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Abstract—Five large earthquakes of M C 7.0 (based on the

magnitude scale of the China Earthquake Networks Center)

occurred in and near the Tibetan Plateau during 2008–2014,

including the Wenchuan M8.0 earthquake on May 12, 2008 (BJT).

In this paper, the Tibetan Plateau was chosen to be the study region,

and calculating parameters of pattern informatics (PI) method with

grid of 1� 9 1� and forecasting time interval of 8 years were

employed for the retrospective study according to the previous

studies for M7 earthquake forecasting. The sliding step of fore-

casting interval was 1 year, and the hotspot diagrams of each

forecasting interval since 2008 were obtained year by year. The

relationships among the hotspots and the M C 7.0 earthquakes that

occurred during the forecast intervals were studied. The pre-

dictability of PI method was tested by verification of receiver-

operating characteristic curve (ROC) and R score. The results show

that the successive obvious hotspots occurred during the sliding

forecasting intervals before four of the five earthquakes, while

hotspots only occurred in one forecasted interval without succes-

sive evolution process before one of the five earthquakes, which

indicates that four of the five large earthquakes could be forecasted

well by PI method. Test results of the predictability of PI method

by ROC and R score show that positive prospect of PI method

could be expected for long-term earthquake forecast.

Key words: PI method, Earthquake predictability, ROC test,

R score test, Earthquake-forecasting efficacy, Tibetan Plateau.

1. Introduction

From 2008, five M C 7.0 earthquakes attacked the

West Continental China successively. They are Yutian

M7.3 earthquake (35.6�N, 81.6�E) (based on the cata-

logue from China Seismic Network, same in the

following) on March 21, 2008 (BJT, same in the fol-

lowing); Wenchuan M8.0 earthquake (31.0�N, 103.4�E)

on May 12, 2008; Yushu M7.1 earthquake (33.2�N,

96.6�E) on April 14, 2010; Lushan M7.0 earthquake

(30.3�N, 103.0�E) on April 20, 2013; and Yutian M7.3

earthquake (31.0�N, 103.4�E) on Feb 12, 2014. All these

five large earthquakes occurred in and near the Tibetan

Plateau (Fig. 1). This provides an opportunity to test the

predictability of the pattern informatics (PI) method

(Rundle et al. 2000a, b, 2002, 2003; Tiampo et al.

2002a, b; Holliday et al. 2005, 2006a) to all these five

large earthquakes in this region.

PI method has proven to be an efficacious

approach to earthquake forecasting in medium-term

time scale (several years to 10 years) in different

tectonic regions, such as California region (Rundle

et al. 2002; Tiampo et al. 2002b, Holliday et al.

2005), Japan region (Nanjo et al. 2006a, b; Kawa-

mura et al. 2013, 2014), Taiwan region (Chen et al.

2005, 2006; Wu et al. 2008a, b; Chang et al. 2013),

China mainland (Jiang and Wu 2008; Zhang et al.

2009, 2013; Zhang et al. 2014; Xia et al. 2014), and

the worldwide region (Holliday et al. 2005). The

results of ROC test show that the PI method outper-

forms not only the random guess method but also the

simple number-counting approach based on the

clustering hypothesis of earthquakes (the RI forecast)

(Rundle et al. 2000a, b, 2002, 2003; Tiampo et al.

2002a, b; Holliday et al. 2005, 2006a). The fore-

casting efficacy of PI method has also been tested

through the investigation of the parameters and con-

ditions, including time spans, for optimizing

seismicity-based forecasts by ensuring that the mean

activity rate remains constant (Tiampo et al. 2010;

Migan and Tiampo 2010; Jiang and Wu 2011;

Tiampo and Shcherbakov 2013; Tiampo et al. 2013;
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Zhang et al. 2013). Tiampo et al. (2010) found that

the ergodicity defined by magnitude and time period

provides more reliable forecasts of future events in

both natural and synthetic catalogues by PI method.

Tiampo and Shcherbakov (2012) applied the TM

metric and threshold optimization for forecasting

parameter estimation to the PI method, and the

combined application of these techniques is found

successful in forecasting those large events that

occurred in Haiti, Chile, and California in 2010 on

both global and regional scales. However, when

Mignan and Tiampo (2010) tested the PI index by

synthetic catalogues where a realistic spatiotemporal

clustering has been added on top of the theoretical
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Figure 1
Geographic map of the Tibetan Plateau and its recent large earthquakes during 2008–2014
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precursory seismicity, they found that the PI index is

found successful in identifying the precursory qui-

escent signal, but fails in identifying precursory

accelerating seismicity directly, because of being

more sensitive to aftershock sequences of background

events than to the activation-like behavior of the

acceleration. Jiang and Wu (2011) also found that the

PI forecasts seem to be affected by the aftershock

sequence included in the ‘‘anomaly identifying

interval,’’ and the PI forecast approach using ‘‘back-

ground events’’ seems to display a better performance

when they de-clustered the catalogue of the Sichuan-

Yunnan region of southwest China by the epidemic-

type aftershock sequences (ETAS) model and inves-

tigated the effects of de-clustering on the PI forecasts.

Cho and Tiampo (2013) studied the effects of loca-

tional errors in PI by generating a series of perturbed

catalogues by adding different levels of noise to

epicenter locations based on the Southern Californian

dataset. Their results showed that the maximum

performance of the PI technique with respect to both

skill scores did not decrease systematically for any of

the noise levels used, indicating that the PI perfor-

mance is not sensitive to the locational errors for

catalogues with large numbers of events as a result of

their dependence on seismic clustering for its fore-

casting skill. Zhang et al. (2013) studied the

forecasting effects of the calculating parameters on

the PI method by varying the calculating parameters

of the grid size and the reference time scale, and the

results showed that the forecasting efficacy could be

improved by choosing approximate parameters after a

systematic retrospective study on Wenchuan

M8.0 and Yutian M7.3 earthquakes that occurred in

2008.

In fact, five large earthquakes of M C 7.0 occur-

red in and near the Tibetan Plateau during

2008–2014, including Wenchuan M8.0 and Yutian

M7.3 earthquakes in 2008; Yushu M7.1 earthquake in

2010; Lushan M7.0 earthquake in 2013; and Yutian

M7.3 earthquake in 2014. This supplies the samples

to test if the optimal calculating parameters from

Zhang et al. (2013) are effective to the subsequent

earthquakes. In this paper, the Tibetan Plateau was

chosen to be the study region, and calculating

parameters of PI method with grid of 1� 9 1� and

forecasting time interval of 8 years were employed

for the retrospective study for M7 earthquake fore-

casting. The sliding step of forecasting interval was

1 year, and the snapshots of hotspot map of each

forecasting interval since 2008 were obtained on

yearly basis. Based on the results, the relationships

among the hotspots and the M C 7.0 earthquakes that

occurred during the forecast intervals were studied,

and the predictability of PI method was tested by

verification of receiver-operating characteristic curve

(ROC) and R score.

2. The PI Method

PI method was invented by Rundle et al.

(2000a, b, 2002, 2003) and developed by Tiampo

et al. (2002a, b, c) and Holliday et al.

(2005, 2006b). It is an earthquake-forecasting

method for quantifying the temporal variations in

seismicity based on the statistical mechanics of

complex systems. The result is a map of areas with

high probability of earthquake potential (hotspots)

where earthquakes are likely to occur during a

specified period in the future. Rundle et al. (2002)

published a forecast map of hotspots of M C 5

earthquakes for California during the period of

2000–2010 (http://quakesim.jpl.nasa.gov/scorecard.

html). The testing results show that 17 out of the

19 earthquakes that have occurred between the

beginning date of this forecast (January 2000) and

September 2006 were coincident with the forecast

anomalies within the ±11 km margin of error that is

the coarse-graining box size (Tiampo et al. 2008).

Nanjo et al. (2006a, b) modified the PI method for

use with the Japanese catalogues, and their retro-

spective study showed that the M = 6.8 Niigata

earthquake that occurred on October 23, 2004 could

be successfully forecasted. Chen et al. (2005)

modified the PI method for use with Taiwan cata-

logues and found the Chi–Chi Ms7.6 earthquake

located in the hotspot area. In this paper, we applied

the algorithm of PI method described by Holliday

et al. (2005) and realized by Zhang et al. (2009).

Following Holliday et al. (2005), the algorithm of

PI method is performed as follows:

(1) First, we divide the region of interest into

NB grids with linear dimension Dx. Grids are
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identified by a subscript i and are centered at xi. For

each grid, the number of earthquakes per unit time

at time t larger than the lower cutoff magnitude Mc

constructs the time series NiðtÞ, The time series in

grid i is defined between a base time tb and the

present time t.

(2) All earthquakes in the region of interest

with magnitudes greater than Mc are included, and

Mc is specified in order to ensure completeness of

the data through time, from an initial time t0 to a

final time t2.

(3). A reference time interval from tb to t1 (tb lies

between t0 and t1), a change time interval from t1 to t2

(t2 [ t1), and a forecast time interval from t2 to t3 are

defined. The objective is to quantify anomalous

seismic activity in the change interval from t1 to t2

relative to the reference interval tb to t1, and the

forecast time intervals from t2 to t3 are defined. The

change and forecast time intervals are taken to have

the same length.

(4) Iiðtb; tÞ ¼ 1
t�tb

Pt
t
0 ¼t

b
Niðt

0 Þ is the seismic

intensity in grid i, between the two times tb \ t,

which means the average number of earthquakes with

magnitudes greater than Mc occur in the grid per unit

time during the specified time interval from tb to t.

(5) The statistically normalized seismic intensity of

grid i during the time interval from tb to t is then defined

as Ii

^
ðtb; tÞ ¼ Iiðtb;tÞ�\Iiðtb;tÞ[

rðtb;tÞ , where \Iiðtb; tÞ[ is the

mean intensity averaged over all the grids, and

rðtb; tÞ is the standard deviation of intensity over all the

grids.

(6) The measure of anomalous seismicity in grid i

is the difference between the two normalized seismic

intensities: DIiðtb; t1; t2Þ ¼ Ii

^
ðtb; t2Þ � Ii

^
ðtb; t1Þ.

(7) To reduce the relative importance of random

fluctuations (noise) in seismic activity, the average

change in intensity (DIiðt0; t1; t2Þ) over all possible

pairs of normalized intensity maps is defined to have

the same change interval: DIiðt0; t1; t2Þ ¼ 1
t1�t0Pt1

tb¼t0
DIiðtb; t1; t2Þ, where the sum is performed over

increments of the time series, which here are con-

sidered as days.

(8) The probability of a future earthquake in grid

i, Piðt0; t1; t2Þ, is defined as the square of the average

intensity change: Piðt0; t1; t2Þ ¼ DIiðt0; t1; t2Þ
2
.

(9) The change in the probability in grid i , rela-

tive to the background mean probability over all

grids, is DPiðt0; t1; t2Þ ¼ Piðt0; t1; t2Þ �\Piðt0; t1;

t2Þ[ , where \Piðt0; t1; t2Þ[ is the background

probability for a large earthquake.

Hotspots are initially defined to be the regions where

DPiðt0; t1; t2Þ is positive. In these regions, Piðt0; t1; t2Þ
is larger than the average value for all grids (the

background level). In order to get the normalized

hotspot map and reduce the number of hotspots for

reduction of false alarm rate, we calculate the value of

logDPiðt0; t1; t2Þ=DPmaxðt0; t1; t2Þ, and set a threshold

of logDPiðt0; t1; t2Þ=DPmaxðt0; t1; t2Þ to get the final

hotspot map. The number of hotspots depends on the

threshold of logDPiðt0; t1; t2Þ=DPmaxðt0; t1; t2Þ. Since

the intensities are squared in defining probabilities, the

hotspots may be due to either increases of seismic

activity during the change time interval (activation) or

due to decreases (quiescence).

There exists a common hypothesis in seismicity-

based earthquake-forecasting techniques that future

large earthquakes tend to occur in the locations where

the activity of small events changed abnormally, such

as AMR, LURR, PI, M8, b-value, RTL, RI, etc.

(Tiampo and Shcherbakov 2012). For example, Bufe

et al. (1993) regarded that before a major earthquake

(Mf ) occurs, the seismicity of smaller earthquakes

with magnitude of Mf � 2 often show abnormal

acceleration or decrease; Jaume et al. (1999) con-

cluded that the seismicity of smaller earthquakes with

magnitude from Mf � 2 to Mf � 3 often show activity

of abnormal acceleration or decrease before a major

earthquake (Mf ). Kossobokov et al. (1999) employed

smaller earthquakes, *M4, to calculate the ‘‘Time of

Increased Probability,’’ or TIP, for the forecasting of

a larger event of approximately M6.5–8; Papazachos

et al. (2005) determined that the seismicity events of

smaller earthquakes with magnitude from Mf �
1:5 to Mf � 2:0 often show activity of abnormal

acceleration or decrease before a major earthquake

(Mf ). In our study, we hypothesize that earthquakes

with magnitudes larger than Mc ?2.0 will occur

preferentially in hotspots during the forecast time

interval from t2–t3 the same as that Hollidays et al.

(2005).

2414 Y. Zhang et al. Pure Appl. Geophys.



3. The Tibetan Plateau and the Its Seismicity

3.1. Location of the Tibetan Plateau and Its Recent

Large Earthquakes during 2008–2014

The Tibetan Plateau is chosen to be the study

region. This region includes most part of western

China and some parts of Bhutan, Nepal, India,

Pakistan, Afghanistan, etc. (Fig. 1). The plateau is

bordered to the south by the inner Himalayan range, to

the north by the Kunlun Range which separates it from

the Tarim Basin, and to the northeast by the Qilian

Range which separates the plateau from the Hexi

Corridor and Gobi Desert. To the east and southeast,

the plateau gives way to the forested gorge and ridge

geography of the mountainous headwaters of the

Salween, Mekong, and Yangtze rivers in western

Sichuan (the Hengduan Mountains) and southwest

Qinghai. In the west, the curve of the rugged

Karakoram range of northern Kashmir embraces it. It

is bounded on the north by a broad escarpment where

the altitude drops from around 5000 to 1500 m in less

than 150 km. Along the escarpment is a range of

mountains. In the west, the Kunlun Mountains separate

the plateau from the Tarim Basin. About half way

across the Tarim, the bounding range becomes the

Altyn-Tagh, and the Kunluns, by convention, continue

somewhat to the south. In the ‘V’ formed by this split

lies the western part of the Qaidam Basin. To the west

are short ranges called the Danghe, Yema, Shule, and

Tulai Nanshans. The easternmost range is the Qilian

Mountains. The line of mountains continues further

east of the plateau as the Qin Mountains which

separate the Ordos Region from Sichuan (Li 1987;

Zhang et al. 2002).

Five large earthquakes of M C 7.0 occurred in

and near the Tibetan Plateau during 2008–2014

(Fig. 1), including the serious deadly Wenchuan

M8.0 earthquake. The focal mechanisms of these

five earthquakes are listed in Table 1.

3.2. Earthquakes Above M7.0 in and Near

the Tibetan Plateau Since 1900

Due to the strong collision between the Indian

Plate and Eurasian Plate, a number of active tectonic

blocks including Tibetan active block have formed

since the Cenozoic era (Zhang et al. 1999), and hence

the complex tectonics and high seismicity in this

region (e.g., Xu et al. 2005). We select a square

region of (21.0�–41.0�N, 74.0�–106.0�E) including

the Tibetan Plateau for the study of the predictability

of PI method to recent large earthquakes that

occurred in this region. According to the earthquake

catalogue supplied by China Earthquake Administra-

tion (http://10.5.202.22/bianmu), 83 large

earthquakes of M C 7.0 occurred in the selected

region during 1900–2014, including 10 tremendous

earthquakes with magnitude above M8.0 (Fig. 2), and

the largest one is Chayu, Tibet (28.4�N, 96.7�E)

M8.6 earthquake that occurred on August 15, 1950

(BJT).

The year of 1970 is a milestone for Chinese micro-

earthquake catalogue. Nationwide earthquake cata-

logues have been produced by the constantly improved

Chinese seismic network since 1970. Hence, those

large earthquakes covered by the seismic monitoring

network could be employed to study the predictability

of PI method. As shown in Fig. 2, there were a total of

83 large earthquakes with M7.0 and higher during the

Table 1

Focal mechanisms of the five large earthquakes of M C 7.0 in the Tibetan Plateau during 2008–2014

No. Date (BJT) Latitude/� Longitude/� Magnitude/� Depth/km Place Nodal plane A Nodal plane B

Strike/� Dip/� Rake/� Strike/� Dip/� Rake/�

1 20080321 35.60 81.60 7.3 12 Yutian 358 41 -110 203 52 -74

2 20080512 30.95 103.40 8.0 14 Wenchuan 231 35 138 357 68 63

3 20100414 33.20 96.60 7.1 14 Yushu 210 67 178 300 88 23

4 20130420 30.30 103.00 7.0 13 Lushan 212 42 100 19 49 81

5 20140212 36.13 82.52 7.3 10 Yutian 332 85 -176 242 86 -5

Date, latitude, longitude, magnitude, and depth are from China Earthquake Networks Center. Strike, dip, and rakes of nodal A and nodal B are

from Harvard University
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period of 1900–2014. 29 out of these 83 earthquakes

occurred after 1970 in the selected region, and 21 out

of the 29 quakes occurred in the Chinese territory

boundary. The algorithm of PI requires a reference

time interval from tb to t1 (initial time t0 = 1970 in

our study, and tb lies between t0 and t1), and a change

interval from t1 to t2 (t2 [ t1). The forecasting

interval is from t2 to t3, where t3 should be the year

2014 or before in our retrospective study. Therefore,

the earthquakes that occurred during the interval from

t1 to t2 could be used for the retrospective study, and

those that occurred during the interval from t2 to t3

could be used for the test of the predictability of PI

forecasting method. For example, if the forecasting

interval from t2 to t3 is 10 years, then those large

earthquakes that occurred during 2005–2014 could be

employed for the test. In general, t1–t0 should be

much longer than t2–t1 to retain the higher robustness

of the results. According to China Earthquake

Networks Center (CENC), there were five M C 7.0

earthquakes that occurred in the selected region

during 2005–2014 as shown in Fig. 2 and listed in

Table 2.

3.3. The Monitoring Ability and Completeness

of Earthquake Catalogue

in and near the Tibetan Plateau

In 1970s and 1980s, earthquakes less than

ML4.5 could not be recorded completely in the

western Continental China when evaluated by

Gutenburg-Richter law, which was mainly caused

by the lower monitoring ability in the Tibetan

Plateau at that time (Zhang et al. 2013). With the
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Large earthquakes with M C 7.0 that occurred in and near the Tibetan Plateau during 1900–2014
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gradual advancement in China Seismic Network,

the lower cutoff of complete earthquake catalogue

in this region reached to ML4.0 since (Zhang et al.

2013). By now, the advanced China Digital Seis-

mic Network is able to record all earthquakes

larger than ML3.0 in and near the Tibetan Plateau1

(Fig. 3). In our study, we need to employ the

earthquake catalogue of the selected region over

the entire time duration from 1970 (the initial time

t0) to 2014, so the lower cutoff magnitude Mc of the

complete earthquake catalogue in and near the

Tibetan Plateau should be ML4.5.

Figure 4 shows the distribution map of earth-

quakes larger than ML4.5 recorded by China Seismic

Network during the period from 1970 to 2014. From

this figure, we can see that the recorded earthquakes

cover the territory belonging to China and its

neighborhood. The complete earthquake catalogue

with lower cutoff of ML4.5 could meet the require-

ment of the retrospective study to test the

predictability of PI method for the recent large

Table 2

Forecasting efficacy Ef of PI for seven forecasting windows

Forecasting

window

2001–2008

(Fig. 5a)

2002–2009

(Fig. 5b)

2003–2010

(Fig. 5c)

2004–2011

(Fig. 5d)

2005–2012

(Fig. 5e)

2006–2013

(Fig. 5f)

2007–2014

(Fig. 5g)

Ef � 0:5 0.43 0.39 0.39 0.46 0.43 0.42 0.38

Figure 3
Map of seismic monitoring ability in and near Continental China (Provided by the Department of China Seismic Network, CENC. Contact:

huangzhibin@seis.ac.cn)

1 Provided by the Department of China Digital Seismic Net-

work, CENC. Contact: huangzhibin@seis.ac.cn.
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earthquakes in this region covered by the recorded

earthquakes. From Fig. 4, we see that some of the

earthquakes outside the Chinese territory boundary

could not be covered by the complete earthquake

catalogue recorded by Chinese Seismic Network;

these earthquakes could not be employed as the

target earthquakes for the test in our study due to

lack of data or incomplete catalogue.

4. The Computing Parameters for the Test

Computing parameters of PI algorithm include (1)

the scale of the grid in the selected region, say the

length Dx of the grid, and the number NB of the grids;

(2) the time nodes for determining the beginning time

tb, the reference time interval from tb to t1, change

time interval from t1 to t2, and the forecast time

interval from t2 to t3; (3) lower cutoff magnitude Mc

of the complete earthquake catalogue; and (4) the

threshold of logDPiðt0; t1; t2Þ=DPmaxðt0; t1; t2Þ.
Although the results of ROC test show that the PI

method outperforms not only the random guess

method but also the simple number-counting

approach based on the clustering hypothesis of

earthquakes (the RI forecast) (Rundle et al.

2000a, b, 2002, 2003; Tiampo et al. 2002a, b; Holl-

iday et al. 2005, 2006a), the proper parameters will

improve the efficacy of the hotspot map in earthquake

forecasting. Zhang et al. (2013) tested the forecasting

efficacy of the PI method applied to the Wenchuan

M8.0 and Yutian M7.3 earthquakes in West Conti-

nental China in 2008 by fixing tb(June 1, 1970) and

t3(June 1, 2008) under different values of t1, t2, and

Dx, and the results of the ROC test and R score test

show that the models with forecasting intervals of

8–10 years under grid size of Dx = 1� and those with

forecasting intervals of 7–10 years under grid size of

Dx = 2� are better. In order to test if the these

parameters also work well for the succeeding earth-

quakes during 2009–2014 in western China mainland

after Wenchuan M8.0 earthquake, all actually

occurring in the Tibetan Plateau, we select the square

region of (21.0�–41.0�N, 74.0�–106.0�E) including

the Tibetan Plateau for the study. The grid size of

Dx = 1.� This means the total number of grids is 640.

The forecasting interval from t3–t2 = 8 years. tb is

fixed to January 1, 1970. In order to keep the target

earthquakes during 2008–2014 in the forecasting

interval t3–t2, t3 changes from January 1, 2008 to

December 31, 2021 with the moving step of

12 months, and t2 changes from January 1, 2001 to

December 31, 2008 with the moving step of

12 months. According to the hypothesis of t3–

t2 = t2–t1(Holliday et al. 2005), t1 changes from

January 1, 1993 to January 1, 2001. According to our

hypothesis that earthquakes with magnitudes larger

than Mc ?2.0 will occur preferentially in hotspots

during the forecast time interval t2 to t3, the cutoff

magnitude Mc is chosen to be 5.0 to forecast the

future M7.0 and above earthquakes. The threshold of

logDPiðt0; t1; t2Þ=DPmaxðt0; t1; t2Þ is chosen to be

-0.6 to determine the number of hotspots according

to the previous work (Zhang et al. 2013).

5. Results of Retrospective Tests

for the Predictability of PI Method

5.1. PI Patterns and the Target Earthquakes

Base on the above computing parameters, the

forecasting hotspot maps with forecasting interval of

8 years and moving time step of 12 months were

obtained. Figure 5 shows 14 PI hotspot maps. The first

one is with the forecasting interval t2 = Jan 1, 2001 to

t3 = Dec 31, 2008, and the last one is with the

forecasting interval from t2 = Jan 1, 2014 to t3 = Dec

31, 2021. Earthquakes that occurred during each

forecasting interval were also dotted in the maps.

1. Yutian M7.3 and Wenchuan M8.0 earthquakes in

2008.

These two earthquakes were covered by eight PI

forecasting intervals, as shown in Fig. 5a–h. For

Yutian M7.3 earthquake, it occurred in the inter-

section of Altyn-Tagh and the Kunluns,

northwestern boundary of the Tibetan Plateau

(Fig. 1). Yutian M7.3 earthquake dropped in a

hotspot or its Moore neighborhood grids (the eight

grids surrounding the hotspot grid are defined as

the Moore neighborhood (Moore 1962)) in each

succeeding forecasting interval (Fig. 5a–h). This

means that Yutian M7.3 could be forecasted by PI

method. For Whenchuan M8.0 earthquake, it

2418 Y. Zhang et al. Pure Appl. Geophys.



occurred in the Longmenshan Faults, at the eastern

boundary of the Tibetan Plateau (Fig. 1). Hotspot

only existed in the epicenter grid during the

forecasting interval from January 1, 2008 to

December, 2015 (Fig. 5h). That is to say that

Wenchuan M8.0 could be forecasted in only one

forecasting interval among the total of eight such

ones.

2. Yushu M7.1 earthquake in 2010.

Yushu M7.1 earthquake occurred in the central

area of the Tibetan Plateau (Fig. 1). This earth-

quake was covered by eight forecasting intervals,

as shown in Fig. 5c–j. Hotspots existed in the

epicenter grid in three forecasting intervals as

shown in Fig. 5d–f, and existed in the Moore

neighborhood grids in the forecasting interval as

shown in Fig. 5j. Therefore, this earthquake could

also be forecasted by the PI method.

3. Lushan M7.0 earthquake in 2013.

Lushan M7.0 earthquake also occurred in the

Longmenshan Faults, eastern boundary of the

Tibetan Plateau (Fig. 1). It is located about 80 km

southwest from the Wenchuan M8.0 earthquake.

This earthquake was covered by eight forecasting

intervals, as shown in Fig. 5f–m. Hotspots existed

in the epicenter grid or the Moore neighborhood

grids in four forecasting intervals as shown in

Fig. 5h, j, k, m. Therefore, this earthquake could

also be forecasted by the PI method.

4. Yutian M7.3 earthquake in 2014.

This earthquake occurred about 100 km northeast

from the Yutian M7.3 earthquake in 2008 (Fig. 1).
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Figure 5
Hotspot maps of each forecasting interval with the threshold possibility of log10ðDPiðt0; t1; t2Þ=DPmaxðt0; t1; t2ÞÞ ¼ �0:6. The blue circles

denote the positions of target earthquakes that occurred during the forecasting intervals

2420 Y. Zhang et al. Pure Appl. Geophys.



This earthquake was covered by eight forecasting

intervals, as shown in Fig. 5g–n. Hotspots existed

in the epicenter grid or the Moore neighborhood

grids in seven forecasting intervals as shown in

Fig. 5g, h, j–n. Therefore, this earthquake could

also be well forecasted by the PI method.

From Fig. 5, we see that, following Zhang’s

tested computing parameters (Zhang et al. 2013), all

of these five large earthquakes could be forecasted by

the PI method in different degrees. The Yutian M7.3

earthquake could be forecasted very well with the

consistent appearance of the hotspot in the epicentral

grid or the Moore Neighbor grids in the succeeding

time forecasting intervals. However, the Wenchuan

M8.0 earthquake could be forecasted in only one

forecasting interval.
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continued
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From Fig. 5, we also see that there are many

hotspots without large earthquakes; theses are false

alarms. Further some earthquakes did not occur in the

hotspot grid or in the Moore neighborhood grids.

Therefore, we need to evaluate the efficacy of the PI

method by some kind of quantitative test. Here, we

employ the Receiver Operating Characteristic-ROC

(Swets 1973; Molchan 1997) test as Rundle et al.

(2000c, 2003), Tiampo et al. (2002c) and Holliday

et al. (2005) did. We also employ the R score

evaluation method proposed by Xu et al. (1989) and

Shi et al. (2000). The evaluation results are as follows.

5.2. Retrospective Evaluation for the Predictability

of PI Method by ROC Test

ROC test is conducted by systematically changing

the ‘alarm threshold’ of the ‘forecast region’ and

counting the ‘hit rate’ and ‘false alarm rate’ compared

with real earthquake activity. The ‘alarm threshold’ here

is the cutoff value of log10ðDPiðt0; t1; t2Þ=DPmax

ðt0; t1; t2ÞÞ. Following Rundle et al. (2000c, 2003),

Tiampo et al. (2002) and Holliday et al. (2005), we

define that: during the forecast interval from t2 to t3, if

an earthquake larger than M7.0 occurs in a hotspot grid

or within the Moore neighborhood of the grid, this is a

success. If no earthquake occurs in a non-hotspot grid,

this is also a success; If no earthquake occurs in a

hotspot grid or within the Moore neighborhood of the

hotspot grid, this is a false alarm; If earthquake occurs

in a grid, which is not hotspot grid or the Moore

neighborhood of the hotspot grid, this is a failure to

forecast.

According to the above definitions, we can obtain

the values a (Forecast = yes, Observed = yes), b

(Forecast = yes, Observed = no), c (Forecast = no,

Observed = yes), and d (Forecast = no, Obser-

ved = no), respectively, for the hotspot maps. The

fraction of colored grids, also called the probability of

forecast of occurrence, is r ¼ ða þ bÞ=N, where the

total number of grids is N ¼ a þ b þ c þ d. The hit

rate is H ¼ a=ða þ cÞ and is the fraction of large

earthquakes that occur on a hotspot. The false alarm

rate is F ¼ b=ðb þ dÞ and is the fraction of non-

observed earthquakes that are incorrectly forecast.

For each forecasting interval, we obtain the PI

hotspot maps under different thresholds of

log10ðDPiðt0; t1; t2Þ=DPmaxðt0; t1; t2ÞÞ; here

DPiðt0; t1; t2Þ is from 0 to DPmaxðt0; t1; t2Þ. Then we

calculate the hit rate and false rate of each hotspot

map under different thresholds according to the

above-mentioned method.

For example, Fig. 6 shows the diagrams of ROC

test for forecasting interval from Jan 1, 2004 to Dec

31, 2011. This figure shows that no matter how the

threshold changes, Hit rate is always greater than

False alarm rate. That means PI method outperforms

the random forecast definitely.

In order to evaluate the degree of forecast efficacy

of each forecasting interval quantitatively, we define

a parameter Ef as follows (Zhang et al. 2013):

Ef ¼
X

i

Hi � DFi ð1Þ

where Hi denotes the hit rate associated with the false

alarm rate Fi. The essence of Ef is the area sur-

rounded by the curve of HðFÞ, the line of H = 0, and

the line of F = Fmax. Here Fmax is the false alarm rate

under the threshold of DPiðt0; t1; t2Þ ¼ 0. If the hit

rate is bigger under the same False alarm rate, the

parameter Ef is bigger; hence, the forecast efficacy

could be determined by Ef . The bigger value of Ef

means higher forecast efficacy.
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Figure 6
ROC test for forecasting interval from Jan 1, 2004 to Dec 31, 2011.

Hit rates and false rates are calculated by changing the threshold

possibility DPiðt0; t1; t2Þ from 0 to DPmaxðt0; t1; t2Þ
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We only test the forecasting maps of Fig. 5a, b,

c, d, e, f, g because the ending time of the

forecasting intervals shown in Fig. 5i, j, k, l, m has

yet to reach completion. Although the ending time

of the forecasting interval in Fig. 5h has reached

completion, we did not perform the test because the

Nepal M8.1 earthquake (28.3�N, 84.7�E) that

occurred on April 25, 2015 was very near the

Chinese territory boundary, and we need to do

further study to verify if this quake could be taken

as a target earthquake.

According to the definition of Ef , when Ef - 0.5

is positive, the forecasting of PI method will outper-

form the random guess method. The values of the

Ef - 0.5 corresponding to the seven forecasting

intervals shown in Fig. 5a–g are listed in Table 2,

respectively. All these values are positive, which

means PI forecasting efficacy under the selected

parameters is stable during different forecasting

intervals.

5.3. Retrospective Evaluation for the Predictability

of PI Method by R Score Test

Xu et al. (1989) developed an evaluation method

for the efficacy of earthquake forecast method in

China, the so-called R score. Shi et al. (2000)

developed the algorithm of R score for testing the

annual potential seismic hazard regions forecasted by

China Earthquake Administration (CEA). Compared

with the ROC test, ‘‘the Moore neighborhood’’ is not

considered in the R score test, that is to say that, during

t2–t3, if an earthquake lager than M7.0 occurs in a

hotspot grid, this is considered a success; If no

earthquake occurs in a non-hotspot grid, this is also

considered a success; If no earthquake occurs in a

hotspot grid, this is considered a false alarm; If

earthquake occurs in a grid, which is not hotspot grid,

this is considered a failure to forecast. So R score test

is more rigorous than ROC test.

According to the above definitions, values a (Fore-

cast = yes, Observed = yes), b (Forecast = yes,

Observed = no), c (Forecast = no, Observed = yes),

and d (Forecast = no, Observed = no) are obtained for

the hotspot map. The hit rate is H ¼ a=ða þ cÞ. The

false alarm rate is F ¼ b=ðb þ dÞ. R score = H - F.

The R scores corresponding to the seven fore-

casting intervals (Fig. 5a–g) are listed in Table 3,

respectively. The average value of R scores in the

seven forecasting intervals is about 0.36. Positive

R score means the forecasting efficacy outperforms

the random guess method (Shi et al. 2000). The

results in Table 3 show that the PI method outper-

forms the random guess method.

6. Discussions

6.1. Are the Computing Parameters Reasonable?

The computing parameters in this study were

selected from the previous work on Wenchuan M8.0

and Yutian M7.3 earthquakes (Zhang et al. 2013).

Based on the systematic verification of different

models with different forecasting intervals and

different grid scales by ROC and R score tests,

Zhang et al. (2013) regarded that the forecasting

intervals of 8–10 years under grid size Dx = 1� and

those with forecasting intervals of 7–10 years under

grid size Dx = 2� are better. Our retrospective study

verifies that these parameters also work very well for

the succeeding Yushu M7.1, 2010; Lushan M7.0,

2013, and Yutian M7.3, 2014 earthquakes. So the

computing parameters in this study are reasonable for

all these five large earthquakes. However, the rela-

tionship between the grid size of PI and the critical

seismogenic size (e.g., Bufe and Varnes 1993) or the

Table 3

R scores of PI forecasting map for seven forecasting windows

Forecasting

Window

2001–2008

(Fig. 5a)

2002–2009

(Fig. 5b)

2003–2010

(Fig. 5c)

2004–2011

(Fig. 5d)

2005–2012

(Fig. 5e)

2006–2013

(Fig. 5f)

2007–2014

(Fig. 5g)

R score 0.24 0.36 0.24 0.54 0.53 0.39 0.21
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rupture scale (e.g., Kanamori and Anderson 1975) is

an issue that needs to be studied in the future. More

earthquake cases need to be studied to achieve a solid

conclusion.

6.2. What else will Affect the Hotspot Pattern?

In addition to the computing parameters we

considered in this study, the selected range for study

might be a factor to affect the hotspot pattern. The

Tibetan Plateau is included in the western China

Mainland. We compared the hotspot patterns under

the same computing parameters in Tibetan Plateau

region and Western China Mainland region (Zhang

et al. 2013), and found that the patterns are different

for Wenchuan M8.0 earthquake. This is caused by the

algorithm of PI method that all grids are considered

for calculation. Further study needs to be carried out

to include the effects by the range of the selected

region.

6.3. Need we Use the Original Earthquake

Catalogue or De-clustered Catalogue

for Forecasting Map?

Aftershocks occupy a significant proportion of

the total number of earthquakes, especially during

the period with large earthquake sequences. Jiang

and Wu (2011) de-clustered the catalogue of the

Sichuan-Yunnan region of southwest China by the

epidemic-type aftershock sequences (ETAS) model

and investigated the effects of de-clustering on the

PI forecasts. Their results showed that PI forecasts

seem to be affected by the aftershock sequence

included in the ‘‘anomaly identifying interval,’’ and

the PI forecast using ‘‘background events’’ seems

to have a better performance. Further study

regarding the influence of the aftershock sequences

on the PI forecasting map needs to be conducted in

the future.

7. Conclusions and Prospects

In this paper, the Tibetan Plateau (included in the

region of 21�–41�N, 74�–106�E) was taken as the

study region to verify the predictability of the PI

method by the receiver-operating characteristic

(ROC) test and R Score test. The results show that

1. Successive obvious hotspots occurred in the

sliding forecasting intervals before four of the

five earthquakes, while hotspots only occurred in

one forecasted interval without successive evolu-

tion process before one of the five earthquake,

which indicates four of the five large earthquakes

could be forecasted well by PI method;

2. Test results of the Predictability of PI method by

ROC and R score show that positive prospect of PI

method could be expected for long-term earth-

quake forecast.

The effects of changeable selected regions, grid

sizes, and de-clustering of catalogue were not con-

sidered in our current study, and they will be

examined in the future. The future study is suggested

to work out the proper parameters to keep the PI

pattern stable and make the forecasting map the most

optical.
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