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Introduction  

The present Supporting Information provides additional information about data and waveform 
processing and further analysis to support discussion and conclusion of the main text. 
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Text S1. Dataset description 

For the present study the database used for the calibration consists of 73 moderate-to-strong 
Japanese earthquakes in the magnitude range 4≤M≤7.5. The full list of analyzed events is provided in 
Table S1. For each event, from left to right, the table shows date, time, location coordinates 
(longitude, latitude), source depth and magnitude. The database used for the scenario analysis 
consists of 3 strong Japanese earthquakes, listed in Table S2 (same as table S1 for the table 
description). We selected data up to a maximum hypocentral distance of 500 km, for a total of 12,972, 
3-component waveforms, recorded at 1208 stations. Acceleration waveforms have been provided by 
KiK-net and K-NET online databases (http://www.kyoshin.bosai.go.jp/). The information concerning 
the event locations and magnitudes are provided by the JMA. In this work we simply denote 
magnitude as M. 
  
 
Text S2. Description of data processing 
The preliminary data processing consists of mean value and linear trend removal from row 
accelerometer records and manual identification of the P-wave onset time on the vertical component. 
A single and double integration are applied to accelerometer records in order to get velocity and 
displacement time series, respectively. A causal, 2-pole, Butterworth high-pass filter with a cut-off 
frequency of 0.075 Hz is applied to displacement time series to get rid of the long-period noise 
introduced by the double integration operation [Boore et al., 2002]. The P-wave arrival times have 
been handpicked on each vertical component of accelerometer records.  
In order to derive the empirical relationships between the initial P-wave amplitude and the final PGV 
and for calibrating the threshold Wt* here we assume the source-to-receiver distance to be known for 
each selected record. We used the vertical component to measure the initial peak acceleration (Pa), 
the initial peak velocity (Pv) and the initial peak displacement (Pd), respectively. The ground motion 
parameters are measured starting from the P-wave onset time and up to the expected arrival of S-
waves. The expected S-wave arrival time at each station (Ts) is computed using the following relation:  
 

Ts – Tp = b  R  (1) 
 

where Tp is the observed P-wave onset time, R is the hypocentral distance and b = 0.088 sec/km. 
The coefficient b has been derived by a linear regression analysis, after manually picking the S-wave 
arrival times for a selected number of records in the data-set and reducing the Ts – Tp time by 30% to 
ensure that the probability of including the S wave is very small. 
The Peak Ground Velocity (PGV) is computed from the largest of the two horizontal velocity 
components.   
 
 
Text S3. Calibration of the empirical relationships 
Because our Pd (Pv, Pa) vs. PGV data distribution is dominated by low-magnitude, small-distance 
recordings (as it can be inferred from the histograms of Figure 1a,b of the main text), to avoid biased 
results, we resampled the Pd (Pv, Pa) vs. PGV data distribution. We divided the whole data space into 
cells and for each of them we randomly extracted a limited number of points within it. The 2D data 
binning allows to preserve a good data coverage in each cell but avoids the highly densely populated 
cells significantly biasing the regression analysis. For the random selection of data points, we 
selected all data in each cell, until the cell is filled with maximum number of points allowed. Using the 
resampled dataset, we then determined the best fit line through a linear regression analysis. For the 
Pd vs. PGV relationship we binned the whole Pd range into 80 bins with a 0.1 cm step and the PGV 
range into 40 bins with a 0.06 cm/s step. Similarly, for the Pv vs. PGV relationship we divided the Pv 

http://www.kyoshin.bosai.go.jp/
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range into 80 bins with a 0.05 cm/s step and for the Pa vs. PGV relationship we binned the whole Pa 
range into 80 bins with a 0.06 cm/s2 step. 
The empirical relationships among Pd (Pv, Pa) vs. PGV with the standard error of regression (stdv) and 
the linear correlation coefficient (R2) are reported below: 
 

log PGV =  1.11(±0.08) + 0.69(±0.04) log Pd,  stdv = 0.57,  R2= 0.54 
log PGV =  0.72(±0.06) + 0.93(±0.05) log Pv,  stdv = 0.52,  R2= 0.65 
log PGV = -0.55(±0.05) + 0.72(±0.05) log Pa,  stdv = 0.61,  R2= 0.47 

 
The threshold values on Pd, Pv and Pa have been defined using the empirical correlations with the 
final PGV (Figure 2b of the main text and Figure S1) and the PGV-to-IMM conversion table of Wald et 
al., [1999]. Using the PGV-to-IMM conversion table, for the lower intensity (IMM = V), the corresponding 
PGV threshold is 3.4 cm/s while for the higher intensity (IMM = VII), the corresponding PGV threshold 
is 16 cm/s. Then, based on the estimated 1-σ error bounds on the PGV versus Pd (Pv and Pa) 
relationships, a lower and a higher threshold values on the peak amplitude parameters have been 
defined and are listed in Table S3.  
 
 
Text S4. Joint inversion of magnitude and distance 
Following Colombelli et al. [2014], we express the peak amplitude Pd, Pv, Pa  as:  
 

log Px = A + BM + Clog R  (2) 
 

where M is the event magnitude, Px is either Pd, Pv, or Pa measured in a fixed time window of 3 
seconds, and R is the hypocentral distance in km. We have determined the constants A, B, and C as 
listed in Table S4. At each station, we measure Pd, Pv and Pa, and solve equation (2) for the unknown, 
M and R using the non-negative least-squares solution method. We tested this method for the M 7.2 
Iwate-Miyagi earthquake, using data up to about 300 km. The results are shown in Figure S6.  
 
 
Text S5. Site effects 
A practical aspect to consider when applying the proposed methodology is the possible influence of 
site effects, which may produce local, systematic amplification/attenuation of the perceived shaking. 
At this stage of the work, a detailed analysis about the role of site effects has not been performed, 
and here we only included surface stations; thus the differences in the results between surface and 
borehole sensors have not been evaluated. 
Most of K-net stations are known to be installed on soft ground. If a dominant site effect related to the 
soft soil was present, we should see a systematic shift of K-Net data with respect to the mean trend. 
Although a slight difference can be noticed on Pd and Pa at very low amplitudes, we did not find an 
evident and systematic shift of K-Net data, while these records turned out to follow the general trend 
and almost equally distribute within the standard error bars of the existing relationships. A detailed 
analysis on the role of site effects should be performed, when calibrating the proposed methodology 
for a specific region. 
 
 
Boore, D.M., C.D. Stephens, and W.B. Joyner (2002), Comments on Baseline Correction of Digital 
Strong-Motion Data: Examples from the 1999 Hector Mine, California, Earthquake, Bull. Seism. Soc. 
Am. 92, 1543-1560. 
Wald, D. J., V. Quitoriano, T.H. Heaton, and H. Kanamori (1999), Relationships between Peak 
Ground Acceleration, Peak Ground Velocity and Modified Mercalli Intensity in California, Earthquake 
Spectra, 15, 557-564. 
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Figure S1. Empirical correlations and method. a, Empirical scaling relationships among Pv and Pa 
and the final PGV. The background, gray circles represent the whole dataset while the small, dark 
squares are data used for calibrating the scaling relationships, after the 2D binning procedure. The 
solid black line is the best fit line, while dashed lines indicate the range of the standard error of 
regression. b, same as panel a but with Pa vs. PGV. c, d, Each observed parameter is compared to 
its threshold value and converted into a dimensionless variable, named Wv and Wa, for Pv and Pa, 
respectively. For each parameter, Wv and Wa are equal to zero in the region below the lower 
threshold, to 1/3 in the region above the higher threshold and linearly increases between 0 and 1/3 in 
the intermediate region. 
 
 

 
 

Figure S2. Alert definition scheme. Alert categories: successful no alarm (light green zone), 
successful alarm (dark green zone), missed alarm (red zone) and false alarm (yellow zone). 
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Figure S3. Cumulative Statistics for the single parameters. The histograms show the performance 
of the system, in terms of successful alarms (dark green bar), successful no alarms (light green bar), 
false alarms (yellow bar) and missed alarms (red alarms) for the two intensity levels, when the three 
amplitude parameters are independently used (a,b,c,e,f,g). For comparison, the proposed approach 
based on the combination of the three parameters is also shown (d,h).  
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Figure S4. Cumulative Statistics for the single parameters with limited P-wave time windows. 
Same as figure S3, but for limited P-wave time windows. The P-wave time window is terminated at 
the expected arrival of S-waves, computed using equation (1).  
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Figure S5: Scenario events and relative histogram of the performance, for the lower intensity 
threshold (IMM = V). a, b, c, Map of the alert distribution for the 2004, M 6.8 Chuetsu event (a), the 
2008, M 7.2. Miyagi-Iwate earthquake (b), and the offshore M 9.0 2011, Tohoku-Oki event (c). Small 
colored circles represent the stations used and the black star is the earthquake epicenter. d, e, f, 
Histograms of the alert levels for the three scenario events. For all panels, the color definition is 
shown in the legend. 
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Figure S6. Vertical vs. Horizontal amplitude ratio. Histogram of the S-wave amplitude ratio among 
the vertical component and the modulus of acceleration (a), velocity (b) and displacement (c). The 
amplitude is computed within a 5 second time window around the expected S-wave arrival time. 
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Figure S7. Magnitude and distance estimation. a) Scatter plot of the predicted magnitude value as 
a function of distance at each station, for the M 7.2 Iwate-Miyagi earthquake. Magnitude values are 
distributed around the true value (shown as a dashed gray line), although the scatter is quite large  
(about ±1 magnitude unit). b) Similarly, the 1:1 trend between predicted and observed log-distance is 
well reproduced, up to distances of about 300 km.  
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Figure S8: Scenario events and relative histogram of the performance, for the higher intensity 
threshold (IMM = VII) when limited P-wave time windows are used. Same caption as Figure S5. 
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Figure S9. Site effects. Empirical scaling relationships between Pd, Pv and Pa and the final PGV. 
Grey dots represent the whole database of records while blue dots are K-Net recordings and green 
dots represent Kik-Net recordings. 
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Table S1: List of the events used for the calibration 

Date Time 
Lon (°) Lat (°) 

Depth 
(km) 

M 
(YYYY-MM-DD) (HH:MM:SS) 

 
     2000-10-06 13:30:32 133.34 35.286 10.43 7.3 

2001-03-24 15:28:09 132.7 34.13 46.19 6.7 

2003-05-26 18:24:48 141.66 38.818 70.02 7.1 

2004-10-23 18:12:11 138.8 37.27 12.47 6 

2005-03-20 10:53:55 130.17 33.744 13.39 7 

2007-03-25 09:42:13 136.71 37.213 13.33 6.9 

2007-07-16 10:13:37 138.63 37.518 16.62 6.8 

2009-08-11 05:07:20 138.49 34.773 25.14 6.5 

2003-09-26 06:08:00 143.69 41.709 21 7.1 

2004-09-05 23:57:00 137.13 33.145 44 7.4 

2005-08-16 11:46:00 142.27 38.15 42 7.2 

2008-03-08 03:52:00 132.68 33.972 45 4.1 

2008-05-08 01:45:00 141.6 36.227 51 7 

2008-07-19 11:39:00 142.26 37.52 32 6.9 

2008-09-11 09:21:00 144.14 41.775 31 7.1 

2010-03-14 17:08:00 141.81 37.722 40 6.7 

2010-03-29 10:29:00 139.88 36.034 43 4.3 

2010-05-01 18:20:00 139.19 37.557 9 4.9 

2010-07-21 06:19:00 135.69 34.205 58 5.1 

2010-10-24 13:50:00 139.85 36.057 45 4.4 

2010-11-05 19:14:00 139.84 36.062 45 4.6 

2011-03-09 11:45:20 143.3 38.299 10 7.3 

2011-03-12 03:59:00 138.59 36.985 8 6.7 

2011-03-12 22:15:00 141.42 37.196 40 6.2 

2011-03-15 22:31:00 138.71 35.307 14 6.4 

2011-03-19 18:56:00 140.57 36.783 5 6.1 

2011-03-23 07:12:00 140.78 37.083 8 6 

2011-03-23 07:36:00 140.77 37.062 7 5.8 

2011-03-30 22:19:00 141 36.7 50 5 

2011-04-01 20:58:00 142.16 39.334 45 6 

2011-04-11 17:16:00 140.67 36.944 6 7 

2011-04-11 20:42:00 140.63 36.965 11 5.9 

2011-04-12 14:07:00 140.64 37.051 15 6.4 

2011-04-13 10:08:00 140.7 36.915 5 5.7 

2011-04-26 21:12:00 139.97 36.084 46 5 

2011-06-04 01:00:00 141.21 36.99 30 5.5 

2011-06-18 20:31:00 141.82 37.617 28 6 
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2011-06-23 06:51:00 142.58 39.946 36 6.9 

2011-07-05 19:18:00 135.23 33.99 7 5.5 

2011-07-08 03:35:00 141.12 37.097 55 5.6 

2011-07-10 09:57:00 143.5 38.032 34 7.3 

2011-07-25 03:51:00 141.62 37.708 46 6.3 

2011-07-31 03:54:00 141.22 36.902 57 6.5 

2011-08-01 23:58:00 138.54 34.708 23 6.2 

2011-08-12 03:22:00 141.16 36.967 52 6.1 

2011-08-19 00:39:00 140.08 36.152 50 4 

2011-09-15 17:00:00 141.48 36.255 51 6.3 

2011-09-17 04:26:00 143.08 40.257 7 6.6 

2011-09-21 22:30:00 140.57 36.736 9 5.2 

2011-10-20 06:21:00 140.64 37.042 9 4.4 

2011-11-20 10:23:00 140.58 36.709 9 5.3 

2012-01-12 12:20:00 141.3 36.966 33 5.9 

2012-01-28 07:39:00 138.97 35.492 18 4.9 

2012-01-28 07:43:00 138.97 35.487 18 5.4 

2012-01-29 16:46:00 138.98 35.536 21 4.7 

2012-02-11 10:27:00 139.78 36.087 46 4.7 

2012-02-19 14:54:00 140.58 36.75 7 5.2 

2012-03-01 07:32:00 140.62 36.437 56 5.3 

2012-03-08 03:51:00 139.86 36.067 44 4.2 

2012-03-10 02:25:00 140.61 36.716 7 5.4 

2012-03-27 20:00:00 142.33 39.805 21 6.6 

2012-05-05 18:56:00 137.17 35.187 45 4.3 

2012-05-18 17:19:00 139.83 36.134 51 4.8 

2012-05-20 16:20:00 143.61 39.536 7 6.5 

2012-06-01 17:48:00 139.87 36.027 44 5.1 

2012-06-09 04:07:00 138.36 35.022 26 4 

2012-06-17 16:13:00 140 36.178 51 4.5 

2012-07-12 13:54:00 139.88 36.082 46 4.2 

2012-07-16 04:31:00 139.81 36.152 52 4.8 

2012-08-03 22:19:00 139.89 36.025 43 4.6 

2012-08-30 04:17:00 139.85 36.119 49 4.1 

2012-10-25 19:32:00 141.89 38.299 50 5.6 

2012-10-27 04:44:00 133.5 33.5 40 4.5 
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Table S2: List of the events used for the scenario analysis 

Name of the event 
Date 

(YYYY-MM-DD) 
Time 

(HH:MM:00) Lon (°) Lat (°) Depth (km) M 

CHUETSU 2004-10-23 08:56:00 138.86 37.29 12.77 6.8 

IWATE-MIYAGI 2008-06-13 23:44:00 140.89 39.03 5.39 7.2 

TOHOKU-OKI 2011-03-11 02:46:00 142.86 38.1 24 9 

 
 
 

 
Table S3. Threshold values for Pd, Pv and Pa 

Parameter 
 

(IMM = V) 
 

 
(IMM = VII) 

 

 
Lower threshold 

 
Higher threshold 

 
Lower threshold 

 
Higher threshold 

 

Pd 
(cm) 

0.022  0.99  0.2 9.3  

Pv 
(cm/s) 

0.2  2.3  0.9  12.3  

Pa 
(cm/s2) 

4.5  218.3  38.4 1900  
 

 
 
 
 

Table S4. Coefficients of equation (2) 

Parameter Coefficient M ≥ 7 & 0 < R ≤ 500 km 

Pd 

A -2.24 ± 0.04 

B 0.59 ± 0.01 

C -1.51 ± 0.02 

 
Pv 

A 0.87 ± 0.03 

B 0.25 ± 0.01 

C -1.63 ± 0.03 

 
Pa 

A 4.56 ± 0.04 

B 0.07 ± 0.01 

C -2.26 ± 0.03 

 


