼ 1; 2; . . .; J:

ð12Þ

Let D ¼ fðti;mi; zi; yiÞ; i ¼ 1; 2; . . .; ng be the

available data set involving n aftershocks that are

completely recorded within a short time after the

main shock. Denote the parameter vector in the SRJ

model by H ¼ ða; c; p; b; h0; h1Þ. The ML estimates

of parameters in (11) are then obtained by maximiz-

ing the likelihood function

LðHjDÞ ¼
Yn

i¼1
f ðti;mi; zi; yiÞ

¼
Yn

i¼1
gðtiÞhðmiÞwðzi; yiÞ: ð13Þ

Let Ĥ ¼ ðâ; ĉ; p̂; b̂; ĥ0; ĥ1Þ be the ML estimate

of H. To evaluate the spatial hazard of M�m

aftershocks based on the SRJ model (10), we find the

ML estimate of the probability (12) at each grid to

obtain P̂1; P̂2; . . .; P̂J at all the J grids in the study

region. Since the probabilities are usually very small,

we compute the relative hazards at each grid as rj ¼
P̂j=maxfP̂1; P̂2; . . .; P̂Jg; j ¼ 1; 2; . . .; J (Chen et al.

2015). Therefore, we obtain the relative aftershock

hazard (RAH) map or the map of the relative hazards

that can be used to depict the possible rupture area of

forthcoming M�m aftershocks.

3. Results

3.1. Relative Aftershock Hazard Maps

The ML estimated parameters in the SRJ model

(11) summarized in Table 1 are computed based on

Ms C 4.0 aftershocks that occurred within 1 or

2 days after the Wenchuan earthquake in the study

region (Fig. 1). Basically, the lines that describe the

aftershock occurrence along the Longmenshan fault

are the same for both the SRJ models estimated at day

one and day two after the main shock. However, the

two estimated RJ models are quite different, espe-

cially in the decaying rate of aftershocks. This is

probably due to the fact that the number of M C 4.0

aftershocks at day one is more than twice than that at

day two after the main shock. To see the difference,

we present in Fig. 3 the fitted and forecasted occur-

rence rates of M C 5.0 aftershocks based on the

estimated RJ models (6) when using data that

occurred within 1 and 2 days after the main shock.

To investigate the spatial hazard for the forth-

coming M C 5.0 aftershocks, the study region in the

parallelogram (Fig. 1) is partitioned into J = 74 grids,

where each grid is of size 0.2�E 9 0.2�N. The SRJ

model-based RAH map is constructed based on

probabilities (12) of having M C 5.0 aftershocks

30 Y. Chen et al. Pure Appl. Geophys.



during the next few days at each of the grids under

study; hence, the relative hazards are calculated based

on the estimated SRJ model. Note that the probabil-

ities of having M C 5.0 aftershocks during next few

days at each of the 74 grids can also be calculated

based on the RJ model together with a gridding

method (GRJ1 or GRJ2). To do so, we consider the

GRJ1 method where each grid is centered with

varying radii to include 20 M C 4.0 aftershocks. The

RJ models at each of the 74 grids are estimated, the

relative hazards are calculated and then the associate

RAH map is obtained. Note that in the GRJ1-based

RAH map, the relative hazards at any grids in the

study region are of equal variation. We also consider

the GRJ2 method by gridding with a fixed radius of

0.2� so that a sub-region center at each grid contains

enough M C 4.0 aftershocks for a reliable RJ

estimated model. In this paper, if the grids contain

less than 20 observations, then the related probability

and hence relative hazard is set to be zero. Therefore,

grids with zero relative hazards are not counted in the

study region of the RAH map. In fact, we constructed

the RAH maps based on SRJ, GRJ1 and GRJ2

methods for alarming M C 5.0 aftershocks during the

next 1–5 days at day one and day two after the

Wenchuan earthquake. Note that the information of

aftershock hazard is important within 3 days or 72 h

after the great main shock. Hence, we only present

herein two RAH maps in Figs. 4 and 5 for alarming

M C 5.0 aftershocks at day one and day two,

respectively, after the Wenchuan earthquake. In

particular, Fig. 4 shows the hazard of aftershocks

during the following 2 days, and Fig. 5 is for

alarming aftershocks during the following day. The

other RAH maps are then given as the supplement

materials.

3.2. Evaluation of Relative Aftershock Hazard Maps

To assess how the RAH map works on alarming

the forthcoming M C 5.0 aftershocks, we assign a

positive sign (?) to the grid if it has a relative hazard

greater than d for alarming the aftershocks, otherwise,

the grid receives a negative sign (-) for non-

alarming. We also find the number of grids with the

aftershocks as denoted by E. Let TP(d) be the number

of grids with ? at which the aftershocks occurred

and FP(d) the number of grids with ? but without

any such aftershocks. Then, the true positive rate and

false positive rate are given as TPR(d) = TP(d)/E and

FPR(d) = FP(d)/(74 - E), respectively. Hence, we

obtain the receiver operating characteristic (ROC)

Table 1

Maximum likelihood estimates of parameters in the SRJ model based on M C 4.0 aftershocks that occurred within 1 or 2 days after the

Wenchuan earthquake

Data Parameter

a c p b h0 h1 rz ry

1 day 4.18 (0.49) 0.30 (0.00) 0.76 (0.18) 2.10 (0.02) - 47.36 (1.47) 0.76 (0.01) 0.48 (0.00) 0.12 (0.00)

2 days 7.44 (0.66) 0.86 (0.00) 1.58 (0.18) 2.19 (0.02) - 48.06 (1.12) 0.77 (0.01) 0.53 (0.00) 0.11 (0.00)

The number in the parenthesis is the associated standard error

Figure 3
Occurrence rates of M C 5.0 aftershocks 7 days after the

Wenchuan earthquake. Solid and dashed lines are the fitted and

forecasted occurrence rates, respectively
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curve (Lusted 1960; Swets 1988) that is the curve of

TPR(d) versus FPR(d) for all possible values of d. To

see if the relative hazard is a valid marker for

alarming the aftershocks, we compute the area under

the ROC curve, denoted by AUC, for the RAH map

which is, in fact, the Mann–Whitney statistics (Mann

and Whitney 1947) comparing the relative hazards of

the E and (74 - E) grids (Bamber 1975).

Note that the R score (Shi et al. 2001) is

TPR(d) - FPR(d), but we find the largest R score

to calibrate the optimal cut-off relative hazard,

denoted by d*. The resulted value of TPR(d*) -

FPR(d*) is also known as Youden’s index (Youden

1950). Based on the optimal cut-off value, we find the

number of grids with positive signs as A, and then the

positive predictive value (PPV) is TP(d*)/A, which is

the proportion of grids with the aftershocks among

the alarming grids. Therefore, the probability gain of

the RAH map-based alarming is obtained as PPV/PE,

where PE = E/74 is the proportion of grids with the

aftershocks among the grids under study. Since the

probability gain may be sensitive to the PE and/or the

Figure 4
Relative hazard maps constructed based on M C 4.0 aftershocks occurring within 1 day after the Wenchuan earthquake for alarming M C 5.0

aftershocks during the next 2 days. a–c Are the maps constructed based on SRJ, GRJ1 and GRJ2 models, respectively. The black circles are

the epicenters of the forthcoming aftershocks

Figure 5
Relative hazard maps constructed based on M C 4.0 aftershocks occurred within 2 days after the Wenchuan earthquake for alarming M C 5.0

aftershocks during the next day. a–c Are the maps constructed based on SRJ, GRJ1 and GRJ2 models, respectively. The black circles are the

epicenters of the forthcoming aftershocks

32 Y. Chen et al. Pure Appl. Geophys.



number of alarming grids, we also compute the Bayes

factor (Kass and Raftery 1995) that is the risk ratio or

ratio of the odds of PPV and PE, namely, [PPV/

(1 - PPV)]/[PE/(1 - PE)]. Finally, we present the

four criteria in Table 2, including the AUC, Youden’s

index, probability gain and Bayes factor of each RAH

map constructed based on SRJ, GRJ1 or GRJ2 for

alarming the M C 5.0 aftershocks during the next

1–5 days at day one or two after the Wenchuan

earthquake.

Note that AUC B 0.5 implies that the relative

hazard provides no help in alarming the forthcoming

aftershocks. To test the hypothesis of AUC[ 0.5

under significance level a, we then conduct the

Mann–Whitney test (Mann and Whitney 1947) to see

if the relative hazard in the cells with such after-

shocks is stochastically larger than that in the cells

without the aftershocks. Let Ui and Vj be the relative

hazards of the cells in the study region with and

without the aftershocks, respectively, i = 1, …, E,

j = 1, …, 74 - E. The Mann–Whitney statistics is

Z ¼
PE

i¼1

P74�E
j¼1 IfUi [Vjg � Eð74 � EÞ=2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Eð74 � EÞð75Þ=12
p ; ð14Þ

where I{a} = 1 if a is true, = 0, otherwise. The

observed significance level is 1 - U(z), where z is

the observed Z value and U(�) is the cumulative dis-

tribution of a standard normal distribution. Therefore,

AUC[ 0.5 is concluded if 1 - U(z) B a. Moreover,

since the Bayes factor is the ratio of the two odds,

TP(d*)/(A - TP(d*)) and E/(74 - E), we take the

logarithm of the risk ratio as

W ¼ log
TPðd�Þ

A� TPðd�Þ

� �
� log

E

74 � E

� �
: ð15Þ

The associated standard error is

Table 2

Criteria of RAH map alarming for forthcoming M C 5.0 aftershocks within 1 or 2 days after the Wenchuan earthquake

Data Criterion Model Forecasting period

1 day 2 days 3 days 4 days 5 days

1 day AUC SRJ 0.78a 0.82a 0.82a 0.82a 0.82a

GRJ1 0.55 0.52 0.54 0.55 0.54

GRJ2 0.54 0.63 0.62 0.61 0.61

Youden index (cut point) SRJ 0.54 (0.01) 0.64 (0.17) 0.64 (0.17) 0.64 (0.18) 0.64 (0.19)

GRJ1 0.24 (0.91) 0.22 (0.97) 0.22 (0.93) 0.25 (0.97) 0.25 (0.99)

GRJ2 0.22 (0.17) 0.33 (0.97) 0.33 (0.99) 0.33 (1.00) 0.33 (1.00)

Probability gain SRJ 2.00 3.60 3.60 3.60 3.60

GRJ1 1.76 1.52 1.34 1.40 1.40

GRJ2 1.24 2.52 2.52 2.52 2.52

Bayes factor SRJ 2.19 5.62a 5.62a 5.62a 5.62a

GRJ1 1.89 1.64 1.40 1.49 1.49

GRJ2 1.29 3.73 3.73 3.73 3.73

2 days AUC SRJ 0.91a 0.91a 0.92a 0.85a 0.72a

GRJ1 0.23 0.24 0.19 0.34 0.44

GRJ2 0.65 0.62 0.49 0.42 0.47

Youden index (cut point) SRJ 0.87 (0.30) 0.87 (0.31) 0.89 (0.32) 0.68 (0.33) 0.45 (0.33)

GRJ1 0.01 (0.08) 0.01 (0.11) 0.01 (0.13) 0.14 (0.98) 0.21 (0.99)

GRJ2 0.46 (0.32) 0.42 (0.44) 0.18 (0.25) 0.15 (0.27) 0.18 (0.57)

Probability gain SRJ 6.17 6.17 6.17 4.93 3.52

GRJ1 1.01 1.01 1.01 2.96 3.02

GRJ2 1.77 1.66 1.20 1.15 1.23

Bayes factor SRJ 7.89a 7.89a 8.75a 6.90a 4.79a

GRJ1 1.01 1.01 1.01 3.45 3.83

GRJ2 1.85 1.72 1.23 1.17 1.27

aRepresents the criterion is significant at a level of 0.05
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SEðWÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

TPðd�Þ þ
1

A� TPðd�Þ �
1

E
� 1

74 � E

s
:

ð16Þ

Hence, the standardized risk ratio is Z = W/

SE(W). Similarly, if 1 - U(z) B a, where z is the

observed value of Z, then the Bayes factor is claimed

to be greater than one (Morris and Gardner 1988).

Hence, the criterion in Table 2 is marked if the data

provides significant evidence for the hypothesis under

a significance level of 0.05.

4. Discussion

The RJ models estimated based on M C 4.0

aftershocks that occurred within one day and two

days after the Wenchuan earthquake (Fig. 3) tend to

over- and under-forecast, respectively, the occurrence

rate of future M C 5.0 aftershocks. This is not sur-

prising because that the p value for 1-day data is

much smaller than the one for 2-day data. Hence, the

estimated RJ model at day one gives a larger occur-

rence rate of the following M C 5.0 aftershocks than

does the RJ model estimated at day 2 after the main

shock. Note that all the coefficients of variation (CV),

namely, the ratios of standard errors and the related

estimators, except the p value estimated based on

1-day data are less than 15%. As a matter of fact, the

CV of 24% for the p value estimated based on 1-day

data is still acceptable. Therefore, the two estimated

RJ models are, in general, feasible for short-term

forecast of the occurrence rate of future M C 5.0

aftershocks.

The aftershock hazard map constructed based on

the gridding method together with the estimated RJ

models is widely used to depict the possible rupture

area for future large aftershocks in the study region

(Wiemer and Wyss 2000; Gerstenberger et al.

2005, 2007). In each of Figs. 4 and 5, the RAH maps

at panel (b) based on gridding with varying radii

produce larger relative hazards than do the corre-

sponding panel (c) when gridding with a fixed radius.

This is because when data are sparse in the study

region, the gridding method with varying radii for

recruiting at least 20 M C 4.0 aftershocks for each

grid would cross over many neighboring grids and

hence lose its regional characteristics. At the same

time, the associated estimated RJ model tends to

over-forecast the occurrence rate of future M C 5.0

aftershocks. On the other hand, since the RJ model

needs to be estimated with at least 20 M C 4.0

aftershocks at each grid, the RAH maps based on

gridding with a fixed radius may not have relative

hazards completely available at all the grids in the

study region. Nevertheless, the AUC values (Table 2)

suggest that both the gridding-based RAH maps are

not only less competitive to the SRJ model-based

RAH map, but also insignificant for efficiently

depicting the possible rupture area for the forthcom-

ing M C 5.0 aftershocks at day one or two after the

Wenchuan earthquake.

The significantly large AUC values (Table 2)

imply that the proposed SRJ model-based RAH maps,

at panels (a) in Figs. 4 and 5, are valid for alarming

M C 5.0 aftershocks within 1 or 2 days after the

Wenchuan earthquake. By using the optimal cut-off

relative hazards about 20% at day one and 30% at day

two, all the SRJ model-based RAH maps preserve

significantly large Bayes factors, except the case

when alarming M C 5.0 aftershocks in the following

day at day one after the main shock. The probability

gains also show the consistent tendency. In fact, all

the criteria suggest that when the SRJ model is esti-

mated based on M C 4.0 aftershocks that occurred

within 1 day after the main shock, the forecasting

period should be 2–5 days for alarming the M C 5.0

aftershocks. When the SRJ model is estimated at day

two after the main shock, however, it would be better

to issue the alarming for M C 5.0 aftershocks during

the next 1–3 days. These results are, in fact, reason-

able since M C 4.0 aftershocks are heavily clustered

within 1 day after the main shock, and then a longer

period of forecasting of aftershock hazard is more

plausible. On the other hand, the SRJ model esti-

mated at day two after the main shock is preferred for

a short-term forecast of a hazardous area of M C 5.0

aftershocks since the forecasted occurrence rate of

such aftershocks may decay dramatically, as seen in

Fig. 3.
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5. Conclusion

Information about the short-term aftershock haz-

ard is often urgently needed for ongoing rescue work,

especially after a drastic main shock such as the great

2008 Mw7.9 Wenchuan, China, earthquake. In fact, a

near real-time forecast for the hazardous area of the

forthcoming large aftershocks is of particularly high

demand. Previous researches show that the RJ model

incorporated with the gridding method is successful

to portray the hazard of aftershocks. However, when

only sparse data are available in a short time after the

main shock, the gridding method may not be able to

reasonably reflect the regional aftershock hazard.

Note that the epicenter of the Wenchuan earthquake

is quite near the Longmenshan fault. Therefore, we

physically consider the fault as a line source for the

rupture of the forthcoming aftershocks, and proposed

in this paper a space–time–magnitude model to

describe the occurrence rate of the aftershocks. The

proposed model is termed as the SRJ model since it is

a combination of the RJ model and a spatial hazard

distribution that was developed to provide a statistical

goodness-of-fit to previous earthquakes in the study

region covering the epicenter of the main shock and

the Lonmenshan fault. The SRJ model can be esti-

mated based on completely recorded aftershocks in a

short time after the main shock, and hence the rela-

tive aftershock hazard (RAH) map can be constructed

accordingly for portraying the relative hazard of

forthcoming large aftershocks.

An analysis of the completely recorded after-

shocks available at day one or two after the

Wenchuan earthquake demonstrates that the RJ

model is feasible for describing the time–magnitude

hazard of large aftershocks. Four different criteria are

then employed to evaluate the SRJ model-based RAH

maps on depicting the possible rupture area of the

forthcoming large aftershocks. The criterion of the

area under the ROC curve confirms that the proposed

RAH map is valid for alarming future large after-

shocks. The criterion of Youden’s index suggests an

optimal cut-off relative hazard of about 20–30% for

alarming the aftershocks. The probability gain and

Bayes factor then conclude that the proposed RAH

map along with the optimal cut-off relative hazard

helps significantly depict the rupture area of the

forthcoming large aftershocks. Therefore, the pro-

posed SRJ model-based RAH map is of practical

value for near real-time assessment of short-term

aftershock hazard.
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