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! Method implemented on the SCEC 
Broadband platform  

! Validations include Northridge, Landers 
and Loma Prieta, and NGA relations at 
selected sites 
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Broadband Ground Motions Combining Low-Frequency Deterministic Simulations And High-Frequency Scatterograms: 

                                                    Validation Against the 1994 Northridge Earthquake 
SC EC

an NSF+USGS center 

Broadband Method

Mai and Olsen (2009) proposed a method to generate synthetic 

broadband ground motions by combining low-frequency (LF, <1-2Hz) 

deterministic simulations and high-frequency (HF, >1-2Hz) point scat-

terograms from the theory by Zeng et al. (1991) and Zeng (1993). 

The LFs and HFs are combined at a selected merging frequency 

minimizing the error in both amplitude and phase between the deter-

ministic and stochastic time series (Mai and Beroza, 2003). The scat-

terograms are generated from values of the elastic scattering coeffi-

cient, kappa, Vs30, and high-frequency attenuation model. Mena et 

al. (2009) extended this method to distribute the moment of the event 

to that of a finite-fault, and included a dynamically-consistent source-

time function. Using this updated BB code, Mena et al. obtained an 

unbiased comparison to peak ground motions and spectral accelera-

tions from NGA relations for the TeraShake simulations of large 

earthquakes on the southern San Andreas fault (Olsen et al., 2006, 

2008) at precariously-balanced rock locations.

Example computation of hybrid broadband seismograms using scat-

tering Greens functions. (A) site-specific scattering Greens function 

for a point-source at the hypocenter; (B) “scatterogram”, formed by 

convolving the scattering Greens function in (A) with a presumed 

source time funciton; (C) Fourier amplitude spectra for the time 

series in (A) and (B); the velocity-scatterogram decays as / !"1 

(dotted line) beyond the corner frequency; (D) broadband seismo-

gram (top) computed by combining the LF-seismogram (center) with 

the site-specific HF-scatterogram (bottom). (E) amplitude spectra for 

the time series in (D); the spectra of the broad-band synthetics repre-

sent the LF-motions at low-frequencies and the HF-scattering contri-

bution at high frequencies (matching frequency and search range 

shown by vertical lines).

Broadband (BB) scenario ground motions (0-10Hz) play an important 

role in seismic hazard analysis, and accurate BB synthetics are 

needed for performance-based earthquake engineering analysis. 

Validation and verification of the broadband methods is critical to 

ensure realistic synthetic seismograms. Here, we present a validation 

of the most recent version of the SDSU/ETH BB method (Mai and 

Olsen (2009) method against strong-motion data from the 1994 

Northridge earthquake. We also estimate the site-specific kappa 

values that generate the optimal spectral fit between BB synthetics 

and data at 133 strong motion recording sites. The synthetics are 

compared to data using the bias of the response spectral residuals, 

as well as the goodness-of-fit measure proposed by Mayhew and 

Olsen (2009). We test two different approaches to estimate 

frequency-dependent amplification factors.

Distance Along Strike (km)

D
is

ta
n
c
e
 D

o
w

n
d
ip

 (
k
m

)

0 2 4 6 8 10 12 14 16

0

5

10

15

20

0

50

100

150

200

The low-frequency 

synthetics (<2Hz) were 

computed using the 

kinematic slip model 

by Hartzell et al. 

(1996) imbedded in 

the SCEC CVM 4.0. 

We used a staggered-

grid finite-difference 

method to compute the 

synthetics, with a dis-

cretization of 100 m 

and a lowest S-wave 

veloxcity of 1.0 km/s. 

Slip magnitude in cm 

(colors) and rupture 

time (conoturs).

0.1 0.2 0.3 0.5 1 2 3 5 8

 

1!

0.2 0.3 0.5 1 2 3 5 8

0.1 0.2 0.3 0.5 1 2 3 5 8

!2
!1.5
!1

!0.5
0

0.5
1

1.5
2

0 20 40 60
!1.5

!1

!0.5

0

0.5

1

1.5

sec

m
/s

2

0 20 40 60
!2

!1

0

1

2

sec
0 20 40 60

!1

!0.5

0

0.5

1

sec

10
!1

10
0

10
1

10
!2

10
0

Hz

m
/s

2
/H

z

10
!1

10
0

10
1

10
!2

10
0

Hz
10

!1
10

0
10

1

10
!2

10
0

Hz

0 20 40 60
!0.2

!0.1

0

0.1

0.2

sec

m
/s

0 20 40 60
!0.4

!0.2

0

0.2

0.4

sec
0 20 40 60

!0.2

!0.1

0

0.1

0.2

sec

10
!1

10
0

10
1

10
0

Hz

m
/s

/H
z

10
!1

10
0

10
1

10
0

Hz
10

0

10
!6

10
!4

10
!2

Hz

0 20 40
!10

!5

0

5

10
X

sec

m
/s

2

0 20 40
!15

!10

!5

0

5

10

15
Station @: !118.53  34.16Y

sec
0 20 40

!10

!5

0

5

10

15
Z

sec

10
!1

10
0

10
1

10
!2

10
0

Hz

m
/s

2
/H

z

10
!1

10
0

10
1

10
!2

10
0

Hz
10

0

10
!4

10
!2

10
0

Hz

0 20 40
!1

!0.5

0

0.5

1

sec

m
/s

0 20 40
!1.5

!1

!0.5

0

0.5

1

sec
0 20 40

!1

!0.5

0

0.5

sec

10
!1

10
0

10
1

10
!4

10
!2

10
0

Hz

m
/s

/H
z

10
!1

10
0

10
1

10
!4

10
!2

10
0

Hz
10

0

10
!4

10
!2

Hz

X - 26 MAI AND OLSEN: BROADBAND GROUND-MOTION CALCULATION

0 10 20 30 40

-0.1

-0.05

0

0.05

0.1

scattering Green’s function

[c
m

/s
2

]

Time [sec]
0 10 20 30 40

-0.5

0

0.5

... convolved with STF

[m
/s

]

Time [sec]
0.1 1.0 10.0

10
-4

10
-3

10
-2

10
-1

10
0

amplitude spectra

Frequency [Hz]

 

 

conv

scat

0 20 40 60

!60

!40

!20

0

20

Time (s)

V
e
lo

c
it

y
 [

c
m

/s
]

 

 

BB

FD

SC

0.1 1.0 10.0

0.1

1.0

10

Frequency (Hz)

c
m

/s
/H

z

 

 

BB

FD

SC

hybrid broadband seismogram composition

m
/s

/H
z

)C()B()A(

(E)(D)

Figure 1. Computation of hybrid broadband seismograms using scattering Greens functions.

(A) site-speci!c attering Greens function for a point-so urce at the hypocenter; (B) “scat-

terogram”, formed by convolving the scattering Greens function in (A) with the earthquake’s

’total’ slip-rate function; (C) Fouriear amplitude spectra for the time series in (A) and (B); the

velocity-scatterogram decays as ω− 1 (dotted line) beyond the corner frequency; (D) broadband

seismogram (top) computed by combining theLF -seismogram (center) with the site-speci!c HF -

scatterogram (bottom) using a Fourier-domain amplitude-a nd-phase matching technique (Mai

and Beroza , 2003). (E) amplitude spectra for the time series in (D); the spectra of the broad-

band synthetics represent the LF -motions at low-frequencies (except for a small shift near the

DC level due to LP-!ltering of the FD-synthetics) and the HF -scattering contribution at high

!119.2˚

!119.2˚

!118.8˚

!118.8˚

!118.4˚

!118.4˚

!118˚

!118˚

!117.6˚

!117.6˚

!117.2˚

!117.2˚

33.6˚ 33.6˚

34˚ 34˚

34.4˚ 34.4˚

34.8˚ 34.8˚

!119.2˚

!119.2˚

!118.8˚

!118.8˚

!118.4˚

!118.4˚

!118˚

!118˚

!117.6˚

!117.6˚

!117.2˚

!117.2˚

33.6˚ 33.6˚

34˚ 34˚

34.4˚ 34.4˚

34.8˚ 34.8˚

0

500

1000

1500

2000

2500

3000

1994 M6.7 Northridge, CA, Earthquake 

Map showing the location of the causative fault for the 1994 Northridge 

earthquake (rectangle) and the 133 stations from which strong-motion 

data is used in this study (triangles). The strong-motion data was high-

pass filtered at variable cut-off frequencies to remove long-period noise. 

The red triangles denote the sub-set of 24 stations used by Mai and 

Olsen (2009). Colors depict elevation. 

Low-Frequency Source Model 

Elastic scattering coefficient                 0.01

High-frequency attenuation model       150f^0.6 (Atkinson & Silva, 1997)

Kappa                                                   Inverted

BB Parameters 

Kappa

The site-specific kappa values were not available for this study. Since 

kappa primarily controls the high-frequency spectral fall-off, we esti-

mated the distribution of kappa for the BB synthetics which closest 

reproduced the slope of velocity Fourier spectra between 2 and 10 

Hz. We used BBs generated using strong-motion data (de-amplified 

by the C&B amplification factors) as the LFs to avoid bias from the 

selected rupture model. The merging frequency was 2 Hz. The aver-

age kappa value for the133 stations is about 0.028. 

Site Amplification Factors 
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Validation (LFs From Strong Motion Data)

Bias (residuals between observed and BB synthetic response spectra) at 

(top) the subset of 24 stations and (bottom) all 133 strong motion sta-

tions, using a merging frequency of 2Hz. The sub-set of stations produce 

essentially no bias, The bias for all 133 stations show a slight underpre-

diction of the observed response spectral values, primarily caused by 

data where fmax > 2Hz.

Example BB Synthetics

Site  1E-W                         N-S                                        E-W                         N-S

Site 2

Example BB synthetics versus data. While the fit between the synthetics and 

data at site 1 is very good, the BB synthetics grossly underpredict the data at 

site 2, primarily due to an fmax larger than the merging frequency of 2Hz.

Bias (residuals between observed and simulated BB response spectra) 

using the subset of 24 near-field sites. The BB synthetics are nearly 

un-biased, execpt for a slight underprediction between 2 and 10Hz. 

Overall GOF using CB08 amplification factors, BBs simulated in a CVM with 

Vs(min)=1.0 km/s, and a merging frequency of 2 Hz. The GOF values are 

generally slightly better than those obtained for the amplification factors 

from BO.
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Early BB Code Versions 

Overall GOF using BO amplification factors, BBs simulated in a CVM with 

Vs(min)=1.0 km/s, and a merging frequency of 2 Hz. We generally obtain 

favorable GOF values (GOF > 35), except for isolated areas such as in the 

Santa Monica Mts and the Mojave Desert.

Overall GOF without amplification factors, BBs simulated in a CVM with 

Vs(min)=1.0 km/s, and a merging frequency of 2 Hz. Notice the large areas 

of poor GOF, in particular toward the east, north, and the Santa Monica 

Mountains. 

Typically, the LFs are computed for an artificial minimum Vs, 

(here 1 km/s) which is larger than the actual value, in part 

due to computational limitations for 3D simulations. Moreover, 

the scattering HFs generally depend on the lowest Vs used 

for the LFs. However, it is possible to apply frequency-

dependent correction factors to include site-specific amplifica-

tion. Here, we test two such approaches, namely from 

Borcherdt (BO, 1994) and Campbell and Bozorgnia (CB08, 

2008). Above, the spectral amplification curves are shown at 

a soil site for the Northridge earthquake. Note, that the CB08 

factors include more pronouced nonlinear soil de-amplifica-

tion effects (4-10 Hz), as compared to those for BO.

Bias for BB Synthetics                 Conclusions

We have validated the current version of the SDSU/ETH 

broadband synthetics generation method against strong-

motion data for the 1994 Mw6.7 Northridge, CA, earth-

quake. Validations are carried out using both strong-motion 

data (to isolate the accuracy of the HFs) and 3D finite-

difference simulations (source model by Hartzell et al., 

1996) as LFs. The goodness-of-fit between BB synthetics 

and data is estimated using the method by Mayhew and 

Olsen (2009), as well as by the bias (response spectral re-

siduals). 

We estimate the site-specific kappa values that generate 

the optimal spectral fit between BB synthetics and data. The 

resulting distribution of kappa (average value of about 

0.028 at 133 strong motion sites) show little or no correla-

tion to Vs, or to the distance from the event. This distribu-

tion of kappa values is then used to compute a preferred 

set of BB synthetics for the Northridge earthquake. We find 

the best overall fit to data for the BBs generated using LFs 

up to 2Hz, as fmax (the frequency beyond which the spec-

tral velocity decay follows 1/f) at many stations is higher 

than 1 Hz. Our BB method is validated by a very good fit 

between observed and synthetic HFs for 2-10 Hz using the 

observed data as LFs. Using simulated LFs we also obtain 

generally favorable fit between observed and synthetic BB 

peak ground accelerations, peak ground velocities, and 

spectral accelerations. However, our BB synthetics tend to 

slightly underpredict the strong-motion amplitudes between 

2 and 10 Hz, primarily due to lack of complexity in our LF 

source model between 1 and 2 Hz. The response spectral 

residuals are significantly smaller as compared to results for 

the Northridge earthquake using an early version of the 

SDSU/ETH BB code. 

We test two approaches for frequency-dependent correction 

factors to include site-specific amplification (Borcherdt, 

1994, ‘BO’; and Campbell and Bozorgnia, 2008, ‘CB08’). As 

compared to BO, the CB08 factors tend to generate slightly 

better goodness-of-fit to data, in part due to more pro-

nounced nonlinear soil de-amplification effects (>~5 Hz).

Early versions of the SDSU/ETH BB code 

data back to 2004. These versions used 

simple box-car/triangular source-time 

functions with no amplification factors, and 

tended to overpredict the high-frequency 

content (see bias for Northridge in Figure 

on the right). 

10
!3

10
!2

10
!1

10
0

10
1

0.5

1

1.5

2

2.5

3
Amplification Factors

Frequency

0 5 10 15 20 25 30

!0.4

!0.2

0

0.2

0.4

0.6

Time

g

Borcherdt

Campbell&Bozorgnia

GOF GOF GOF

Bias using all 133 strong-motion sites. When including 

all 133 sites, the BB synthetics underpredict data be-

tween 2 and 10Hz, due in part to lack of complexity in 

the source for frequencies between 1 and 2 Hz, and in 

part to sites where fmax > 2Hz. 
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Broadband Ground Motions Combining Low-Frequency Deterministic Simulations And High-Frequency Scatterograms: 

                                                    Validation Against the 1994 Northridge Earthquake 
SC EC

an NSF+USGS center 

Broadband Method

Mai and Olsen (2009) proposed a method to generate synthetic 

broadband ground motions by combining low-frequency (LF, <1-2Hz) 

deterministic simulations and high-frequency (HF, >1-2Hz) point scat-

terograms from the theory by Zeng et al. (1991) and Zeng (1993). 

The LFs and HFs are combined at a selected merging frequency 

minimizing the error in both amplitude and phase between the deter-

ministic and stochastic time series (Mai and Beroza, 2003). The scat-

terograms are generated from values of the elastic scattering coeffi-

cient, kappa, Vs30, and high-frequency attenuation model. Mena et 

al. (2009) extended this method to distribute the moment of the event 

to that of a finite-fault, and included a dynamically-consistent source-

time function. Using this updated BB code, Mena et al. obtained an 

unbiased comparison to peak ground motions and spectral accelera-

tions from NGA relations for the TeraShake simulations of large 

earthquakes on the southern San Andreas fault (Olsen et al., 2006, 

2008) at precariously-balanced rock locations.

Example computation of hybrid broadband seismograms using scat-

tering Greens functions. (A) site-specific scattering Greens function 

for a point-source at the hypocenter; (B) “scatterogram”, formed by 

convolving the scattering Greens function in (A) with a presumed 

source time funciton; (C) Fourier amplitude spectra for the time 

series in (A) and (B); the velocity-scatterogram decays as / !"1 

(dotted line) beyond the corner frequency; (D) broadband seismo-

gram (top) computed by combining the LF-seismogram (center) with 

the site-specific HF-scatterogram (bottom). (E) amplitude spectra for 

the time series in (D); the spectra of the broad-band synthetics repre-

sent the LF-motions at low-frequencies and the HF-scattering contri-

bution at high frequencies (matching frequency and search range 

shown by vertical lines).

Broadband (BB) scenario ground motions (0-10Hz) play an important 

role in seismic hazard analysis, and accurate BB synthetics are 

needed for performance-based earthquake engineering analysis. 

Validation and verification of the broadband methods is critical to 

ensure realistic synthetic seismograms. Here, we present a validation 

of the most recent version of the SDSU/ETH BB method (Mai and 

Olsen (2009) method against strong-motion data from the 1994 

Northridge earthquake. We also estimate the site-specific kappa 

values that generate the optimal spectral fit between BB synthetics 

and data at 133 strong motion recording sites. The synthetics are 

compared to data using the bias of the response spectral residuals, 

as well as the goodness-of-fit measure proposed by Mayhew and 

Olsen (2009). We test two different approaches to estimate 

frequency-dependent amplification factors.
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kinematic slip model 

by Hartzell et al. 

(1996) imbedded in 

the SCEC CVM 4.0. 
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method to compute the 
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and a lowest S-wave 
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Figure 1. Computation of hybrid broadband seismograms using scattering Greens functions.

(A) site-speci!c attering Greens function for a point-so urce at the hypocenter; (B) “scat-

terogram”, formed by convolving the scattering Greens function in (A) with the earthquake’s

’total’ slip-rate function; (C) Fouriear amplitude spectra for the time series in (A) and (B); the

velocity-scatterogram decays as ω− 1 (dotted line) beyond the corner frequency; (D) broadband

seismogram (top) computed by combining theLF -seismogram (center) with the site-speci!c HF -

scatterogram (bottom) using a Fourier-domain amplitude-a nd-phase matching technique (Mai

and Beroza , 2003). (E) amplitude spectra for the time series in (D); the spectra of the broad-

band synthetics represent the LF -motions at low-frequencies (except for a small shift near the

DC level due to LP-!ltering of the FD-synthetics) and the HF -scattering contribution at high
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1994 M6.7 Northridge, CA, Earthquake 

Map showing the location of the causative fault for the 1994 Northridge 

earthquake (rectangle) and the 133 stations from which strong-motion 

data is used in this study (triangles). The strong-motion data was high-

pass filtered at variable cut-off frequencies to remove long-period noise. 

The red triangles denote the sub-set of 24 stations used by Mai and 

Olsen (2009). Colors depict elevation. 

Low-Frequency Source Model 

Elastic scattering coefficient                 0.01

High-frequency attenuation model       150f^0.6 (Atkinson & Silva, 1997)

Kappa                                                   Inverted

BB Parameters 

Kappa

The site-specific kappa values were not available for this study. Since 

kappa primarily controls the high-frequency spectral fall-off, we esti-

mated the distribution of kappa for the BB synthetics which closest 

reproduced the slope of velocity Fourier spectra between 2 and 10 

Hz. We used BBs generated using strong-motion data (de-amplified 

by the C&B amplification factors) as the LFs to avoid bias from the 

selected rupture model. The merging frequency was 2 Hz. The aver-

age kappa value for the133 stations is about 0.028. 

Site Amplification Factors 
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Validation (LFs From Strong Motion Data)

Bias (residuals between observed and BB synthetic response spectra) at 

(top) the subset of 24 stations and (bottom) all 133 strong motion sta-

tions, using a merging frequency of 2Hz. The sub-set of stations produce 

essentially no bias, The bias for all 133 stations show a slight underpre-

diction of the observed response spectral values, primarily caused by 

data where fmax > 2Hz.

Example BB Synthetics

Site  1E-W                         N-S                                        E-W                         N-S

Site 2

Example BB synthetics versus data. While the fit between the synthetics and 

data at site 1 is very good, the BB synthetics grossly underpredict the data at 

site 2, primarily due to an fmax larger than the merging frequency of 2Hz.

Bias (residuals between observed and simulated BB response spectra) 

using the subset of 24 near-field sites. The BB synthetics are nearly 

un-biased, execpt for a slight underprediction between 2 and 10Hz. 

Overall GOF using CB08 amplification factors, BBs simulated in a CVM with 

Vs(min)=1.0 km/s, and a merging frequency of 2 Hz. The GOF values are 

generally slightly better than those obtained for the amplification factors 

from BO.
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Early BB Code Versions 

Overall GOF using BO amplification factors, BBs simulated in a CVM with 

Vs(min)=1.0 km/s, and a merging frequency of 2 Hz. We generally obtain 

favorable GOF values (GOF > 35), except for isolated areas such as in the 

Santa Monica Mts and the Mojave Desert.

Overall GOF without amplification factors, BBs simulated in a CVM with 

Vs(min)=1.0 km/s, and a merging frequency of 2 Hz. Notice the large areas 

of poor GOF, in particular toward the east, north, and the Santa Monica 

Mountains. 

Typically, the LFs are computed for an artificial minimum Vs, 

(here 1 km/s) which is larger than the actual value, in part 

due to computational limitations for 3D simulations. Moreover, 

the scattering HFs generally depend on the lowest Vs used 

for the LFs. However, it is possible to apply frequency-

dependent correction factors to include site-specific amplifica-

tion. Here, we test two such approaches, namely from 

Borcherdt (BO, 1994) and Campbell and Bozorgnia (CB08, 

2008). Above, the spectral amplification curves are shown at 

a soil site for the Northridge earthquake. Note, that the CB08 

factors include more pronouced nonlinear soil de-amplifica-

tion effects (4-10 Hz), as compared to those for BO.

Bias for BB Synthetics                 Conclusions

We have validated the current version of the SDSU/ETH 

broadband synthetics generation method against strong-

motion data for the 1994 Mw6.7 Northridge, CA, earth-

quake. Validations are carried out using both strong-motion 

data (to isolate the accuracy of the HFs) and 3D finite-

difference simulations (source model by Hartzell et al., 

1996) as LFs. The goodness-of-fit between BB synthetics 

and data is estimated using the method by Mayhew and 

Olsen (2009), as well as by the bias (response spectral re-

siduals). 

We estimate the site-specific kappa values that generate 

the optimal spectral fit between BB synthetics and data. The 

resulting distribution of kappa (average value of about 

0.028 at 133 strong motion sites) show little or no correla-

tion to Vs, or to the distance from the event. This distribu-

tion of kappa values is then used to compute a preferred 

set of BB synthetics for the Northridge earthquake. We find 

the best overall fit to data for the BBs generated using LFs 

up to 2Hz, as fmax (the frequency beyond which the spec-

tral velocity decay follows 1/f) at many stations is higher 

than 1 Hz. Our BB method is validated by a very good fit 

between observed and synthetic HFs for 2-10 Hz using the 

observed data as LFs. Using simulated LFs we also obtain 

generally favorable fit between observed and synthetic BB 

peak ground accelerations, peak ground velocities, and 

spectral accelerations. However, our BB synthetics tend to 

slightly underpredict the strong-motion amplitudes between 

2 and 10 Hz, primarily due to lack of complexity in our LF 

source model between 1 and 2 Hz. The response spectral 

residuals are significantly smaller as compared to results for 

the Northridge earthquake using an early version of the 

SDSU/ETH BB code. 

We test two approaches for frequency-dependent correction 

factors to include site-specific amplification (Borcherdt, 

1994, ‘BO’; and Campbell and Bozorgnia, 2008, ‘CB08’). As 

compared to BO, the CB08 factors tend to generate slightly 

better goodness-of-fit to data, in part due to more pro-

nounced nonlinear soil de-amplification effects (>~5 Hz).

Early versions of the SDSU/ETH BB code 

data back to 2004. These versions used 

simple box-car/triangular source-time 

functions with no amplification factors, and 

tended to overpredict the high-frequency 

content (see bias for Northridge in Figure 

on the right). 
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Bias using all 133 strong-motion sites. When including 

all 133 sites, the BB synthetics underpredict data be-

tween 2 and 10Hz, due in part to lack of complexity in 

the source for frequencies between 1 and 2 Hz, and in 

part to sites where fmax > 2Hz. 
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