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中文摘要 

 

    地震預警乃利用地震發生後之初達 P 波所帶來的資訊，在破壞性的地震波尚

未到達前推估其地震規模或強度及其發生位置，並對可能發生地震災害的地區提

出警告。 本論文分為兩部份研究初達 P波在地震預警上之測試，目的在於提供地

震預警系統在實際應用上快速準確的方法。 

    第一部份研究比較及測試 cτ (平均地動週期)與 max
pτ (優勢地動週期)兩方法在

地震預警上規模預估的準確性，並著重於濾波程序對其之影響。 研究分析日本

K-NET 強震觀測網中 16 個地震矩規模 6到 8.3 之近站地震紀錄。 cτ 計算過程根據

一系列先前之研究進行一次 Butterworth 0.075Hz 高通濾波(Wu and Kananmori, 

2005a, 2005b, 2008a, 2008b; Wu et al., 2006; 2007)進而改變濾波之 pole 值。 結果

顯示 pole 值為 2時有最佳的規模預估準確性。 另一方面， max
pτ 的計算過程則依循

(Wurman et al., 2007)之研究，結果顯示規模預估誤差明顯較大。 然而改變其

濾波程序為如同 cτ 方法中所使用的 Butterworth 濾波後，顯示 pole 值為 5時結果

可以得到明顯改善。 進而平均此兩種方法所得最佳結果可以得到更為準確之規模

預估。 

    第二部份研究則選取一組裝設於一棟三層樓建築物的強地動儀陣列系統所得

之地震紀錄進行 cτ 以及Pd(初達P波三秒間之最大地動位移相之震幅)方法之測試。 

此系統 1996 年至 2006 年間所記錄之地震中，僅有規模 6.1，震央距 14.5km 之台

東地震對此建築物造成破壞，提供本研究比較破壞性與非破壞性地震之差異。研

究發現可能由於紀錄訊噪比不佳造成 cτ 方法在規模預估上並不理想。 然而此組資

料中，僅有造成破壞的台東地震之 Pd 逾 0.5 cm，此結果符合以往之研究 (Wu and 

Kanamori, 2005b,2008)。吾人研究結果顯示此例中以 Pd 門檻值做為破壞性指標

為較佳之地震預警方法，亦發現其地震儀裝設之位置未在地震預警上造成明顯差

異。 

 

關鍵字：地震、地震預警、地震災害防制、規模 
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ABSTRACT 

 

  Earthquake early warning (EEW) is to estimate the magnitude or intensity as well as 

the location of an event with the information of first several seconds of P wave, and to 

provide a warning for regions where damages are likely to occur.  This thesis is 

separated to 2 parts to test EEW methods using P wave information.  The purpose is to 

provide a quick and accurate method for practical EEW system. 

  The first part of this study compares cτ  (average ground motion period) and max
pτ   

(dominant ground motion period) methods, and emphasizes on the filtering process.  

K-net strong motion records in Japan were used, and 16 events with magnitude 6 to 8.3 

were chosen to be analyzed.  A 0.075 Hz high-pass Butterworth filter was applied for 

determination of cτ  based on our previous studies (Wu and Kananmori, 2005a, 2005b, 

2008a, 2008b; Wu et al., 2006; 2007), and the results show that using two poles in the 

filters has the best magnitude estimates.  On the other hand, max
pτ  was determined 

using Wurman et al. (2007) procedure, and the magnitude estimation was found to have 

large uncertainty.  However, adding a 0.075 HZ high-pass Butterworth filter the same 

as cτ  procedure with five poles could obviously reduce the uncertainty.  In addition, 

the best results of the two methods could be averaged to provide more accurate 

magnitude estimates. 

  In the second part of this study, records from a strong motion array sensor system 

which installs at a building of Fire Fighting Bureau of Taitung county were selected to 

examine the cτ  and Pd methods.  From 1996 to 2006, only Mw 6.1 Taitung 

earthquake with epicentral distance 14.5 km caused damage to this building.  This fact 
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provides this study to compare the difference between destructive and non-destructive 

events.  According to the results, the cτ  method doesn’t provide good magnitude 

estimation in this case probably because of the low signal to noise ratio (SNR).  On the 

other hand, only Pd of the destructive Taitung earthquake exceeds 0.5 cm which 

conforms to the results proposed by Wu and Kanamori (2005b, 2008).  Our results 

show that in this case, it is better to warn a destructive event with a Pd threshold and the 

location for the installment of seismometers doesn’t make obvious difference. 

 

Keywords: earthquake, magnitude, earthquake early warning, seismic hazard mitigation. 
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Part 1.   

A comparison of cτ  and max
pτ  for magnitude 

estimation in earthquake early warning 

 

Abstract 

 

We determined the cτ  and max
pτ  parameters from the K-NET strong motion 

records of 16 earthquakes in Japan with moment magnitude (Mw) ranging from 6.0 to 

8.3. A 0.075 Hz high-pass Butterworth filter was applied for determination of cτ  based 

on our previous studies.  It was found that different pole selections of the Butterworth 

filter lead to different uncertainty in magnitude determination.  Our results show that 

using two poles in the filters results in the best magnitude estimates i.e. minimized the 

standard deviation in magnitude determination in comparison to Mw using cτ . The 

max
pτ  parameters (Allen and Kanamori, 2003) were also determined with the same 

dataset using the Wurman et al. (2007) procedure.  It was found that max
pτ  values 

obtained from this dataset, and using the Wurman procedure, had a larger uncertainty.  

However, when a 0.075 Hz high-pass Butterworth filter with five poles was added, the 

uncertainty in max
pτ -derived magnitude estimates decreased minimizing the standard 

deviation in magnitude determination using max
pτ .  This difference in the behavior of 

cτ  and max
pτ  can be used to further reduce the uncertainty in rapid magnitude 

determination for earthquake early warning.  When the magnitude estimations from 
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cτ  and max
pτ  of each event are averaged to provide a new magnitude estimate, the 

standard deviation in magnitude estimates is reduced further to 0.27 magnitude units. 
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Introduction 

 

  A central component of earthquake early-warning (EEW) systems is the 

determination of the magnitude and location of an earthquake as soon as possible and 

before destructive energy arrives. Nakamura (1988) first introduced the concept of using 

the frequency content of the initial few seconds of P-wave arrivals.  He observed that 

larger events cause initial ground motion with longer periods than smaller events.  

Average ground motion period cτ  and dominant ground motion period max
pτ  are two 

important parameters frequently used to estimate the magnitude in EEW (e.g. Allen and 

Kanamori, 2003; Kanamori, 2005; Olson and Allen, 2005; Wu and Kanamori, 2005a, 

2008a, 2008b; Wu et al., 2007; Wurman et al., 2007; Olivieri et al., 2008).  One 

measure of P-wave frequency content is cτ  which uses the first 3 seconds of P-wave 

data.  The results of Wu and Kanamori (2005a, 2005b, 2008a, 2008b) and Wu et al. 

(2006, 2007) show a good relationship between cτ  and Mw determined from data 

collected from Japan, Taiwan and southern California.  This suggests that it is possible 

to estimate the magnitude 3 seconds after the P-wave arrival with the cτ  method. 

Building of the results of Allen and Kanamori (2003) in southern California, Olson 

& Allen (2005) also found a good scaling relationship between max
pτ  and Mw for a 

global earthquake dataset.  While they used up to 4 sec of P-wave data, max
pτ  values 

for most of the records occurred within 2 seconds of the P-wave arrival.  This 

relationship between max
pτ  and Mw also allows estimation of magnitude from the first 

few seconds of P-wave data. The fact that their observations were made prior to the 

termination of the earthquake rupture was also interpreted as suggesting that earthquake 
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rupture is deterministic.  This interpretation remains controversial.  Rydelek and 

Horiuchi (2006) used a dataset of earthquakes with M > 6.0 from Japan to investigate 

the proposed scaling relation and argued that there was no obvious scaling relation 

between max
pτ  values and magnitude. 

    Here we focus on the applicability of both the cτ  and max
pτ  parameters for EEW.  

We use a dataset that is similar to that of Rydelek and Horiuchi (2006), and compute cτ  

and max
pτ  values from the vertical acceleration component of the K-NET strong motion 

records collected in Japan from 1997 to 2008. There are more than 1000 K-NET stations 

across Japan, and 16 events were selected in this study (Fig. 1.1).  We use the same 

dataset to determine both cτ  and max
pτ  and compare the performance of these 

parameters as magnitude estimators.  We also experiment with the frequency band 

within which cτ  and max
pτ  are determined and find that this plays an important role in 

the robustness of magnitude estimates.  
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Figure 1.1  Epicenter distribution of events (grey stars) used in this study.  Small 

squares show the locations of K-NET stations. 
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Data 

 

The purpose of EEW is to issue a warning before strong ground motion of a 

destructive earthquake comes.  Thus, sixteen larger earthquakes with Mw ≥ 6 (Table 1.1 

in supplemental materials) were chosen for analysis in this study.  The criteria for 

selecting events was: (1) events of 6 ≤ Mw<7 with focal depth less than 30 km and at 

least six records within an epicentral distance of 70 km, and (2) events of Mw ≥ 7 with 

focal depth less than 70 km and at least six records within an epicentral distance less 

than 200 km. Earthquakes with less than 6 records are not included in this analysis. In 

this study we use 3 seconds of data in our determination of cτ  and max
pτ .  Given that 

it is not possible to determine periods greater than ~12 seconds, i.e. our 3 second data 

window constitutes ¼ of the wavelength, we apply a 0.075 Hz high pass filter, and also 

discard any observations greater than 10 seconds period.  Considering the purpose of 

EEW in this study, for each event, we use the averaged value from the six waveform 

records with valid cτ  or max
pτ  nearest to the epicenter. 
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Table 1.1  Parameters of the 16 events used in this study. 
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cτ  method 

 

cτ  is a measure of the average period of ground motion within some specified 

time window.  It was first introduced by Kanamori (2005) and is a modified version of 

the method originally developed by Nakamura (1988).  The period parameter cτ  is 

calculated from the first several seconds of P-wave data as follows: 

0 02 2

0 0
2 / ( ) ( )

t t

c u t dt u t dtτ π ⎡ ⎤ ⎡ ⎤= ⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦∫ ∫&     (1) 

where u  is the high-pass filtered displacement of the vertical component ground 

motion and u&  is the velocity differentiated from u .  Following a series of studies 

(Wu and Kananmori, 2005a, 2005b, 2008a, 2008b; Wu et al., 2006; 2007), the 

waveforms have a 0.075 Hz high-pass Butterworth filter applied to the velocity 

component during the procedure of cτ  determination (See Appendix I in supplemental 

material).  A 3 seconds time window starting from first P-wave arrival is set to 

determine the cτ  in this study i.e. 0τ  in equation (1) is set as 3 seconds after the 

P-wave arrival. 

In order to study the effect of different numbers of poles in the 0.075 Hz high-pass 

Butterworth filter, we tested filters with 1 through 6 poles (Fig. A1 in supplemental 

materials shows amplitude response curves) and examined the relationship between cτ  

and MW.  We average the cτ  values from the six closest waveform records to each 

event and determined the linear relation between Mw and the averaged cτ  values using 

least-squares.  Figure 1.2 shows the results of applying filters with 2 and 5 poles.  

Generally, the cτ  values with a small number of poles have larger slope versus MW, 
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which is good for magnitude estimation, but they also have a larger scatter (Fig. 1.2A). 

A larger number of poles results in a smaller slope versus MW, but with a smaller scatter 

(Fig. 1.2B). 
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Figure 1.2  cτ  estimated with different numbers of poles. A 0.075 Hz high-pass 

Butterworth filter was applied. (A): two poles, and (B): five poles. Open diamonds 

represent the cτ  of each record, and solid circles represent the averaged cτ  values 

from records of the same events.   Solid line shows the least-squares fit and the two 

dashed lines show the range of one standard deviation.  
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max
pτ  method 

 

max
pτ  was introduced by Allen and Kanamori (2003 - in which it is called Tp) and 

was applied to a global seismic dataset by Olson and Allen (2005).  It is nearly 

identical to the original concept proposed by Nakamura (1988).  While the purpose of 

max
pτ  is the same as for cτ  in that it is a measure of frequency content, the approach is 

quite different. cτ  is determined by selecting a specific time window, 3 seconds in this 

case, and measuring the frequency content of the entire selected window.  pτ  is a 

timeseries determined recursively and continuously from the seismic waveform.  As 

such pτ  at any given time contains information about the frequency content of the 

entire waveform up to the given point in time, though the contribution of a given 

waveform segment decreases with time.  This makes max
pτ  a dominant period 

parameter of ground motion while cτ  is an average period parameter.   max
pτ  is also a 

ratio of the velocity and acceleration signals, while cτ  is the ratio of displacement and 

velocity signals.   

The parameter pτ  is computed by  

p i
i

i

X = 2
D

τ π  

where     2
i i-1 iX  = X + xα  

and       
2

i i-1 
i

dxD  = D + 
dt

α ⎛ ⎞
⎜ ⎟
⎝ ⎠

    (2) 

ix  is the velocity signal to which both high- and low-pass filters have been applied 
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(Wurman et al., 2007; See Appendix II in supplemental material) and α is a smoothing 

constant which is set as 0.99 in this study.   It is α that determines how quickly the 

contribution of a given segment of the time series to pτ  decreases with time.  pτ  is 

computed at every time step and the maximum value, max
pτ ,  within some time window 

is chosen to be the parameter used to estimate magnitude for EEW.   In this study the 

time window used was 3 seconds for similarity with cτ .  max
pτ  is therefore the 

maximum value of pτ  within 3 seconds of the P-wave arrival.  max
pτ  is selected from 

the time window starting at 0.05s rather than from 0.00s because of the recursive nature 

of the pτ  calculation as discussed by Olson and Allen (2005). As with the cτ  vs. Mw 

relations in this study, the linear relation is shown by the least-squares fit between Mw 

and averaged values of max
pτ  from the same six records for each earthquake. 

Figure 1.3A shows max
pτ  values for the 16 earthquakes in this study.  While max

pτ  

increases with Mw, there is a large scatter in individual station observations for several 

of the smallest events resulting in the larger averaged max
pτ  values than for the larger 

events.  This scatter is likely attributed to processing problems for smaller 

signal-to-noise ratio waveforms. Using the appropriate filter reduces the scatter.  As 

with cτ , we tried to apply a high-pass Butterworth filter at 0.075 Hz in the 

max
pτ calculation.  Figure 1.3B shows max

pτ  when five poles are used.  This has the 

effect of narrowing the frequency band included in the max
pτ calculation.  The standard 

deviation of least-squares fitting of max
pτ  versus MW decreases from 0.48 to 0.22 with 

the application of this filter. 
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Figure 1.3  max
pτ  estimated by the original method of Allen and Kanamori (2003) (A), 

and by adding a five pole high-pass Butterworth filter at 0.075 Hz (B).  Open 

diamonds represent the max
pτ  values of each record, and solid circles represent the 

average max
pτ  values from records of the same events.  Solid line shows the 

least-squares fit and the two dashed lines show the range of one standard deviation. 
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Discussion and Conclusions 

 

The present study demonstrates that the filter application plays an important role in 

the calculation of cτ  and max
pτ .  In order to determine the best pole setting for the 

0.075 Hz high-pass filter, relationships of cτ   and max
pτ  versus Mw were analyzed by 

least-squares fitting for pole values from 1 to 6.  In the EEW application, we use the 

equation of least-squares fitting of cτ  or max
pτ  to estimate magnitude of an event.  

Since the purpose of these methods is to estimate the magnitude, standard deviations of 

estimated magnitude were used as the index to compare results of different pole values.  

As shown in Fig. 1.4 the best magnitude estimates are obtained from cτ  when the 

number of poles equals 2, which results in a standard deviation of 0.36 in the magnitude 

estimation.  For max
pτ , 5 poles had the best result in magnitude estimation resulting in a 

standard deviation of 0.56.  Without the 0.075 Hz high-pass filter the standard 

deviation in the magnitude estimate from max
pτ  is 2.48. 

Based on this result, cτ  approach seems more robust than max
pτ .  However, these 

two parameters are based on the same concept from Nakamura (1988).  For the cτ  

calculation, a three seconds window after P arrival is used, while the pτ  calculation is 

recursive.  Thus, the pτ  value may be influenced by signals before P arrival.  To 

abate this influence, we calculated pτ  by setting waveform values to zero prior to 0.05 

seconds after the P-wave arrival.  max
pτ  was then determined from the pτ  timeseries 

up to 3 seconds after P-wave arrival.  A 0.075Hz high pass Butterworth filter with 5 

poles was also applied.  Figure 1.5 shows the max
pτ  results.  The uncertainty in 
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magnitude estimation is decreased resulting in a standard deviation in the magnitude 

estimate of 0.40.  This uncertainty is essentially the same as the uncertainty from the 

cτ  method.  

 These tests have shown the importance of filter application in the calculation of cτ  

and max
pτ .  We find that adding a 0.075 Hz high-pass Butterworth filter with a sharp 

cutoff in frequency (5 poles) is optimal for max
pτ  analysis enhancing the relationship 

between max
pτ  and magnitude.  For cτ , 2 poles have a best result in magnitude 

estimation.  The different filter applications to max
pτ  analysis results in a diversity of 

measurements that may be the cause of the controversy introduced by Rydelek and 

Horiuchi (2006).  While there is difference in the behavior of cτ  and max
pτ , when the 

appropriate specific procedure is applied, both methods have good linear trends with 

Mw.  This suggests that it may be useful to include both cτ  and max
pτ  in the 

estimation of magnitude in earthquake early warning systems.  The magnitude 

estimates of cτ  with two poles and max
pτ  with five pole calculated from 0.05 seconds 

after P arrival could be averaged to provide a more robust magnitude estimate.  This 

average magnitude estimation has a lower uncertainty than either cτ  or max
pτ  alone.  

The standard deviation of this average magnitude estimate is 0.27 magnitude units. 
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Figure 1.4  Standard deviations in magnitude estimation using cτ  and max
pτ  for 

different numbers of poles in the 0.075 Hz high-pass Butterworth filter. 
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Figure 1.5  max
pτ  estimated in the same way as Figure 1.3B, i.e. applying a five pole 

high-pass Butterworth filter at 0.075 Hz, but with the signals before 0.05s after the 

P-wave arrival set to zero.  Hollow diamonds represent the max
pτ  values of each record, 

and solid circles represent the average max
pτ  values from records of the same events.  

Solid line shows the least-squares fit and the two dashed lines show the range of one 

standard deviation. 

 

The End of Part 1. 
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Part 2. 

An examination of cτ  and Pd method on building 

strong motion sensor array system 

 

Abstract 

 

    The cτ  & Pd methods for earthquake early warning (EEW) proposed by Wu and 

Kanamori (2005a, 2005b, 2008a, 2008b) were examined using the records from a strong 

motion sensor array system, which is installed in one building of the fire fighting bureau 

of Taitung County.  cτ , average ground motion period, and Pd, peak displacement 

amplitude are determined from the initial three seconds waveform, immediately after 

the P arrival.  From 1996 to 2006, 88 events have been recorded using this system.  

This building, in which the system was installed, was damaged only by the 2006 Mw 6.1 

Taitung earthquake with epicentral distance 14.5 km and peak ground velocity (PGV) 

up to 38.4 cm/s.  According to this analysis, Pd as an indicator is better than cτ  in 

terms of the EEW purpose for the reason that cτ  is more sensitive to the signal to noise 

ratio (SNR) than Pd.  In agreement with previous studies (Wu and Kanamori, 2005b, 

2008), only the structurally damaging and generally destructive Taitung event produced 

Pd values larger than 0.5 cm (a threshold for identifying damaging events).  Thus, 

based on the analysis, using the Pd as an indicator will not cause missed or false alarms 

for EEW purpose in this case.  
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Introduction 

 

Located along the western circum-Pacific seismic belt with a measured plate 

boundary convergence rate of about 8 cm/year (Yu et al., 1997), Taiwan has been 

repeatedly hit by damaging earthquakes.  Some of the damaging events have inflicted 

severe casualties and great property losses.  The damages caused by earthquakes will 

continue and even increase as the population grows.  It is therefore crucial for Taiwan 

to seek means for alleviating the losses through scientific research.  An EEW system is 

emerging as one of the promising tools for real-time seismic hazard mitigation.  The 

cτ  and Pd are two important parameters in this EEW system, which have been used to 

determine the magnitude and the shaking intensity (Wu and Kanamori, 2005a, 2005b, 

2008a, 2008b; Wu et al., 2006a, 2007; Shieh et al., 2008), respectively.  Abundant 

earthquakes and well documented records in Taiwan provide a good opportunity to 

examine the cτ  and Pd methods for developing a practical earthquake early warning 

system. 

A strong motion sensor array system has been installed in a building of the fire 

fighting bureau of Taitung County since 1996.  As mentioned above, this building was 

damaged by the 2006 Mw6.1 Taitung earthquake (Wu et al., 2006b). Figure 2.1 shows 

the building before and after the damage event. Though before this event, this system 

has recorded a lot of small to large earthquakes including 1999 Mw7.6 Chi-Chi 

(Epicentral distance = 125.0 km and PGV= 7.1 cm/s; Teng et al., 2001) and 2003 

Mw6.8 Chengkung (Epicentral distance = 42.2 km and PGV=23.5 cm/s; Wu et al., 

2006c) earthquakes, those events did not cause damage to this building.  Thus, those 

records provided by this sensor array offer a nice database to examine cτ  and Pd 
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methods for onsite EEW purpose.  Furthermore, the varied placement of sensors 

around the building allowed us to examine whether the location of a seismometer 

impacts the results.
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Figure 2.1  The top left photo shows the appearance of the building before destructive 

2006 Mw 6.1 event occurred.  The others show that this building was damaged at walls, 

columns and roofs.
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Data 

 

    This building is constructed with 4 floors above ground and one basement.  

Sensors are located at specific positions on each floor and an additional three free field 

channels are located outside of the building.  This system in total is comprised of 22 

channels, 6 of which are vertical components, and the others are horizontal components.  

These channels are distributed as follows; 3 on the basement, 5 on the 1st floor, 4 on the 

2nd floor, 7 roof level, and 3 free field channels near the back door of this building.  

Figure 2.2 shows the distribution of these channels. 

  Since 1996 to 2006, there were 88 events recorded by this system.  However, only 

69 events were selected for analysis (see Table 2.1) for two reasons.  Firstly the study 

requires at least one vertical and two orthogonal horizontal channels on each floor.  

Secondly some events could not trigger in automatic picking P arrival process (Allen, 

1978) or have instrumental problems.  Figure 2.3 shows the distribution of the 

epicenter of those events and the position of the building. 

  In this analysis, when events occurred with ML larger than 6, magnitude values 

were replaced by Mw, in all other cases ML values were used, in consideration of 

saturation problem of ML. 
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Figure 2.2  Distribution of strong motion sensors installed in the study building.  The 

unit of the length marked in this figure is centimeter. 
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Figure 2.3  The square shows the location of the building in question.  Epicenters of 

those events recorded by this building array system from 1996 to 2006 are marked by 

stars, and their size represents corresponding magnitude. 



 

25 

 

Table 1. Parameters of 69 events selected and analyzed in this study.  
 

Origin Time Longitude Latitude Depth Distance# (km) M PGA PGV PGD 

(UT) (E) (N) (km) (gal) (cm/s) (cm) 

1996/09/05 23:42 121.367 22.001 14.8 87.7 6.8 14.08 2.04 0.82 

1996/12/18 02:50 121.378 22.803 16.3 24.3 4.9 12.04 0.36 0.08 

1996/12/18 11:20 121.358 22.821 16.2 22.7 5 7.79 0.52 0.1 

1997/01/29 06:43 121.098 22.803 18.5 6.3 4.3 21.68 1.2 0.08 

1997/03/24 10:26 121.378 22.729 11.1 24.3 4.5 5.06 0.19 0.06 

1997/05/03 02:46 121.402 22.537 3.6 36.6 5.3 7.32 0.71 0.17 

1997/06/07 02:02 121.072 22.605 19.8 19.3 4.2 10.17 0.33 0.09 

1997/10/17 13:14 121.43 22.817 25.6 29.8 4.7 4.96 0.24 0.1 

1997/10/22 11:16 121.463 22.444 10.2 48.4 5.3 4.35 0.33 0.14 

1998/01/18 19:56 121.089 22.725 3.3 7.3 5.1 64.71 2.07 0.33 

1998/01/20 23:29 121.08 22.686 3.8 11.1 5.1 23.49 1.02 0.12 

1998/01/21 03:30 121.067 22.722 10.4 9.4 4.1 14.78 0.39 0.04 

1998/06/22 22:47 121.019 22.574 14.5 24.9 4.1 3.2 0.09 0.12 

1998/07/17 04:51 120.662 23.503 2.8 95.4 5.7 4.74 0.74 0.56 

1998/11/17 22:27 120.79 22.832 16.5 37.2 5.5 9.24 0.88 0.2 

1999/08/04 21:03 121.142 22.789 16.4 2.6 4.81 21.81 1.28 0.12 

1999/09/04 12:54 121.116 22.812 21.3 5.9 4.4 14.38 0.43 0.09 

1999/09/20 17:47 120.815 23.853 8 125 7.6 21.5 7.06 6.79 

1999/09/20 18:11 121.07 23.86 12.5 122 6.7 7.56 1.92 0.87 

1999/09/20 21:46 120.857 23.585 8.6 95.4 6.4 11.55 3.42 3.58 

1999/09/22 00:14 121.047 23.826 15.6 117.8 6.4 17.4 2.96 0.98 

1999/09/25 20:51 121.004 23.13 7.3 42.8 5 8.02 0.41 0.14 

1999/09/25 23:52 121.002 23.854 12.1 121.4 6.5 10.58 1.99 1.05 

1999/10/22 02:18 120.423 23.517 16.6 111.3 5.8 5.11 0.56 0.25 

1999/10/22 03:10 120.431 23.533 16.7 112.1 5.5 6.1 0.8 0.26 

1999/11/01 17:53 121.726 23.362 31.3 88.9 6.3 8.91 1.21 0.56 

2000/02/03 18:48 121.262 22.787 18.3 12.2 4.9 21.11 0.87 0.17 

2000/02/03 18:57 121.251 22.85 8.6 14.3 4.2 6.07 0.23 0.12 

2000/02/15 21:33 120.74 23.316 14.7 73.7 5.6 5.96 0.46 0.1 

2000/02/22 15:42 121.152 22.499 24.5 29.6 4.8 5 0.18 0.14 

2000/05/17 18:12 121.308 22.842 25.1 18.7 4.7 4.62 0.2 0.17 

2000/08/20 10:51 120.842 23.097 9 48.1 4.5 10.46 0.47 0.09 

2000/08/21 16:42 120.958 22.947 4.1 27.7 4.8 4.7 0.16 0.07 

2001/03/23 01:03 121.339 22.774 29.8 19.9 4.5 11.36 0.26 0.19 

2001/12/27 08:34 121.096 22.716 12.9 7.5 4.8 45.41 2.17 0.33 
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2002/01/07 02:45 120.898 22.976 7.7 34.4 4.8 4.61 0.22 0.07 

2002/04/20 08:48 121.63 22.826 19.9 50.2 5.1 9.7 0.79 0.15 

2002/04/28 04:37 121.354 22.889 20.5 25.4 4.3 6.26 0.42 0.12 

2002/05/30 17:27 121.418 22.787 16.3 28.1 4.7 7.16 0.24 0.11 

2002/09/24 22:43 121.076 22.669 9.7 12.9 5.2 44.32 3.24 0.55 

2003/06/10 08:40 121.699 23.504 32.3 99.5 5.9 14.06 1.2 0.28 

2003/09/10 22:55 121.399 22.709 85.7 26.8 5.8 5.31 0.33 0.08 

2003/12/10 04:38 121.398 23.067 17.7 42.2 6.8 143.05 23.47 8.1 

2003/12/10 05:20 121.221 23.075 3.4 35.1 5.2 16.19 1.44 0.36 

2003/12/10 08:35 121.368 22.837 18.6 24.2 4.4 4.54 0.12 0.12 

2003/12/10 08:46 121.363 22.87 26.4 25.2 5.2 16.96 0.92 0.21 

2003/12/11 00:01 121.392 22.792 33.6 25.5 5.4 31.28 1.31 0.43 

2003/12/11 19:04 121.294 22.941 22.1 24.7 4.7 4.77 0.21 0.16 

2003/12/11 22:57 121.192 23.051 7 31.9 4.7 3.83 0.34 0.19 

2003/12/17 16:27 121.311 22.606 32.2 24.6 5.4 9.38 0.77 0.32 

2003/12/18 05:33 121.082 22.842 12.5 10.6 5 36.52 2.94 0.25 

2003/12/18 16:16 121.069 22.861 9.6 13.1 4.2 14.07 0.65 0.23 

2004/01/05 11:07 121.3 22.86 19 19 4.8 10.68 0.45 0.22 

2004/01/28 19:13 120.952 22.992 6.7 31.9 5.2 20.45 0.95 0.12 

2004/01/28 19:34 120.925 23.006 2.5 34.9 5 9.44 0.36 0.1 

2004/03/13 05:03 121.412 22.984 35.4 36.5 5 4.51 0.18 0.17 

2004/06/10 15:58 121.015 22.898 13.7 19.8 4.9 17.16 0.73 0.16 

2004/08/14 03:29 120.98 22.93 1.1 24.8 4.3 15.09 0.5 0.1 

2004/10/16 14:36 121.082 22.793 12.3 7.1 4.1 9.58 0.36 0.04 

2005/01/08 03:27 120.988 22.953 8.3 26.2 4.1 6.77 0.27 0.09 

2005/01/22 06:54 121.27 22.88 18.9 18.3 4.3 5.95 0.18 0.12 

2005/02/18 20:18 121.674 23.34 15.3 83.5 5.6 2.57 0.25 0.2 

2005/05/08 18:54 121.083 22.878 13.5 13.9 4.1 3.65 0.16 0.06 

2005/07/07 05:07 121.086 22.872 13.6 13.2 4.2 4.1 0.17 0.09 

2005/12/28 22:17 121.15 22.937 20.5 18.9 4.8 5.01 0.19 0.1 

2006/04/01 10:02 121.081 22.883 7.2 14.5 6.1 385.65 38.39 5.3 

2006/04/01 10:05 121.076 22.9 8.7 16.4 4.6 12.25 0.75 0.48 

2006/04/01 10:40 121.111 22.859 11.5 10.9 4.8 6.73 0.4 0.28 

2006/04/04 12:49 121.098 22.875 9.9 13 4.5 5.3 0.19 0.11 

# Distance from the epicenter to the study site. 
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Analysis 
 

  The original acceleration signals were first integrated to velocity and then 

integrated again to displacement.  According to a series of studies (Wu and Kanamori, 

2005a, 2005b, 2008a, 2008b; Wu et al., 2006, 2007) a butterworth high-pass filter at 

corner 0.075 Hz (two order of pole) was applied to the displacement data, and the 

filtered displacement was then differentiated to velocity.  Finally, Pa, Pv, and Pd are 

determined from the peak amplitude of acceleration, filtered velocity and filtered 

displacement, all within the 3 second time window of P waves respectively.  cτ  is also 

determined from the 3 second P waves in the same manner as previous studies 

mentioned above.  Figure 2.4 shows the Pa, Pv, Pd, maximum peak amplitude of 

acceleration (Amax), filtered velocity (Vmax), and filtered displacement (Dmax) in a record, 

respectively. 

  Generally, cτ  values calculated from various stations were averaged to reduce the 

scatter resulting from site effect, but in this study cτ  values from different kinds of 

positions in the building are averaged.  Results show that for events with smaller 

magnitudes, cτ  values tend to have larger scatter and many of them are unreasonably 

large (Fig. 2.5A).  Even after removing values larger than 10 seconds which are 

considered unreasonable, the scatter is still enormous.  This result may be due to the 

nature that cτ  is very sensitive to SNR (Wu et al., 2007).  
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Figure 2.4  Pa, Pv, Pd, Amax, Vmax, and Dmax are marked by open circles, and two 

dashed lines show the 3 second time window after P arrival. 
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Figure 2.5  cτ  determined from vertical component records.  Blue crosses represent 

the cτ  of each record, and red solid circles represent the averaged cτ  values from 

records of the same events.   (A) For all of the vertical component records and (B) for  

records with averaged Pa>20 gal.  Solid line and two dashed lines show the best fitting 

and the range of one standard deviation (0.0845) determined from the dataset of 

previous study (Wu and Kanamori, 2005a). 
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    Comparing parameters of those events, it is not surprising that for the same events 

Amax, Vmax, and Dmax recorded on higher floors generally have larger amplitudes than 

those recorded on lower floors or the basement due to the building amplification.  In 

addition, it is worthy to note that the destructive Taitung earthquake has substantially 

the largest Amax and Vmax when Dmax values of several events are larger than that of this 

event. 

With regards to the efficiency in EEW, the relations of Pa, Pv, and Pd versus PGV, 

which is generally considered as an indicator of destructiveness, were compared.  We 

found that the gaps of Pd between Taitung earthquake and other non-destructive events 

are clearer than those of Pa and Pv.  Figure 2.6 shows that except for the destructive 

event, no Pd value of any other record exceeds 0.5 cm.  This conforms to the results of 

Wu and Kanamori (2005b, 2008) which led them to advocate that when Pd is larger 

than 0.5 cm, an earthquake is most likely damaging. 
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Figure 2.6  Pa, Pv, and Pd of records from vertical components.  
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Relationships of Pd versus PGV or Vmax from 3 channels at a specific location of 

roof floor (Channel 19, 20, and 21 shown in Figure 2) were compared in Figure 2.7.  

Though the results from roof level have a better linear fit, the squared R values for both 

of the two results are small that may be due to the small number of records.  

Nevertheless, fitting lines of the two results are observed to have very similar slopes.  

This phenomenon highlights the fact that in this case the effect of building may only 

amplify the signals on higher floors, but not change the scaling relation between Pd and 

PGV.  Thus, for this building it may not be necessary to install seismometers inside 

this building instead of at free field for EEW purpose. 
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Figure 2.7  PGV at free-field and Vmax at a specific location of 3rd floor versus Pd.  

Colored lines and dashed lines show the fitting lines and the range of one standard 

deviation.  Black lines show the fit determined by Wu and Kanamori (2008). 
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Discussion 

 

In this study, the relationship between cτ  and magnitude is not as good as results 

of previous studies (Wu et al., 2007; Shieh et al., 2008).  In this case force balance 

acceleration (FBA) sensors with 16-bit resolution and full scale ± 2g strong motion 

records were used.  Low SNR may be one of the reasons causing the scatter. 

The scatters were removed when records with Pa smaller than 20 gal were cut off 

(shown in Fig. 2.5B).  However, the results of Wu et al. (2007) in Southern California 

(SC) show that the scaling of cτ  versus magnitude is pretty clear after they removed 

the measurements with Pa smaller than 2.5 gal.  This diversity may be a result of the 

difference in equipment.  In that study, most of the stations are equipped with both 

high-gain broad-band velocity and low-gain FBA sensors with signals digitized at 100 

or 80 samples per second with 24-bit resolution.  This combination of broad-band 

sensors and strong motion sensors for earthquake monitoring could provide signals with 

higher SNR compared to our case and still be capable of recording large events with 

high dynamic recording range.  In another case (Shieh et al., 2008), Japanese K-net 

strong motion arrays which record signals as 100 samples per second at 24-bit 

resolution were used, and it also shows good scaling between magnitude and cτ .  

Though the strong motion sensors record signals with lower SNR than broad-band 

sensors, the data selection of only 6 nearest records for each event with Mw equal to or 

larger than 6 as well as 24-bit resolution combined, all provide a suitable SNR good 

enough for analysis.  Comparing the three cases, it may be indicated that cτ  may be 

sensitive to SNR in analysis. 
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    In Figure 2.5B, the destructive Taitung earthquake shows a much larger cτ  far 

from the fitting line determined in previous study (Wu and Kanamori, 2005).  This 

could be explained by the near source effect proposed by Yamada and Mori (2009).  

They proposed that when Pd exceeds 1 cm and cτ  exceeds 2 s, cτ  are most likely to 

be overestimated because of the near-field effect.  The fact that Taitung earthquake has 

Pd up to 2.16 cm, and cτ  up to 3.3 s may be the reason of the large cτ  of this event. 

In Figure 2.7, it is notable that the 2003 Mw 6.8 Chengkung earthquake has a 

significantly large PGV corresponding to its Pd value.  This could be explained by the 

source or path effect.  Since this event propagates ruptures southward (Huang et al., 

2009) and the study site is at the south by west of this event, the ground motion 

amplitude might be amplified by the directivity.  When PGV could be influenced by 

the total ruptures process, Pd from the first 3 seconds P wave may only be influenced by 

the initial ruptures.  In Figure 2.8, the fault plane model by Wu et al. (2006c) is shown 

and it is assumed that the rupture propagates with velocity 3 km/s.  From this figure, it 

can be observed that the ray path of the first three seconds of the ruptures to the site (red 

line) is longer than that of later ruptures (green line).  Thus, due to the attenuation, Pd 

may not be amplified as much as PGV. 
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Figure 2.8  Fault model proposed by Wu et al. (2007).  Grey area shows the 3 s 

rupture propagation.
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Summary 

 

    In this study, cτ  didn’t show a good scaling relation to magnitude as was expected.  

The cτ  measurement is highly sensitive to the SNR, and on account of this, in this 

dataset the cτ  for records with Pa smaller than 20 gal might not be reliable enough.  

Thus, cτ  as an indicator may not be suitable for onsite EEW for this building array 

system. 

    When considering the entire spectrum of the recorded waveforms, we see that, this 

destructive earthquake simply has the largest PGA, PGV, Amax, and Vmax among all the 

events.  On the other hand, in the 3 second time window after P arrival, Pd may be the 

better indicator than Pa and Pv to estimate whether an earthquake is damaging or not.  

The reason is that all the records of non-destructive events are with Pd smaller than 0.32 

cm. 

When a clear scaling relation between Pd and PGV is not shown as proposed in 

previous studies (Wu and Kanamori, 2005b, 2008), in EEW the threshold 0.5 cm for Pd 

may be a better way to identify damaging events than using the relationship between Pd 

and PGV.  Furthermore, based on the analysis of those records from channels installed 

at free field compared to those at different locations of this building, it seems that the 

location for the installment did not make a evident difference in this case.  

  

The End of Part 2. 
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Appendix 1. Butterworth 0.075Hz High-pass Filter 
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Figure A1.  Amplitude Response curves for 0.075 Hz high-pass Butterworth filter with 

1 through 6 poles. 
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Appendix 2. The Procedure of cτ  Determination 

 

    Determination of cτ  is a two-stage process.  First, accellograms are integrated 

twice to displacement waveforms during which a high pass filter is applied.  Second, 

cτ  is determined from the displacement waveform. 

In the first stage, the original acceleration signal ( iZ ) is integrated to velocity ( iV ). 

( )i i 1
i i-1

Z +Z T
V  = V +

2
− Δ

                      (3A) 

and a high-pass Butterworth filter with a corner at 0.075 Hz is applied to iV  to 

generate
iHPV .   The high-pass filtered displacement (ui) used in the cτ  determination 

is obtained by integrating this filtered velocity
iHPV . 

( )i i 1HP HP
i i-1

V +V T
u  = u +

2
−

Δ
                 (3B) 

Now that the filtered displacement waveform has been determined, cτ  can be 

determind in the second stage of the process.  Firstly, the velocity signals ( u& ) for cτ  

determination is differentiated from the displacement record, 

i i 1
i

u  uu  = 
T

−−
Δ

&                          (3C) 

The single value of cτ  is finally determined as: 

0 0t t2 2

0 0
2 / u (t)dt u (t)dtcτ π ⎡ ⎤ ⎡ ⎤= ⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦∫ ∫&         (3D) 

where 0τ  is set as 3 seconds in this study. 
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Appendix 3. The Procedure of pτ  Determination 

 

    In the pτ  determination, a low-cut high-pass filter is applied to the raw 

acceleration signal ( iZ ) to remove long-period (tens of seconds) drift and the instrument 

response is removed.  This provides filtered acceleration ( iA ):   

  i i 1
i i 1

Z ZA =  + Q A
B G

−
−

− ⋅
⋅

                (4A) 

where  

  2B = 
1 + Q

                            

Q is the high-pass filter constant which is set as 0.994 here, and G is the gain factor of 

the accelerometer.  The small i, i-1 beside the symbol represent the time step of the 

data. 

  The filtered acceleration data ( iA ) is then integrated to be velocity ( iV ) with another 

recursive filter applied as follows: 

  i i 1
i i 1

(A  + A ) TV  =  + Q V
2B

−
−

Δ ⋅             (4B) 

where TΔ  is the sampling interval. 

    The velocity data ( iV ) is then low-passed by applying a 1 pass, 3 Hz low-pass 

Butterworth filter with 2 poles to generated the timeseries 
iLPV .                                  

Finally, the pτ  timeseries is determined as: 

  p i
i

i

X = 2
D

τ π                            (4C) 

where 
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i

2
i i 1 LPX  = X + Vα −  

  i i 1

2
LP LP

i i 1 

V V
D  = D + 

T
α −

−

−⎛ ⎞
⎜ ⎟Δ⎝ ⎠

 

  1 T = 
1

α − Δ  

α  is a smoothing constant. 
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