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Abstract. Forecast verification procedures for statistical events with binary outcomes
typically rely on the use of contingency tables and Relative Operating Characteristic
(ROC) diagrams. Originally developed for the statistical evaluation of tornado forecasts
on a county-by-county basis, these methods can be adapted to the evaluation of competing
earthquake forecasts. Here we apply these methods retrospectively to two forecasts for the

m = 7.3 1999 Chi-Chi, Taiwan, earthquake. We show that a previously proposed forecast



method that is based on evaluating changes in seismic intensity on a regional basis is

superior to a forecast based only on the magnitude of seismic intensity in the same region.

Our results confirm earlier suggestions that the earthquake preparation process for events

such as the Chi-Chi earthquake involves anomalous activation or quiescence, and that

signatures of these processes can be detected in seismicity data using appropriate methods.
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1. Introduction: Earthquake Forecast and Its Verification

Earthquake forecasting is an emerging science under active development by a

number of groups (Rundle et al., 2000a; 2002; 2003; Tiampo et al., 2002a; 2002b; Huang

et al.,, 2001; Keilis-Borok, 2002; Wyss, 1997; 1998; Wyss and Wiemer, 2000;

Schorlemmer and Wiemer, 2005; Gerstenberger et al., 2005). Researchers have studied a

wide variety of proposed earthquake forecast algorithms that were developed with the goal

of detecting possible signatures of future earthquakes. In many cases, the proposed

anomaly is precursory seismic activation or quiescence. For example, a series of statistical

algorithms (M8, MSc, CN etc.) for intermediate-term earthquake predictions, based

primarily on seismic activation, have been developed by the Russian group under the

direction of V. Keilis-Borok (Keilis-Borok, 2002). Since the mid 1980s, this group has

regularly issued earthquake alarms for one or more regions with diameters of up to 500



km. The alternative hypothesis, precursory seismic quiescence (Wyss, 1997; 1998; Wyss

and Wiemer, 2000), suggests that a decrease in seismicity rate might be a precursor to a

forthcoming, major earthquake. An increasingly popular software package ZMAP is

designed to detect seismic quiescence.

Another recently proposed algorithm (Rundle et al., 2000a; 2002; 2003; Tiampo et al.,

2002a; 2002Db), the pattern informatics (PI) method, detects both seismic activation and

quiescence. The physical basis of the Pl approach is the hypothesis that earthquakes are

the result of the self-organizing cooperative behavior and strong space-time correlations

arising in an interacting, driven threshold system of faults. Plate tectonic motions supply

the driving stresses, the interactions arise primarily from elasticity, and nonlinear damage

and friction physics lead to the failure thresholds. Application to Southern California

seismicity data suggests that the Pl method shows considerable promise as a technique for

intermediate-term (3-10 years) forecasts of the locations of future large mainshocks and

their aftershocks.

Also, another type of probabilistic earthquake forecast has recently been developed

by the US Geological Survey (Gerstenberger et al., 2005). This method is based on

applying the Omori law of aftershock decay, the Gutenberg-Richter magnitude frequency

relation, and observations of peak ground acceleration following large earthquakes. Using

a web-based interface, real-time forecasts of ground shaking for the next 24 hours,

everywhere in California, are computed on a real-time basis following the occurrence of



every earthquake having a magnitude larger than m = 3. In this method, the largest ground

accelerations will be forecast in the 24 hours after the ground shaking associated with the

largest earthquake has subsided.

A critical element of a successful forecast methodology is the establishment of

forecast verification procedures. Currently, forecasts of earthquake occurrence are verified

using either a statistical maximum likelihood (ML) procedure (Kagan and Jackson, 2000),

or by means of Molchan’s error diagram (Molchan, 1997).

An essential ingredient in the ML procedure is that the ML test compares the

candidate forecast to a forecast from a null hypothesis. The ML test tends to reward

successful forecasts and to penalize (strongly) failures-to-predict and (weakly) false

alarms. The ML test is now accepted as the standard method of testing earthquake

forecasts, which are most often retrospective forecasts (“retro-diction”). However one

serious drawback for this procedure is that, if for some reason a large event fails in

prediction, the ML test indicates complete failure of the candidate forecast. As an example,

consider a forecast that is perfect for 99 earthquakes, but which completely fails to

forecast the 100th event. This forecast will score as a complete failure on the ML test,

despite the clear fact that the forecast provides considerable useful information. The

typical remedy for this problem is to assume a background probability, thus creating

opportunities for the inclusion of bias into the statistical test procedures. We believe that

the goal of a forecast verification process is to determine the quantity and quality of



information provided by a proposed forecast method (Joliffe and Stephenson, 2003).

Alternatively, a Relative Operating Characteristic (ROC) diagram (Joliffe and

Stephenson, 2003; Drton et al., 2003) is used to evaluate the quality of the forecasts for

single earthquakes within a given time duration, a given spatial region, and within a given

magnitude interval. The ROC diagram considers the fraction of failures-to-predict and the

fraction of false alarms. This method evaluates the performance of the forecast method

relative to random chance by constructing a plot of the fraction of failures to predict

against the fraction of false alarms (Molchan, 1997; Keilis-Borok, 2002) for an ensemble

of forecasts. Molchan (1997) has used a modification of this method to evaluate the

success of intermediate term forecasts.

The ROC diagram has a long history, over 100 years, in the verification of tornado

forecasts (Joliffe and Stephenson, 2003; Drton et al., 2003). These forecasts take the form

of multiple tornado events during the same time interval with each event having a binary

set of possible outcomes. For example, during a given time window of several hours

duration, a forecast is issued in which a list of counties is given, in each of which it is

stated that one or more tornadoes will or will not occur. A 2x2 contingency table is then

constructed whose top row represents the counties in which tornadoes are forecast to occur,

and whose bottom row represents counties in which tornadoes are forecast not to occur.

Similarly, the left column represents counties in which tornadoes were actually observed

to occur, and the right column represents counties in which no tornadoes were observed.



With respect to earthquakes, the forecasts are being developed that take exactly this

same form (Rundle et al., 2000a; 2002; 2003; Tiampo et al., 2002a; 2002b). A time

window is proposed during which the forecast of large earthquakes having a magnitude

above some minimum magnitude is considered valid. An example might be a forecast of

earthquakes larger than m = 5 during a period of 5 or 10 years duration. A map of the

seismically active region is then completely covered (“tiled”) with “pixels” of two types:

pixels in which the epicenters of at least one large earthquake are forecast to occur, and

pixels in which large earthquakes are forecast not to occur. In other types of forecasts,

large earthquakes are given some continuous probability of occurrence from 0% to 100%

in each pixel, but these types of forecasts can also be converted to the binary type by

application of a level value or threshold. Pixels having a probability below the threshold

are then assigned a forecast rating of non-occurrence during the time window, and pixels

having a probability above the threshold are assigned a forecast rating of occurrence, or

success. A high threshold value may lead to many failures to predict (events that occur

where no event is forecast), but few false alarms (an event is forecast at a location but no

event occurs). The level at which the threshold is set is then a matter of public policy

specified by emergency planners, representing a balance between the prevalence of

failures to predict and false alarms.

Our procedure proposed in this paper provides a means of evaluating the

effectiveness of such binary forecasts of multiple earthquake occurrence during the time



window. For example, we consider the seismicity in the Taiwan region leading to the m =

7.3, September 21, 1999 Chi-Chi earthquake. This event (Fig. 1) was the largest

earthquake to occur in Taiwan in the 20th century. Chen (2003) investigated the

accelerating activity of moderate-sized earthquakes before the Chi-Chi earthquake and

pointed out that seismic activation of earthquakes with magnitudes larger than 5 began at

the end of 1993, lasting about 6 years up to the mainshock (Fig. 3 in Chen, 2003).

Examination of the frequency-magnitude statistics in the years prior to the earthquake

indicates that three distinct stages can be identified. The first stage represents a typical

Gutenberg-Richter scaling relation. In the second stage, seismic activation of

moderate-sized earthquakes (m > 5) occurs, while in the third stage, the observations

indicate a hybrid of seismic quiescence for small events (m < 5) and activation for

moderate events. In the context of the self-organizing spinodal model of earthquake fault

systems (Rundle et al.,, 2000b), the time evolution of the frequency-magnitude

distributions of earthquakes in Taiwan before the Chi-Chi mainshock represents an

example of mixed seismic activation and quiescence.

2. Binary Earthquake Forecasts: Historic Intensity and Pattern Informatics

To illustrate this approach to earthquake forecast verification, we constructed two

types of retrospective binary forecasts for the region of Taiwan in the years leading up to

the Chi-Chi event (see Appendix for details). We refer to the first type of forecast as a



relative intensity (RI) forecast. In such a forecast, the study region is tiled with boxes, or
pixels of size .1°x.1°. The number of earthquakes with magnitude m > 3.4 in each box
down to a depth of 20 km is determined over the time period from January 1987 to June
1999. The RI score for each box-volume is then computed as the total number of
earthquakes in the time period divided by the value for the box-volume having the largest
value. The RI values are treated as a non-normalized probability density, which is then
integrated and normalized to the value 1 over the active area. A threshold value in the
interval (0, 1) is then selected. Large earthquakes having m > 6 are then considered
possible only in boxes having an RI value larger than the threshold. The remaining boxes
with RI scores smaller than the threshold represent sites at which large earthquakes are
forecast not to occur. The physical justification for this type of forecast is that large
earthquakes are considered most likely to occur at sites of high seismic activity.

A second type of forecast is computed by the PI method (Rundle et al., 2000a; 2002;
2003; Tiampo et al., 2002a; 2002b) and its recent modifications. The seismically active
region is again tiled with pixels of size .1°x.1° and the seismicity to a depth of 20 km is
determined. For the basic PI method, the Pl score is computed by considering pairs of
relative intensity maps, in which the maps have been normalized to have the same
statistics. An average over all such pairs of maps is taken in order to suppress the effects of
random fluctuations. The result is squared and again treated as a probability density, then

integrated and normalized to 1 as before. The physical justification for this procedure is



that large earthquakes are considered most likely to occur at sites having both high seismic

activity and a high rate of change, either an increase or decrease in activity.

In this paper, we introduce three simple modifications of the PI map, called here the

PI1-XM map (please refer to Appendix for details). The first modification is that only the

most-active X% = 30% of the pixels having events with m > 3.4 are used in the PI analysis.

The second modification is that in computing the PI-XM map, the seismicity is averaged

over the pixel and the 8 surrounding pixels comprising its Moore neighborhood (Wolfram,

2002). Under this more general nomenclature, the forecast map shown below would be

termed a P1-30M map, and the original PI method would be termed a PI1-100 map. The

third modification is that for de-emphasizing the influence of the very active regions, a

temporal normalization of seismicity rate changes is implemented in the PI analysis.

In Figure 2 we show forecast maps obtained from the RI score and P1-30M score for

the Taiwan region during the interval from January 1987 to June 1999. For the P1-30M

map, average change in seismicity rate is computed over the time period from November 1

1993 to June 30 1999, representing forecasts of likely locations of multiple large events

over the time period from July 1 1999 to 2005 (Rundle et al., 2000a; 2002; 2003; Tiampo

et al., 2002a; 2002b). Threshold values of 0.292 in the Rl map and 0.492 in the PI-30M

map are chosen, which generate the same numbers of hotspot pixels in both maps.

With these values, it can be seen from the PI-30M map that the epicentral area of the

Chi-Chi mainshock is located in a connected cluster of hotspot pixels, while no such



signature appears on the Rl map. The occurrence of the Chi-Chi mainshock, and the
location of its epicenter, was unanticipated by seismologists in Taiwan, since large
earthquakes had occurred for the most part in eastern Taiwan and offshore. Central
Taiwan had been relatively inactive with respect to large earthquakes, inasmuch as the
area had not experienced a large destructive event since 1935, when the m = 7.1

Hsinchu-Taichung earthquake (120.8°E & 24.4°N) occurred.

3. Forecast Verification: Contingency Table and ROC Diagram

The first step in our analysis is the construction of the 2x2 contingency tables for the
P1-30M and RI forecast maps. The hotspot pixels in each map represent the forecast
locations. A hotspot pixel upon which at least one large future earthquake during the
forecast period occurs is counted as a successful forecast. A hotspot pixel upon which no
large future earthquake occurs during the forecast period is counted as an unsuccessful
forecast, or alternately, a false alarm. A white pixel upon which at least one large future
earthquake during the forecast period occurs is counted as a failure to forecast. A white
pixel upon which no large future earthquake occurs during the forecast period is counted
as a successful forecast of non-occurrence.

Verification of the PI-30M and RI forecasts proceeds in exactly the same way as for
tornado forecasts. For a given number of hotspot pixels, which is controlled by the value
of probability threshold in each map, the contingency table (Table 1) is constructed for
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both PI-30M and RI maps. Values for the table elements a (Forecast = yes, Observed =
yes), b (Forecast = Yes, Observed = no), ¢ (Forecast = no, Observed = yes), d (Forecast =
no, Observed = no) are obtained for each map. The hit rate is H = a/(a+c), which is the
fraction of large earthquakes that occur on a hotspot. The false alarm rate is F = b/(b+d),
which is the fraction of non-observed earthquakes that are incorrectly forecast.

To analyze the information in the PI-30M and RI maps relative to the benchmark
forecast, which is typically considered to be a random forecast RAN, the standard
procedure (Joliffe and Stephenson, 2003) is to consider all possible forecasts together,
which are obtained by increasing F from 0 (corresponding to no hotspots on the map) to 1
(all active pixels on the map identified as hotspots). The result is Figure 3, which shows an
ROC diagram a plot of H against F for the PI-30M map (red) and RI map (blue). The
diagonal black line is the corresponding random forecast RAN, H = F. It can be seen that
the PI-30M map outperforms the RI and RAN map at all values of F. A means of
quantifying the relative performance of the test forecast St(F) relative to a benchmark
forecast Sg(F) as the false alarm rate F is varied is the skill score Syg(F) (Joliffe and

Stephenson, 2003):

Hy (F)— H, (F)

1_HB(F) (1)

Sre(F)=

Skill scores for the PI-30M map relative to the RAN map, Spi-zom.ran(F), and for the
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Rl map relative to the RAN map, Sri,ran(F), were computed. We defined the gain in

forecast skill Gp.3om ri(F) of the PI-30M map relative to the Rl map as:

SP’I—:’,OM,RAN (F) _1

SRI,RAN(F) (2)

GPI—3OM,RI (F) =

In Figure 3 the green line represents Gp.3omri(F). It can be seen that Gpj.3omri(F) can be
larger than 5. The average gain <GPI—3OM,RI> over the interval fromF =0to F=0.29 is
53%. The analysis indicates that the P1-30M map is substantially better at locating the

sites of future large earthquakes than the Rl map.

4. Discussion: The Role of Fluctuations in Seismicity Rates

It is known from many laboratory observations that earthquake occurrence is
associated with a high level of stress on the fault (Wiemer and Wyss, 1994; Hainzl et al.,
2000; Rundle et al., 2000b; Huang et al., 2001; Chen, 2003; Keilis-Borok, 2002; Wyss,
1997; Wyss and Martirosyan, 1998; Wyss and Wiemer, 2000). Ideas relating to anomalous
changes in seismicity rates prior to a major earthquake have been frequently proposed and
widely discussed in the literature, taking the form of either precursory quiescence or
precursory activation (Wiemer and Wyss, 1994; Hainzl et al., 2000; Rundle et al., 2000b;
Huang et al., 2001; Chen, 2003; Wyss, 1997; Wyss and Martirosyan, 1998; Wyss and
Wiemer, 2000; Wyss and Habermann, 1988; Jaume and Sykes, 1999). The phenomenon of
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precursory seismic activation or quiescence before the Chi-Chi earthquake has been

examined from the twin perspectives of both time scales and spatial scales.

These observations have led to the question of whether increasing stress levels prior

to major earthquakes are associated more with the intensity of seismic activity, or

alternatively with changes in seismicity rate. Changes in seismicity rate are essential to the

earthquake population, expressed by the well-known Omori’s law for the decay of

aftershock rate. More recently, it was also found that changes in rate of foreshock activity

may be fitted with a function of that form, the inverse Omori’s law (Shaw, 1993; Ziv,

2003).

It has been proposed that a correlation exists between stress level in the Earth’s crust

and time rate of change of seismic activity (Fig. 3 in Stein, 1999; Fig. 5 in Toda et al.,

2002), rather than between stress level and the intensity of seismic activity. Our results,

that the PI-30M map is a substantially better indicator of future earthquake locations than

is the RI map, provide strong support for the hypothesis that earthquake occurrence is

associated with changes in activity rather than with the intensity of activity.
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Appendix: New Modified PI Method

The detailed procedures of a new modified Pl method are described in the following:

1. The region of interest is divided into a grid of Ng square boxes with linear

dimension AXx.

2. All earthquakes in the catalog to be used are included, consistent with the

requirement of catalog completeness. The latter implies that a lower cutoff magnitude m

must be used to ensure statistical uniformity of the data.

3. Four times are defined: i) to: the time at which the calculation begins, data before

to would not be used in PI calculation. ii) t;: the beginning of the time interval over which

changes will be computed. iii) t,: the end of the time interval over which changes will be

computed. iv) t,: a time shifted between t, and t; that will be used for normalizing to

eliminate the strong effect due to a large number of bursting aftershocks occurred at some

sites during t; to t; and averaging to reduce random fluctuations due to noise as well.

4. In any given region of Ng total boxes, a subset N, < N, of the boxes will

typically contain at least one earthquake with m > m. during the time interval t, to ts.

These Na boxes comprise the “active boxes”. It is also possible that for de-noising the PI

map, only the most-active X%, say 30%, of the boxes having events with m > m, are

considered in the next steps.

5. The seismic rate function I(t,, t) of a box is defined as the average number of

earthquakes with magnitudes greater than m. that occur in the box centered at x; and its

18



Moore neighbor boxes per unit time during a specified time interval [t,, t], t = t; or t,.
Consequently, a seismic rate change in I(t,, t) at x; over the change interval [t;, to] is
computed, Al(X;, ty, t1, t2) = 1(X, th, t2) - 1(Xi, tp, t1). Simply Al(x;, t,) may denote Al(X;, t,, t1,
to), since t; and t, are fixed throughout the PI calculation.

6. At a given site x;, the temporal average m of function Al(x;, tp) and its

standard deviation o, (x;) are taken over all ty:

1 n(t,)

8 ;AI (X t,) (A1)

Jn(zt“[m (%1, )~ AT (R)T
o, (%)= kL \/Ttb) (A2)

where n(ty) is the number of t,. A “temporally” normalized rate change function Al+(x;, ty)

Al(x;) =

at a given site x; is then the difference between the seismic rate change Al(x;, t,) at x; and
the temporal mean m divided by its temporal standard deviation o, (X;). This
temporal normalization is found to be very useful for eliminating the strong effect due to a
large number of bursting aftershocks occurred at some sites during t; to t,.

7. Similarly, at a given t,, the spatial average Al (t,) of function Al(x;, t,) and its

standard deviation o, (t,) are taken over all Ng boxes:

NEOEES WINCRS (A3)

i=1

\/i[AIT (Xi ’tb) _AIT (tb)]2
Ol H= \/N_ (A4)

A “spatially” normalized function Alrs(X;, ty) is the difference between Alx(x;, t,) and the
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spatial mean m divided by its spatial standard deviation o, (t).

8. By definition, a precursor is a change in a time dependent guantity, an increase
(positive Alys(xi, tp)) or a decrease (negative Alvs(Xi, tp)) from a baseline value. Since a
preparing process of a great earthquake may experience seismic quiescence and seismic
activation, the absolute value of Alrs(x, t) is therefore taken by calculating the average of
the spatiotemporally normalized rate change function Alys(Xi, tp), in order to reduce
fluctuations due to random noise. <|Alts(x;)|> is computed by averaging |Al+s(xi, tp)| over
all possible values of ty,, from t, to t;.

9. Finally, the probability of an event occurring within a box P(x;) is defined as the
square of <|Alrs(X;)|>, i.e. P(x;) = <|Alts(x;)|>. They also defined the mean 4, of P(xi) over
all boxes. 4, can then be considered to be the average background probability for a large
event. In the Pl maps, the change in probability AP(x;) = <|Als(x)|>? - 4, Was then color

coded and plotted.
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Table Caption

Table 1. Contingency table corresponding to the RI and PI-30M forecast maps

shown in Fig. 2. Each pixel is categorized as to whether it represents a hotspot pixel (a+b)

or a white pixel (c+d). An actual earthquake that occurs on a hotspot pixel is a successful

forecast of occurrence (a). No earthquake occurring on a white pixel represents a

successful forecast of non-occurrence (d). An actual earthquake that occurs on a white

pixel is a failure to predict (c). A hotspot pixel on which no earthquake occurs is a false

alarm (b).
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Figure Captions
Figure 1. Map showing the epicenters of earthquakes used in this study (dots) and the
Chi-Chi mainshock (star). The legend CLP denotes the Chelungpu fault. Thick arrow

indicates the direction of relative motion between the Eurasian and Philippine Sea plates.

Figure 2. (A) RI and (B) PI-30M maps for the Taiwan region during the interval
January 1987 to June 1999. Red pixels represent .1°x.1° boxes with RI values larger than
0.292, and with PI-30M values larger than 0.492, respectively. For the PI-30M map, t, =
January 1 1987, t; = November 1 1993, t, = June 30 1999 (please refer to Appendix for
details). The number of red pixels in both RI and P1-30M maps is 54. Large earthquakes

having m > 6.0 since June 30 1999 are denoted by blue circles.

Figure 3. Relative Operating Characteristic (ROC) diagrams for RI (blue lines, left
scale) and P1-30M (red line, left scale), and gain Gp.3omri in forecast skill (green line,
right scale) of P1-30M map relative to the RI map. The plot for the RI and P1-30M maps is
the fraction H of large earthquakes successfully forecast as a function of false alarm rate F.
Gpi-somri(F) is computed by equations (1) and (2). The average gain <GPI—30M,RI> over the
interval from F = 0 to F = 0.29 is 53%. The solid and open circles correspond to the maps

shown in Fig. 2, as summarized in Table 1.
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Table 1

Observed Yes No
Forecast
Yes (a) 4 (RI); 7 (P1-30M) | (b) 50 (RI); 47 (PI-30M)
No ©  15(RI); 12 (P1-30M) | (d) 1755 (RI); 1758 (PI1-30M)
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Figure 2
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