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ABSTRACT 

This report documents the development of the NGA-West2 empirical ground-motion prediction 
equations (GMPEs) for ground-motion intensity measures derived from recordings of the vertical 
component of ground motion. The extensive and expanded PEER NGA-West2 ground-motion 
database recorded from shallow crustal earthquakes in active tectonic domains was used to 
develop GMPEs for the vertical component of peak ground acceleration (PGA), peak ground 
velocity (PGV), and 5%-damped elastic pseudo-absolute acceleration response spectral ordinates 
(PSA) at periods ranging from 0.01 to 3 sec (the NGA-West2 consensus period range for vertical 
component). 

Other research products and findings of the NGA-West2 project, including the 
development of a comprehensive database of ground motion recorded worldwide and 
development of GMPEs for horizontal components, have been published in a series of reports by 
the Pacific Earthquake Engineering Research Center (PEER). The focus of this report is on 
vertical ground motion. Since the NGA-West2 database and numerous NGA-West2 PEER 
reports have already been published and can be referenced, the consensus of the NGA-West2 
GMPE developers was that for vertical ground motion a single PEER report with independent 
chapters authored by different NGA-West2 GMPE developers would be published. Each chapter 
of this report explains the details of a specific GMPE for vertical component developed by a 
specific ground-motion model developer team.  
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1. Introduction 

The PEER Next Generation of Ground Motion Attenuation Phase 2 Project (the “PEER NGA-
West2 Project”) is a multidisciplinary research initiative coordinated by the Pacific Earthquake 
Engineering Research Center (PEER) to extend the original NGA Project, now called the NGA-
West1 Project, to develop ground-motion models for shallow crustal earthquakes in active 
tectonic regions. An overview of the PEER NGA-West2 Project components, process, and 
products is presented in Bozorgnia et al. [2012]. Various NGA-West2 research products, 
including the NGA-West2 database, five ground-motion prediction equations (GMPEs) for 
horizontal ground motion, and results of numerous supporting research projects have been 
recently published as a series of PEER reports [PEER 2013]. A sub-project in NGA-West2 is the 
development of GMPEs for vertical ground motion, which is the focus of this report. 

Similar to the case of horizontal ground motion, we have posted the “flatfile” of vertical 
ground motion at the PEER web site [PEER Vertical Flatfile 2013]. The flatfile includes 
extensive metadata [Ancheta, et al. 2013], peak ground-motion values, and 5%-damped elastic 
pseudo-absolute response-spectral acceleration (PSA) at 111 oscillator periods. 

Each GMPE developer team, based on their selection criteria, selected a subset of the 
vertical ground-motion data to develop their GMPEs for the vertical component. 

To meet the needs of the earthquake engineering community, all of the NGA-West2 
vertical models were required to be applicable to the following conditions: 

1. they should include the ground-motion intensity measures PGA, PGV, and 5%-
damped elastic pseudo-absolute response-spectral acceleration (PSA) for a 
minimum set of periods ranging from 0–3 sec; 

2. they should be valid for shallow crustal earthquakes with strike-slip, reverse, and 
normal mechanisms in active tectonic regions; 

3. they should be valid for moment magnitudes ranging from 3.0 to: 8.5 for strike-
slip faults, 8.0 for reverse faults, and 7.5 for normal faults; 

4. they should be valid for distances ranging from 0 to 200 (preferably 300 if 
possible) km; and 

5. they should incorporate the time-averaged shear-wave velocity in the top 30 m of 
the site ( 30SV ) as a site parameter, although no specific range of 30SV  values was 

specified.  
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If a GMPE developer team chose different ranges of such parameters, they needed to explain the 
reasoning for their choice. 

After internal discussions, the consensus of the NGA-West2 researchers was that the 
behavior of vertical ground motion beyond a period of 3 sec is complicated and needs further 
investigation; thus, the maximum required period for NGA-West2 vertical GMPEs was 
established at 3 sec. Considering that most structural components and systems are stiff vertically 
and have short vertical periods, the new vertical GMPEs can be used for most structures. For 
structural systems with vertical periods longer than 3 sec we recommend a special case study to 
quantify vertical component and its effects. 

The NGA-West2 group also concluded that more detailed and validated simulations to 
develop nonlinear site response in the vertical direction will be needed in the future. For 
example, the degree of soil nonlinearity is correlated with the P-wave velocity profile and the 
depth to the water table. Thus, use of simulation-based model(s) for vertical nonlinear soil 
response will be carried out in a future task. 

Ground-motion simulation results for the amplification of vertical motion in deep basins 
were also found to need more investigations; thus, the NGA-West2 consensus was to avoid an 
explicit modeling of deep basin effects until the simulations are further advanced. 

This report documents the development of the NGA-West2 GMPEs for vertical 
component. Each chapter of this report explains details of a specific GMPE for vertical ground 
motion developed by a specific ground motion model developer team. 

REFERENCES 

Ancheta T.D., Darragh R., Stewart J.P., Seyhan E., Silva W.J., Chiou B.S.-J., Wooddell K.E., Graves R.W, Kottke 

A.R., Boore D.M., Kishida T., Donahue J.L. (2013). PEER NGA-West2 database, Report PEER 2013/03, 

Pacific Earthquake Engineering Research Center, University of California, Berkeley, CA. 

Bozorgnia Y., Abrahamson N.A., Campbell K.W., Rowshandel B., Shantz T. (2012). NGA-West2: A 

comprehensive research program to update ground motion predictions equations for shallow crustal earthquakes 

in active tectonic regions, Proceedings, 15th World Conference on Earthquake Engineering, Paper No. 2572, 

Lisbon, Portugal. 

PEER (2013). PEER reports on NGA-West2 products and findings,  

 http://peer.berkeley.edu/publications/peer_reports_complete.html 

PEER Vertical Flatfile (2013). http://peer.berkeley.edu/ngawest2/databases/ 
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2. GKAS13: Ground Motion Prediction Equation 
for the Vertical Ground Motion Component  

ZEYNEP GÜLERCE1 

RONNIE KAMAI2 

NORMAN A. ABRAHAMSON3 

WALTER J. SILVA4 

2.1 INTRODUCTION 

Vertical ground motions are often considered in the seismic design of critical structures such as 
nuclear power plants and dams. Recent studies suggest that the effect of the vertical component 
ground motion can also be significant for the seismic response of ordinary highway bridges for 
sites located within about 15 km of major faults [Kunnath et al. 2008; Gülerce and Abrahamson 
2010]. The vertical design spectra may be developed in a probabilistic seismic hazard assessment 
(PSHA) by computing the hazard for the vertical ground motions using vertical ground motion 
prediction equations (GMPEs) or by using a V/H ratio model to scale the horizontal spectrum 
that was developed using the results of horizontal component PSHA. 

Although a large number of researchers have developed GMPEs for the horizontal 
ground motion component, vertical component equations have not been included except for a 
few cases: Abrahamson and Silva [1997], Campbell [1997], Sadigh et al. [1997], Ambraseys and 
Douglas [2003], Bozorgnia and Campbell [2004], and Ambraseys et al. [2005]. The PEER NGA-
W1 models [Abrahamson and Silva, 2008; Boore and Atkinson, 2008; Campbell and Bozorgnia, 
2008; Chiou and Youngs 2008; Idriss 2008] provided improved horizontal GMPEs that include 
recent large magnitude earthquakes, but the GMPEs for the vertical components of the NGA-W1 
models were not developed. 

                                                 
1 Middle East Technical University, Turkey 
2 Ben Gurion University of the Negev, Israel 
3 Pacific Gas & Electric, Co, San Francisco, California 
4 Pacific Engineering and Analysis, El Cerrito, California 
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We derived empirical models for peak ground acceleration and 5% damped spectral 
acceleration of the vertical component using the subset of the PEER NGA-W2 database 
[Ancheta et al. 2013] selected by Abrahamson et al. [2013] horizontal GMPE (ASK13). 
Although the NGA-W2 database represents a large increase in the data set as compared to the 
2008 NGA database [Chiou et al. 2008], the large magnitude (M>7) and short distance (R < 15 
km) range is still only sparsely sampled. To develop a GMPE that extrapolates to large 
magnitudes and short distances in a reasonable manner, we rely on seismological and 
geotechnical models for constraining the extrapolation. Therefore, our approach to the 
development of our GMPE is not traditional curve fitting (e.g., using the minimum number of 
parameters needed to explain the observations), but, rather, it is a model building exercise that 
uses analytical results from seismological and geotechnical models to constrain the extrapolation 
outside the range well represented in the empirical data. Therefore, we used the analytical 
modeling of finite-fault effects to constrain the hanging wall (HW) effects [Donahue and 
Abrahamson 2013]. The functional form of the proposed vertical GMPE is consistent with the 
functional form used for the horizontal component model, except that the model described here 
does not include nonlinear site amplification and soil depth effects. 

2.1.1 Dataset Selection 

The ASK13 ground motion model is based on a subset of the NGA-W2 database described by 
Ancheta et al. [2013]. The general approach used by Abrahamson et al. [2013] for selecting the 
subset of data for use in the regression analysis was to include all earthquakes, including 
aftershocks (Class 2 events as defined by Wooddell and Abrahamson [2013]) in active crustal 
regions (ACR) under the assumption that the median ground motions from earthquakes in ACRs 
at distances less than about 80 km are similar around the world. At distances greater than 80 km, 
differences in crustal structure can have significant effects on the ground motion leading to a 
change in the attenuation at large distances (e.g., Q term). A summary of the criteria used in 
ASK13 for excluding earthquakes and recordings is given in Abrahamson et al. [2013]. The 
same dataset selected by ASK13 for the horizontal component is used for this study, with small 
changes listed below: 

 Remove recordings for which the vertical component is missing, or not processed 

 Remove recordings for which the vertical component is identified as questionable in 
the flatfile (see Chapter 1). 

Our final dataset includes 15,597 recordings from 326 earthquakes, compared to 15,750 
recordings from 326 earthquakes in ASK13. Out of the additional 153 recordings that were 
removed from the vertical dataset, 98 were removed due to the spectral quality flag and the rest 
were missing the vertical spectral acceleration values. The response spectral values for the 
selected recordings are only used in the regression analysis for spectral frequencies greater than 
1.25 times the high-pass corner frequency used in the record processing, as defined in the NGA-
West2 database. This requirement produces a data set that varies as a function of period. The 
period dependence of the number of earthquakes and number of recordings used in the regression 
analysis is shown in Figure 2.1. 
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The significant drop in the number of recordings between 23 seconds indicates that the 
long-period predictions from this model are not well constrained by the empirical data. The 
magnitude-distance distributions for peak ground acceleration (PGA) and spectral acceleration at 
T=3 sec are shown in Figure 2.2(a) and 2.2(b), respectively. 

2.1.2 Model Parameters 

The independent parameters used in the regression analysis are the same as the source, distance, 
and site parameters used by ASK13. Currently, the parameter representing the ground motion 
level on rock (spectral acceleration at the period of interest for VS30=1180 m/sec) is not used 
because the nonlinear site response effects are not yet incorporated. 

 
Figure 2.1 Number of earthquakes and number of recordings in the selected subset 

by period. 

 

Figure 2.2 Magnitude-distance distributions for the final subset. 
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2.2 FUNCTIONAL FORM OF THE MODEL 

Preliminary analysis of the vertical flatfile pointed at several features of the shallow site response 
in the linear range (low shaking intensity): (a) on average, the VS30 scaling of vertical component 
is weaker than the horizontal component, (b) there are significant regional differences, and (c) 
the vertical VS30 scaling doesn’t fit well with a constant slope for all regions. These features can 
be seen in Figure 2.3, which presents residuals of a basic model fit to the data without site 
effects. The basic regression is performed for each region separately (California – CA, Japan – 
JP, Taiwan – TW, and China – CN), and is limited to a distance of 80 km and PGA≤0.1g (to 
avoid nonlinear effects). On average, Figure 2.3 shows that the VS30 scaling of CA data tends to 
curve downwards at low VS30 values, while the TW VS30 scaling is generally linear (constant 
slope with respect to VS30). The JP VS30 scaling at short periods is flat, meaning that shallow site 
response for vertical ground motions does not correlate well with VS30. This trend in the JP VS30 
scaling at short periods is not seen for data at larger distances (80400 km). Given this 
inconsistency, the regional differences in the VS30 scaling is uncertain, and we have not 
incorporated regional VS30 scaling in the current model. The CN VS30 range is more limited, so it 
is difficult to draw general conclusions, but it does not seem to fit with either of the other 
regions. 

 

Figure 2.3 Non-parametric evaluation of the Vs30 scaling for four different regions. 
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Figure 2.4 1D site response simulation results for a profile with Vs30 = 270 m/sec but 

four different corresponding Vp profiles (represented by depth to water 
table). 

In addition to the challenges in defining the linear range of the shallow site response, 
nonlinear response of vertical ground motions are still poorly understood. For example, 1D 
equivalent linear site response simulations show that the degree of nonlinearity is strongly 
correlated with the P-wave velocity profile and the depth to the water table, due to the 
propagation of compressional waves through the profile. Figure 2.4 presents an example of 
simulation results for a profile with VS30=270 m/sec, at T=0.1 sec, using the Peninsular Range 
material properties. It can be seen that as the water table becomes shallower, the degree of 
nonlinearity is significantly reduced. In order to incorporate the simulations into our GMPE, it is 
required to first evaluate what the average water table is for the empirical data and that was 
beyond the scope of the current project. 

Finally, the Z1 (depth to Vs=1000 m/sec) scaling is strongly correlated with the VS30 
scaling and a separate Z1 component has not been incorporated in this version of our model. As 
can be seen by the slope of the residuals in Figure 2.24(c), Z1 scaling should be considered at 
periods of about T=1 sec and longer. The Z1 scaling will be addressed in future developments of 
the model. 

Due to the current limitations in our understanding of shallow and deep site response of 
vertical ground motions, the functional form of the model is consistent with the functional form 
used by ASK13, with the following exceptions: 

 Nonlinear site response is not included  

 Depth to bedrock is not included. 

These aspects will be addressed in future studies and will be incorporated into future 
developments of a vertical GMPE. 

The model for the median ground motion is given by: 
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݈݊ܵܽሺ݃ሻ ൌ 	 ଵ݂൫ܯ, ܴ௨൯  ோܨ ݂ሺܯሻ  ே଼݂ܨ ሺܯሻ  ௌܨ ଵ݂ଵ൫ܥ ܴ൯  ହ݂ሺ ௦ܸଷሻ 
ுௐܨ ସ݂൫ ܴ, ܴ௨, ܴ௫, ܴ௬,ܹ, ,݅݀ ்ܼைோ,ܯ൯  ݂ሺ்ܼைோሻ    (2.1)	ሺܴ௨ሻ݈ܴܽ݊݅݃݁

The base form of the magnitude and distance dependence for strike-slip earthquakes is 
similar to Abrahamson and Silva [2008] horizontal model (AS08), with additional breaks in the 
magnitude scaling for small magnitudes: 

ଵ݂ ൌ

ە
ۖ
۔

ۖ
ۓ ܽଵ  ܽହሺܯ െܯଵሻ  ଼ܽሺ8.5 െ ሻଶܯ  ሾܽଶ  ܽଷሺܯ െܯଵሻሿ lnሺܴሻ  ܽଵܴ௨												݂ݎ	ܯ  ଵܯ

ܽଵ  ܽସሺܯ െܯଵሻ  ଼ܽሺ8.5 െ ሻଶܯ  ሾܽଶ  ܽଷሺܯ െܯଵሻሿ lnሺܴሻ  ܽଵܴ௨				݂ݎ	ܯଶ  ܯ ൏ ଵܯ

ܽଵ  ܽସሺܯଶ െܯଵሻ  ଼ܽሺ8.5 െ ଶሻଶܯ  ܽሺܯ െܯଶሻ																								
ሾܽଶ  ܽଷሺܯଶ െܯଵሻሿ lnሺܴሻ  ܽଵܴ௨																																					݂ݎ	ܯ ൏ ଶܯ

  

  (2.2) 

where 

ܴ ൌ ටܴ௨ଶ  ܿସ
ଶ (2.3) 

Based on preliminary regression results, the breaks in the magnitude scaling in Equation 
(2.2) are set at M1 = 6.75 and M2 = 5.0. 

A preliminary evaluation of the SOF factor for the horizontal component showed that the 
difference between ground motions for different faulting style was not seen for the large set of 
small magnitude data from California. Therefore, a magnitude dependent SOF factor was used 
for both RV (f7) and NML (f8) earthquakes in which the full scaling is only applied for 
magnitudes greater than 5 and is tapered to zero effect for magnitude 4 or smaller. The same 
functional form is adopted for the vertical GMPE as shown below in Equations (2.4) and (2.5): 

 ݂ሺܯሻ ൌ ቐ
	ܽଵଵ ܯ	ݎ݂  5.0

ܽଵଵሺܯ െ 4ሻ 4	ݎ݂  ܯ  5
0 ܯ	ݎ݂ ൏ 4.0

 (2.4) 

଼݂ ሺܯሻ ൌ ቐ
	ܽଵଶ ܯ	ݎ݂  5.0

ܽଵଶሺܯ െ 4ሻ 4	ݎ݂  ܯ  5
0 ܯ	ݎ݂ ൏ 4.0

 (2.5) 

Nonlinear site effects are not incorporated into the model; therefore, we assumed linear 
vertical amplification for the vertical component as given in Equation (2.6): 

ହ݂ሺ ௌܸଷ
∗ ሻ ൌ ሺܽଵሻ݈݊ ቀ

ೄయబ
∗

ಽ
ቁ	 (2.6) 

where 

ௌܸଷ
∗ ൌ 	 ൜ ௦ܸଷ						݂ݎ		 ௦ܸଷ ൏ ଵܸ

ଵܸ							݂ݎ		 ௦ܸଷ  ଵܸ
   (2.7) 

To constrain the V1 term, non-parametric models of the VS30 scaling that were used by 
ASK13 is adopted for the vertical component: 
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ଵܸ ൌ ൞

1500 ܶ	ݎ݂  	ܿ݁ݏ0.5

exp	ሺെ0.35 ln ቀ ்

.ହ
ቁ  lnሺ1500ሻሻ ܿ݁ݏ0.5	ݎ݂  ܶ  ܿ݁ݏ3

800 ܶ	ݎ݂  ܿ݁ݏ3

 (2.8) 

Donahue and Abrahamson [2013] used results from finite-fault simulations to constrain 
the dependence of the HW effects on magnitude, dip, and distance (over the rupture). Based on 
these results, the HW model used in ASK13 includes five tapers to produce a smoothly varying 
HW effect as a function of the dip, magnitude, location over the rupture, depth, and distance off 
of the ends of the rupture. Preliminary analysis indicated that the same model is applicable to the 
vertical ground motion component with minor changes as given below: 

ସ݂൫ ܴ, ܴ௨, ܴ௫, ܴ௬, ,݅݀ ܼ௧,ܯ൯ ൌ ܽଵଷ ଵܶሺ݀݅ሻ ଶܶሺܯሻ ଷܶሺܴ௫,ܹ, ሻ݅݀ ସܶሺܼ௧ሻ ହܶሺܴ௫, ܴ௬ሻ 

  (2.9) 

where 

ଵܶሺ݀݅ሻ ൌ ൜
ሺ90 െ ሻ/45݅݀ ݅݀	ݎ݂  30

60/45 ݅݀	ݎ݂ ൏ 30 (2.10) 

ଶܶሺܯሻ ൌ ቐ
1  aଶୌሺܯ െ 6.5ሻ ܯ	ݎ݂  6.5

1  aଶୌሺܯ െ 6.5ሻ െ ሺ1 െ aଶୌሻሺܯ െ 6.5ሻଶ 5.5	ݎ݂ ൏ ܯ ൏ 6.5
0 ܯ	ݎ݂  5.5

(2.11) 

ଷܶሺܴ௫ሻ ൌ ൞

݄ଵ  ݄ଶሺܴ௫/ܴଵሻ  ݄ଷሺܴ௫/ܴଵሻଶ ௫ܴ	ݎ݂ ൏ ܴଵ
1 െ ቀோೣିோభ

ோమିோభ
ቁ ଵܴ	ݎ݂  ܴ௫  ܴଶ

0 ௫ܴ	ݎ݂  ܴଶ

 (2.12) 

ସܶሺ்ܼைோሻ ൌ ൝1 െ
ೀೃ
మ

ଵ
ைோ்ܼ	ݎ݂  10	݇݉

0 ைோ்ܼ	ݎ݂  10	݇݉
 (2.13) 

ହܶሺܴ௫, ܴ௬ሻ ൌ ൞

1 ௬ܴ	ݎ݂ ൏ ܴ௬ଵ

1 െ
ோబିோభ

ହ
௬ܴ	ݎ݂ െ ܴ௬ଵ ൏ 5

0 ௬ܴ	ݎ݂ െ ܴ௬ଵ  5

 (2.14a) 

where ܴଵ ൌ ሻ, ܴଶሺ݀݅ݏܹܿ ൌ 4ܴଵ , ܴ௬ଵ ൌ ܴ௫tan	ሺ20ሻ , ݄ଵ ൌ 0.25	, ݄ଶ ൌ 1.5 and ݄ଷ ൌ 	െ0.75. 

If the Ry0 distance metric is not available, the T5 taper can be replaced using the following 
model: 

ହܶሺ ܴሻ ൌ ൞

1 	ݎ݂ ܴ ൌ 0

1 െ
ோೕ್
ଷ

	ݎ݂ ܴ ൏ 30

0 	ݎ݂ ܴ  30

 (2.14b) 

Based on preliminary evaluations, we adopted the same depth scaling as that of the 
ASK13 horizontal model: 
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݂ሺ்ܼைோሻ ൌ ቊ
ܽଵହ

ೀೃ
ଶ

ைோ்ܼ	ݎ݂ ൏ 20	݇݉

ܽଵହ ைோ்ܼ	ݎ݂  20	݇݉
 (2.15) 

Previous studies, such as AS08, have found that the median short-period ground motions 
from aftershocks are smaller than the median ground motions from mainshocks. The definition 
for aftershocks has been modified in the NGA-West2 project using the definition of Class 1 and 
Class 2 events as described in Wooddell and Abrahamson [2013]. According to this new 
terminology, we define Class 2 events as those events that have a CRjb < 15 km and that fall 
within the Gardner and Knopoff [1974] time window. Following the hypothesis that the stress 
drops are lower for earthquakes that re-rupture the Class 1 mainshock rupture plane, the ground 
motions from Class 2 events are scaled using the following expression: 

ଵ݂ଵ൫ܥ ܴ൯ ൌ 	൞

ܽଵସ ܥ	ݎ݂ ܴ  5

ܽଵସ ቂ1 െ
ோೕ್ିହ

ଵ
ቃ 5	ݎ݂ ൏ ܥ ܴ ൏ 15

0 ܥ	ݎ݂ ܴ  15

 (2.16) 

We allowed for regionalization of the Q term for the data from Taiwan, Japan, and China. 
In all cases, the additional coefficient is added to the base model (all other regions, dominated by 
California), which is used as a reference. For all three regions, we allow for a difference in the 
large distance (linear R) terms, such that the linear R coefficients a25 for Taiwan, a28 for China, 
and a29 for Japan, are added to the base model coefficient, a17. The regionalization is given by: 

൫ܴ௨൯݈ܴܽ݊݅݃݁ ൌ ௐ൫ܽଶହܴ௨൯்ܨ	 	ܨே൫ܽଶ଼ܴ௨൯  		൫ܽଶଽܴ௨൯ܨ (2.17)	

where FTW equals 1.0 for Taiwan and 0 for all other regions, FCN equals 1.0 for China and 0 for 
all other regions, and FJP equals 1.0 for Japan and 0 for all other regions. 

2.3 REGRESSION ANALYSIS 

The random-effects model was used for the regression analysis following the procedure 
described by Abrahamson and Youngs [1992]. The regression is performed in a number of steps, 
starting with a more limited data set and then proceeding to the full range, including M>3.0, 
Rrup<300 km. Table 2.1 lists the parameters that were regressed in each step and those which 
were smoothed and fixed following each step. 

To arrive at a smooth model, the coefficients were smoothed in a series of steps (Table 
2.1). Smoothing might be performed for a number of reasons, including: (1) to assure a smooth 
spectra, and (2) to constrain the model to a more physical behavior where the data is sparse. In 
the first run, fictitious depth term (c4) is smoothed. The c4 term is constrained to a constant value 
as shown in Figure 2.5 to prevent the large changes in the spectra as the model is extrapolated to 
very short distances. 

In the second run, the magnitude dependent geometrical spreading term (a3) and the 
linear magnitude scaling terms for large (a5) and moderate (a4) events were constrained while the 
quadratic magnitude term (a8) is set to zero. As Figure 2.7 implies, the data would lead to 
oversaturation if allowed. We constrained the a5 term to imply full saturation. In these steps, only 
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moderate-to-large magnitude earthquakes recorded within 80 km for all regions (50 km for 
Japan) were included in regression to define the basic magnitude scaling. 

In Run 3, the quadratic magnitude scaling term (a8) is smoothed at first (Figure 2.8). In 
this step, we expanded the dataset to earthquakes with magnitudes 4.5 and larger. We 
constrained the quadratic magnitude term by considering the effect on the spectral displacement 
values. In the AS08 model, the spectral displacement was constrained after the regression to 
reach a constant value at long periods. In ASK13 model and the current model, an individual 
constant displacement constraint is not applied, but the regression led to reasonably constant 
displacement spectra without the additional constraint as shown in Figure 2.9(a) and (b). 
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Table 2.1 Estimated and constrained parameters at each step of regression. 

Step Data Set Estimated Parameters 
Parameters Smoothed 

after run 

1 
M>5.5, Rrup< 50 km for 

Japan, Rrup< 80 km for others 
a1, a2, a3, a4, a5, a10, a11, a12, 

a13, a14, a15, c4 
c4 (ficticious depth) 

2a 

M>5.5, Rrup< 50 km for 
Japan, Rrup< 80 km for others 

a1, a2, a3, a4, a5, a10, a11, a12, 
a13, a14, a15 

a3 (mag dep GS) 

2b 
a1, a2, a4, a5, a10, a11, a12, 

a13, a14, a15 
a5 (linear mag, M>7.75) 

2c 
a1, a2, a4, a10, a11, a12, a13, 

a14, a15 
a4 (linear mag, M5-M6.75) 

3a 

M>4.5, Rrup< 50 km for 
Japan, Rrup< 80 km for others 

a1, a2, a6, a8, a10, a11, a12, 
a13, a14, a15 

a8 (quadratic magnitude) 

3b 
a1, a2, a6, a10, a11, a12, a13, 

a14, a15 
a13 (HW) 

3c 
a1, a2, a6, a10, a11, a12, a14, 

a15 
a14 (eqk class) 

3d a1, a2, a6, a10, a11, a12, a15 a15 (ZTOR) 

3e a1, a2, a6, a10, a11, a12, 
a11 (RV SOF) 

a12 (NML SOF) 

3f a1, a2, a6, a10 a10 (linear site response) 

4a M>4.5, Rrup< 50 km for 
Japan, Rrup< 300 km for CA, 

Rrup< 80 km for others 

a1, a2, a6, a17 a17 (linear R) 

4b a1, a2, a6 a2 (GS) 

4c 
M>3.0, Rrup< 50 km for 

Japan, Rrup< 300 km for CA, 
Rrup< 80 km for others 

a1, a6 a6 (small mag linear) 

5a 
M>3.0, Rrup< 300 km for CA, 
Japan, China, and Taiwan. 

Rrup< 80 km for others 

a1, a25, a28, a29 
a25, a28, a29 (regional Q 

terms) 

5b a1 
a1 (constant) 

s1-s4 (standard dev)  
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Next, smoothing of the parameters a13, a14, a15, a11, a12, and a10 (shown in Figures 2.10 to 
2.14) were performed to assure that the final model spectra will be smooth across the application 
range, including where it is extrapolated outside of the range well constrained by the data. 

In step 4, smoothing of the long distance scaling parameter (a17) (see Figure 2.15) was 
performed by expanding the dataset to the ground motions that are recorded within 300 km for 
California. The a17 term is constrained to be negative across all periods to assure that the ground 
motion will continue to attenuate at long distances and not curve upwards, as some of the 
regressed coefficients suggest. The same dataset is used to constrain the geometrical spreading 
term (a2) (Figure 2.16), but the dataset is expanded to smaller events (M>3) in order to fix the 
linear magnitude scaling term for small magnitude events (Figure 2.17).  

In step 5, the data from the other three well-recorded regions (China, Japan, and Taiwan) 
are extended to a distance of 300 km and a regional term for the anelastic attenuation is given to 
each of the four long-distance regions (Figure 2.18). Finally, the constant (a1) and standard 
deviation terms are smoothed (Figure 2.19).  

The values of the smoothed coefficients for the median ground motion are listed in 
Tables 2.2 and 2.3. 

 

 

 

Figure 2.5 Smoothing of the fictitious depth term. 
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Figure 2.6 Smoothing of magnitude dependent geometrical spreading term. 

 

 

Figure 2.7 Smoothing of the linear magnitude term for large magnitude events. 
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Figure 2.8 Smoothing of the quadratic magnitude coefficient. 

 

 

 

Figure 2.9  Spectral displacements for M5-M8 strike slip earthquakes at 30 km 
distance for Vs30 = 1180 m/sec: (a) before smoothing a8 and after 
smoothing. 
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Figure 2.10 Smoothing of the hanging-wall term. 

 

 

Figure 2.11 Smoothing of the earthquake class coefficients. 
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Figure 2.12 Smoothing of the ZTOR coefficients. 

 

 

Figure 2.13 Smoothing of the SOF coefficients. 
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Figure 2.14 Smoothing of the regional VS30 scaling for the linear range. 

 

 

Figure 2.15 Smoothing of the long distance attenuation coefficients. 
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Figure 2.16 Smoothing of the geometrical spreading term. 

 

 

Figure 2.17 Smoothing of the linear magnitude term for small magnitude events. 
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Figure 2.18 Smoothing of the large distance scaling different regions. 

 

 

Figure 2.19 Smoothing of the constant term. 
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Table 2.2(a) Coefficients for the median ground motion. 

Parameter VLIN c4 a1 a2 a3 a4 a5 a6 

PGA 660 8 1.025 -1.100 0.400 -0.380 -0.832 1.900 

T=0.010 660 8 1.045 -1.100 0.400 -0.380 -0.832 1.900 

T =0.020 680 8 1.085 -1.100 0.400 -0.380 -0.832 1.900 

T =0.030 770 8 1.220 -1.100 0.400 -0.380 -0.832 1.900 

T =0.050 800 8 1.550 -1.100 0.400 -0.380 -0.832 1.900 

T =0.075 800 8 1.520 -1.004 0.400 -0.380 -0.832 1.900 

T =0.100 800 8 1.420 -0.936 0.382 -0.380 -0.795 1.900 

T =0.150 740 8 1.260 -0.841 0.357 -0.380 -0.743 1.900 

T =0.200 590 8 1.117 -0.773 0.339 -0.380 -0.706 2.022 

T =0.250 495 8 1.010 -0.750 0.326 -0.380 -0.677 2.117 

T =0.300 430 8 0.930 -0.750 0.314 -0.380 -0.654 2.194 

T =0.400 360 8 0.790 -0.750 0.297 -0.380 -0.617 2.317 

T =0.500 340 8 0.690 -0.750 0.283 -0.380 -0.588 2.411 

T =0.750 330 8 0.460 -0.750 0.258 -0.380 -0.536 2.584 

T =1.000 330 8 0.300 -0.750 0.240 -0.380 -0.499 2.706 

T =1.500 330 8 0.038 -0.750 0.211 -0.380 -0.438 2.878 

T =2.000 330 8 -0.142 -0.750 0.190 -0.380 -0.395 3.000 

T =3.000 330 8 -0.482 -0.750 0.161 -0.380 -0.335 3.000 
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Table 2.2(b) Coefficients for the median ground motion. 

Parameter a8 a10 a11 a12 a13 a14 a15 a17 

PGA 0.000 -0.350 -0.260 -0.180 0.750 -0.230 1.530 -0.004 

T=0.010 0.000 -0.420 -0.260 -0.180 0.750 -0.230 1.530 -0.004 

T=0.020 0.000 -0.420 -0.260 -0.180 0.750 -0.230 1.530 -0.004 

T=0.030 0.000 -0.420 -0.260 -0.180 0.750 -0.230 1.530 -0.004 

T=0.050 0.000 -0.420 -0.260 -0.180 0.750 -0.230 1.530 -0.006 

T =0.075 0.000 -0.448 -0.260 -0.180 0.750 -0.230 1.530 -0.007 

T =0.100 0.000 -0.469 -0.260 -0.180 0.750 -0.230 1.530 -0.008 

T =0.150 -0.035 -0.497 -0.217 -0.148 0.750 -0.230 1.530 -0.007 

T =0.200 -0.060 -0.517 -0.180 -0.126 0.750 -0.163 1.530 -0.006 

T =0.250 -0.080 -0.533 -0.151 -0.108 0.694 -0.112 1.414 -0.006 

T =0.300 -0.095 -0.546 -0.127 -0.094 0.649 -0.069 1.320 -0.005 

T =0.400 -0.120 -0.566 -0.090 -0.072 0.577 -0.003 1.170 -0.004 

T =0.500 -0.140 -0.582 -0.061 -0.054 0.521 0.049 1.055 -0.003 

T =0.750 -0.175 -0.610 -0.008 -0.023 0.419 0.143 0.844 -0.002 

T =1.000 -0.200 -0.690 0.030 0.000 0.347 0.210 0.695 -0.001 

T =1.500 -0.249 -0.780 0.082 0.000 0.246 0.304 0.484 -0.001 

T =2.000 -0.284 -0.810 0.120 0.000 0.174 0.371 0.335 -0.001 

T =3.000 -0.334 -0.761 0.173 0.000 0.072 0.465 0.125 -0.001 
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Table 2.3 Coefficients for the median ground motion for other regions. 

Parameter a25 a28 a29 

PGA -0.0029 0.0016 -0.0026 

T=0.010 -0.0029 0.0016 -0.0026 

T=0.020 -0.0034 0.0014 -0.0028 

T=0.030 -0.0049 0.0008 -0.0032 

T =0.050 -0.0068 0.0012 -0.0036 

T =0.075 -0.0069 0.0024 -0.0032 

T =0.100 -0.0066 0.0029 -0.0029 

T =0.150 -0.0057 0.0031 -0.0027 

T =0.200 -0.0048 0.0026 -0.003 

T =0.250 -0.0045 0.0021 -0.0033 

T =0.300 -0.0044 0.0016 -0.0036 

T =0.400 -0.0043 0.0009 -0.0037 

T =0.500 -0.0044 0.0004 -0.0039 

T =0.750 -0.0041 0 -0.0041 

T =1.000 -0.0036 0 -0.0039 

T =1.500 -0.0023 0 -0.0032 

T =2.000 -0.0021 0 -0.0028 

T =3.000 -0.0021 0 -0.0028 

2.4 RESIDUALS 

In this section, residuals from the regression analysis are shown as functions of all the main 
independent parameters to allow an evaluation of the model. The residuals are shown for PGA 
and spectral periods of 0.1 and 1.0 sec. 

2.4.1 Inter-event Residuals 

The inter-event residuals are plotted as functions of magnitude, depth-to-top of rupture, and rake 
in Figures 2.20(a) through 2.20(c) for PGA and spectral periods of 0.1and 1.0 sec, respectively. 
The open circles represent the Western U.S (WUS) data while the open squares represent all 
other regions. For all periods, there is not a strong magnitude or rake dependence. For ZTOR, there 
is no trend up to 15 km but the average residual beyond 15 km is slightly negative. Given the 
sparse data at that range (only nine events) we consider the model scaling of ZTOR to be 
acceptable, but note that it is poorly constrained for ZTOR > 15 km. 
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2.4.2 Intra-event Residuals 

The base model is evaluated through the distance dependence of the intra-event residuals by 
magnitude bins for WUS data in Figures 2.21(a) through 2.21(c). The magnitude bins 3, 4, 5, 6, 
and 7 correspond to magnitude ranges of: 3≤M<3.5, 3.5≤M<4.5, 4.5≤M<5.5, 5.5≤M<6.5 and 
6.5≤M<8, respectively. There are no apparent trends in the residuals up to a distance of about 
100 km. At longer distances, the magnitude-bin 6 data is slightly under-predicted. The 
magnitude-bin 7 data is fit by the model out to distance of 200 km for all periods and only 
slightly over-predicted for longer distances. 

The linear site response model is evaluated through the VS30 dependence of the intra-
event residuals, shown in Figures 2.22(a) through 2.22(c) for WUS, Japan, and all other regions 
separately. Overall, the WUS data shows no trend in the residuals as a function of VS30. There are 
two WUS recordings with VS30 = 2000 m/sec that are high for all spectral periods. This could be 
related to lower kappa, which is not accounted for in this model. The Japanese at T=1 sec is 
under-predicted at low VS30 and over-predicted at high VS30, indicating that this data has a weaker 
VS30 scaling than our average model. As discussed above, while we recognize the need to 
regionalize the VS30 scaling, this version of the model does not account for a regionalized VS30 
scaling at this time. 

The effect of nonlinear site response is evaluated through the Sa1180 dependence of the 
intra-event residuals for soil sites, shown in Figures 2.23(a) through 2.23(c) for sites with 
180<Vs30<360 m/sec only, for WUS, Japan, and all other regions separately. For the WUS 
residuals there is no observed trend despite not including nonlinear effects in the model, 
indicating that the current data in the NGA-West2 database does not include much nonlinearity. 
The Japanese data, however, is over-predicted at strong shaking intensity, indicating that the 
Japanese data does have some nonlinear effects that are currently not accounted for by the 
model. 

Finally, the Z1.0 scaling is evaluated by examining the residuals for four different Vs30 bins 
in Figure 2.24(a) through 2.24(c). The intra-event residuals are plotted as a function of Z1.0. There 
are no trends for PGA and T=0.1 sec, but at T=1.0 sec, the data is under-predicted as Z1.0 

increases, indicating that there is some basin amplification that is currently not accounted for by 
the model at longer periods. 

  



25 

 
 

 

Figure 2.20(a)  Event terms for PGA. 
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Figure 2.20(b)  Event terms for T=0.1 sec. 
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Figure 2.20(c)  Event terms for T=1.0 sec. 
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Figure 2.21(a) Distance dependence of the intra-event residuals, WUS only, by 

magnitude bins, PGA. 
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Figure 2.21(b) Distance dependence of the intra-event residuals, WUS only, by 

magnitude bins, T=0.1 sec. 
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Figure 2.21(c) Distance dependence of the intra-event residuals, WUS only, by 

magnitude bins, T=1.0 sec. 
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Figure 2.22(a)  Vs30 dependence of the intra-event residuals, PGA. 
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Figure 2.22(b)  Vs30 dependence of the intra-event residuals, T=0.1 sec. 
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Figure 2.22(c)  Vs30 dependence of the intra-event residuals, T = 1.0 sec. 
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Figure 2.23(a)  Sa1180 dependence of the Intra-event residuals, PGA. 
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Figure 2.23(b)  Sa1180 dependence of the Intra-event residuals, T=0.1 sec. 
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Figure 2.23(c)  Sa1180 dependence of the Intra-event residuals, T = 1.0 sec. 
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Figure 2.24(a)  Z1 dependence of the intra-event residuals, PGA. 
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Figure 2.24(b)  Z1 dependence of the intra-event residuals, T=0.1 sec. 
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Figure 2.24(c)  Z1 dependence of the intra-event residuals, T = 1.0 sec. 
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2.5 STANDARD DEVIATIONS 

The intra-event and inter-event standard deviations are magnitude dependent, as follows: 

߶,ሺܯሻ ൌ 	ቐ

ଵݏ ܯ	ݎ݂ ൏ 4

ଵݏ 
௦మି௦భ
ଶ

ሺܯ െ 4ሻ 4	ݎ݂  ܯ  6

ଶݏ ܯ	ݎ݂  6
 (2.18) 

and 

߬,ሺܯሻ ൌ 	ቐ

ଷݏ ܯ	ݎ݂ ൏ 5

ଷݏ 
௦రି௦య
ଶ

ሺܯ െ 5ሻ 5	ݎ݂  ܯ  7

ସݏ ܯ	ݎ݂  7
 (2.19) 

where ߶, is the linear intra-event standard deviation and ߬, is the linear inter-event standard 
deviation. The smoothed s1 through s4 parameters are provided in Table 2.4 and presented in 
Figure 2.25. 

 

 

Figure 2.25 Smooth coefficients for the standard deviation models. 
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Table 2.4 Coefficients for the standard deviation. 

T (sec) s1 s2 s3 s4 

PGA 0.720 0.534 0.490 0.345 

0.010 0.720 0.534 0.490 0.345 

0.020 0.720 0.558 0.490 0.345 

0.030 0.720 0.572 0.490 0.345 

0.050 0.720 0.590 0.490 0.345 

0.075 0.720 0.590 0.490 0.345 

0.100 0.720 0.590 0.490 0.345 

0.150 0.720 0.590 0.490 0.345 

0.200 0.698 0.590 0.490 0.345 

0.250 0.681 0.590 0.490 0.345 

0.300 0.667 0.590 0.490 0.345 

0.400 0.644 0.590 0.490 0.345 

0.500 0.627 0.590 0.490 0.345 

0.750 0.596 0.590 0.490 0.345 

1.000 0.574 0.590 0.490 0.345 

1.500 0.543 0.622 0.490 0.345 

2.000 0.521 0.645 0.490 0.345 

3.000 0.489 0.677 0.490 0.345 

 

2.6 MODEL RESULTS 

The median response spectra for the vertical model are compared with the horizontal model 
(ASK13) in Figures 2.26 through 2.30. Unless noted otherwise, all plots in this section represent 
the base model (excluding Taiwan, China, and Japan), the ZTOR values are 8, 6.5, 3, and 0 for 
magnitudes 5, 6, 7, and 8, respectively, and the Z1.0 values are set at the Zref value [Chiou and 
Youngs 2013] for the given VS30. 

Figures 2.26(a) and (b) show a vertical strike-slip scenario at an RJB distance of 30 km 
and Vs30 values of 760 m/sec and 270 m/sec, respectively. A similar comparison of the medians 
at a RJB distance of 1 km is shown in Figure 2.27(a) and (b) for VS30 values of 760 m/sec and 270 
m/sec. As expected, the peak in the spectra is at shorter periods for the vertical model, especially 
for soil sites. The sharp peak at T=0.1 sec (especially for the smaller magnitudes) is probably 
due to insufficient sampling of spectral periods. We will add more periods to the regression in 
future developments, to be sure to capture the right spectral peak. 

While the vertical model is lower than the horizontal for a rock site at a distance of 30 
km, the ratio of vertical-to-horizontal (V/H ratio) becomes larger for shorter distances [e.g., 
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Figure 2.27(a)] and is clearly larger than one at short periods for soil sites at short distances [e.g., 
Figure 2.27(b)]. 

The distance scaling is shown in Figure 2.28 for PGA and spectral periods of 0.1, 1.0, 
and 3.0 sec. In this figure, the median ground motion from vertical strike-slip earthquakes on 
rock site conditions (VS30 = 760 m/sec) is shown for four different magnitudes. 

The magnitude scaling of the current model is shown in Figures 2.29 for vertical strike-
slip earthquakes on rock site conditions (VS30=760 m/sec) for T =0.1 and T =3.0 sec. The weak 
scaling of the short-period motion at short distances reflects the saturation with magnitude. 

The site response scaling for M7 vertical strike-slip earthquakes at a rupture distance of 
30 km is shown in Figure 2.30, presenting the dependence of the spectra on the VS30 value. 
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\  

Figure 2.26(a) Comparison of the median spectral acceleration: SS, RJB = 30 km, VS30 = 
760 m/sec. 

 

 
Figure 2.26(b) Comparison of the median spectral acceleration: SS, RJB = 30 km, VS30 = 

270 m/sec. 

 



44 

 

 
Figure 2.27(a) Comparison of the median spectral acceleration: SS, RJB = 1 km, VS30 = 

760 m/sec. 

 
 

 
Figure 2.27(b) Comparison of the median spectral acceleration: SS, RJB = 1 km, VS30 = 

270 m/sec. 
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Figure 2.28(a) Comparison of the rupture distance scaling for a vertical strike slip with 

VS30 = 760 m/sec at PGA. 

 
 

 
Figure 2.28(b) Comparison of the rupture distance scaling for a vertical strike slip with 

VS30 = 760 m/sec at T = 0.1 sec. 
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Figure 2.28(c) Comparison of the rupture distance scaling for a vertical strike slip with 

VS30 = 760 m/sec at T = 1 sec. 

 
 

 
Figure 2.28(d) Comparison of the rupture distance scaling for a vertical strike slip with 

VS30 = 760 m/sec at T = 3 sec. 
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Figure 2.29(a) Comparison of the magnitude scaling for a vertical strike slip with VS30 = 

760 m/sec at T = 0.1 sec. 

 
 

 
Figure 2.29(b) Comparison of the magnitude scaling for a vertical strike slip with VS30 = 

760 m/sec at T =3 sec. 



48 

 

Figure 2.30 Example of VS30 scaling for a strike slip M7 at Rrup = 30 km. 

2.7 RANGE OF APPLICABILITY 

The model is applicable for distances of 0-300 km and magnitudes 3.08.5. Although the largest 
magnitude in the NGA data set is M7.9, we consider that the model can be reliably extrapolated 
to M8.5. With regards to site conditions, the model is considered applicable for VS30 ≥ 180 m/sec 
but it is not well constrained for sites with VS30 ≥ 1000 m/sec. 
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3. SSBA13: Vertical Component Ground Motion 
Prediction Equations for Active Crustal 
Regions 

JONATHAN P. STEWART1 

EMEL SEYHAN1 

DAVID M. BOORE2 

GAIL M. ATKINSON3 

3.1 INTRODUCTION 

In this chapter we present ground-motion prediction equations (GMPEs) for the vertical 
component of ground motions in active crustal regions.  

Our approach was to begin with the horizontal-component GMPEs described by Boore et 
al. (2014) (hereafter BSSA14) and then to modify the coefficients as required by trends observed 
in the residuals. Accordingly, the functional form for the vertical-component GMPEs is very 
similar to that for our horizontal GMPEs and some of the coefficients remain unchanged. The 
source, path, and site models have all been modified for the vertical-component GMPEs. The 
aleatory uncertainty model is also changed. We assume the reader has a working knowledge of 
the BSSA14 model, and hence the present work is presented concisely. 

Subsequent sections of this report chapter provide a complete set of equations for the 
model, describe the process by which the model coefficients were obtained, and show the ground 
motion trends revealed by the vertical-component GMPEs. We conclude with a summary and 
statement of limitations. 
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2 Earthquake Science Center, U.S. Geological Survey, Menlo Park, California 
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3.2 FORM OF THE EQUATIONS 

The functional form for the vertical-component GMPEs presented in this report is similar to 
BSSA14 and is given by the following equation:  

       30 30ln , , , , ,E P JB S S JB n JB SY F mech F R F V R R V    M , M  M M  (3.1) 

where lnY represents the natural logarithm of a vertical ground-motion intensity measure (peak 
acceleration or 5% damped pseudo spectral acceleration; PGA or PSA, respectively); EF , PF , 

and SF  represent period-dependent functions for source (“E” for “event”), path (“P”), and site 

(“S”) effects, respectively; n  is the fractional number of standard deviations of a single 

predicted value of lnY away from the mean (e.g., 1.5n    is 1.5 standard deviations smaller 

than the mean); and  is the total standard deviation of the model. The predictor variables are M, 
mech, RJB, and 30SV . Parameter mech = 0, 1, 2, and 3 for unspecified, SS, NS, and RS, 

respectively. The units of PGA and PSA are g and PGV is cm/s.  

3.2.1 Elements of the Median Model (Source, Path, and Site Functions) 

The source (event) function is given by: 
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(3.2) 

where U, SS, NS, and RS are dummy variables, with a value of 1 to specify unspecified, strike-
slip, normal-slip, and reverse-slip fault types, respectively, and 0 otherwise; the hinge magnitude 
Mh is period dependent, and e0, e1V, e2V, e3V, e4, e5, and e6 are model coefficients. Coefficients 
with a ‘V’ in the subscript are modified relative to BSSA14. The only change in the function 
from BSSA14 is the addition of the ck term, which approximately represents the period-
dependent mean bias between the vertical and average horizontal data. Parameter ck is estimated 
through an iterative process described subsequently. Note that there is an ambiguity in equation 
3.2, in that any number could be added to kc  and subtracted from 0e , 1Ve , 2Ve , and 3Ve  without 

changing the value of EF ; the coefficients for our GMPEs, determined through an iterative 

process to be described shortly, are internally consistent, however. 

The path function is given by: 

         1 2 3 3, ln / *P JB V V ref ref V V refF R c c R R c c R R        M M M  (3.3) 

where 

2 2
JBR R h 

 (3.4)  
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and 1Vc , 2Vc , 3Vc , 3Vc , refM , refR  and h are model coefficients. Parameter 3Vc  is region-

dependent. 

The site function is given by: 

     30, , ln lnS S JB lin nlF V R F F M  (3.5) 

where Flin represents the linear component of site amplification, Fnl represents the nonlinear 
component of site amplification. The basin depth term

1z
F that was used in BSSA14 is taken as 

zero. Both the Flin and Fnl terms are changed relative to BSSA14. 

The linear component of the model (Flin) describes the scaling of ground motion with VS30 for 
linear soil response conditions (i.e., small strains) as follows: 
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 (3.6) 

where Vref represents a reference velocity where the amplification is zero (in ln units), Vc is a 
limiting velocity beyond which there is no further VS30-scaling, and cV represents the level of 
VS30-scaling for VS30 < Vc and is reduced relative to that in BSSA14 (where a different coefficient 
c was used). All terms other than cV in Equation (3.6) are unchanged from BSSA14. 

The function for the Fnl term is as follows: 

  3
1 2

3

ln ln r
nl V

PGA f
F f f

f

 
   

 
 (3.7) 

where 1f , 2Vf , and 3f  are model coefficients and rPGA  is obtained by evaluating Equation 

(3.1) for given RJB and M with 30 760 m/secSV  for the vertical component. Parameter 2Vf is the 

only term in Equation (3.7) changed from BSSA14; it represents the degree of nonlinearity for 
the vertical component and is formulated as: 

      2 4 5 30 5exp min ,760 360 exp 760 360V V sf f f V f       (3.8) 

where 4Vf  and 5f  are model coefficients. Parameter 4Vf is changed from BSSA14 whereas f5 is 

unchanged. 

3.2.2 Aleatory Uncertainty Function 

The total standard deviation V  is partitioned into components that represent between-

earthquake variability ( V ) and within-event variability ( V ) as follows: 
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2 2
V V V     (3.9) 

At this stage, we have only evaluated V  and V  for the following conditions: M > 5.5, RJB < 

100 km, and all 30SV  conditions.  

3.3 EVALUATION OF COEFFICIENTS 

3.3.1 Data 

We use the 31 May 2013 NGA-West 2 vertical flatfile titled “NGA Flatfile Vertical As-
Recorded d050 LgM SMM 05312013”. This file contains 21,539 vertical-component ground 
motions. Our data selection criteria were as follows:  

 We use the same magnitude- and distance-dependent cutoff criteria as employed for 
the horizontal component GMPEs, which are given in Figure 1 of BSSA14. 

 We only use events with ≥ 4 recordings, satisfying the limiting distance criteria from 
the previous bullet. 

 We only use data if the “Spectra Quality Flag” under Column JK in the flatfile equals 
0. 

 We use other data selection criteria described by BSSA14 concerning instrument 
housing and record reliability (but for vertical component). 

 We only use records for oscillator periods less than the inverse of the lowest usable 
frequency for the vertical component in the flatfile (Column DY). 

Application of these criteria results in 15,326 recordings for PGA. 

3.3.2 Initial Analysis of Residuals for Adjustment of Site Terms 

The initial analyses presented in this section used a subset of the data described in Section 3.3.1 
having Rjb < 80 km in all regions except Japan, for which we used Rjb < 50 km. These distance 
thresholds were applied to minimize the effects of misfit in anelastic attenuation, which is 
addressed in the following section. This subset of the data has 8.075 recordings for PGA. 

Using that data subset, we calculated residuals relative to the BSSA14 GMPEs (for the 
horizontal component) as follows: 

 30ln , ,ij ij ij JB SR Z R V  M  (3.10) 

Index i refers to the earthquake event and index j refers to the recording within event i. Term Zij 
represents the observed vertical-component ground motion and  30, ,ij JB SR V Μ  represents the 

horizontal-component GMPE median in natural log units. We then partition the residuals using 
mixed effects analysis as follows: 

1ij k i ijR c       (3.11) 
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where ck1 is the mean residual, i is an event term, and ij is the within-event residual. The 
number ‘1’ is included in the subscript for ck because this coefficient will be established 
through multiple iterations as the vertical GMPEs are refined, and Equation (3.11) represents the 
first iteration. In the iteration procedure we performed a new mixed-effects analysis for each 
effect that is investigated. There are three of iterations for the site term, which was then fixed. 
Using that model, we looked at the focal mechanism terms, changed the model, then proceeded 
to the distance attenuation terms. Each successive iteration required a new mixed effects 
analysis. 

As shown in Figure 3.1, this analysis resulted in significantly non-zero ck1 terms. Those 
terms have a clear physical meaning, as they equal the average value of the natural log of the 
vertical-to-horizontal ratio (i.e., V/H) of the intensity measures. For example, ck1 for PGA and 
5% damped PSA at 1 sec are -0.48 and -0.76, which correspond to V/H ratios of 0.62 and 0.47, 
respectively. 

Figure 3.2 shows within-event residuals ij against VS30. The trends indicate that the 
vertical-component intensity measures are less sensitive to 30SV  than the horizontal-component 

intensity measures. This is accomplished in the GMPEs by reducing the scaling parameter cV (in 
an absolute sense) relative to c (the horizontal parameter). The amount of reduction is quantified 
approximately by a linear fit through the residuals having a slope of cV, as marked in the 
figures. The number ‘1’ in the subscript refers to this being the first iteration in a process that is 
repeated. Figure 3.3 shows values of c for the horizontal model and cV1 established by this first 
iteration. 

 

 

Figure 3.1 Variation of parameters ck and ck1 with period. Parameter ck is a 
parameter in the vertical GMPE evaluated from multiple iterations of 
residuals analysis. Parameter ck1 represents the mean misfit between 
vertical data and horizontal model prior to adjustment of any model 
coefficients (Iteration 1). The results for additional iterations are not 
shown in this figure. 
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Figure 3.2 Within-event residuals for vertical data relative to horizontal model. 

Upward trend indicates slower VS30-scaling of vertical data relative to 
horizontal. The figure shows the residuals along with the bin means with 
their 95% confidence intervals. 

 

 

 
Figure 3.3 Parameter cV used in vertical model along with the cVi terms and the final 

value of cV recommended for use with the vertical GMPEs. 
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We then formulated a preliminary vertical-component GMPE for the purpose of 
analyzing site effects by using the equations from the previous section with all coefficients set at 
their horizontal values except for the following values for ck and cV: 

1

N

k ki
i

c c


   (3.12) 

 
1

N

V Vi
i

c c c


    (3.13) 

where N=1 at this stage corresponding to the first iteration of residuals analysis. Values for ck1 
and cV1 are indicated in Figures 3.1 and 3.3, respectively. At this stage we retained the use of f4 
values from the horizontal GMPE. With this preliminary vertical GMPE now defined, we 
repeated the residuals analysis indicated by Equations (3.10) and (3.11) (but with the preliminary 
vertical GMPE used in lieu of BSSA14), which led to values of cV2 in the manner described 
previously and shown in Figure 3.3.  

At this stage, before further analyzing cV, we investigated whether the vertical data 
exhibited evidence of nonlinearity. This analysis was undertaken using the methodology 
described in Seyhan and Stewart [2014]. We evaluate ‘rock’ residuals (denoted r

ijR ) relative to 

the preliminary vertical model with VS30 set to 760 m/sec (this turns off the site term). The 
resulting residuals are plotted in Figure 3.4. We then fit the residuals using Equation (3.7) with f3 
set to 0.1g as in the horizontal model. The objective of this analysis is to establish the parameter 
f2V, which represents nonlinearity in the vertical-component ground motions. The resulting fits 
are shown in Figure 3.4 along with the horizontal fits from Seyhan and Stewart [2014] for 
reference. 

The results in Figure 3.4 generally show negligible nonlinearity (f2 values are nearly 
zero), except for the slowest VS30 bin under 200 m/sec. The resulting f2 values are plotted against 
VS30 in Figure 3.5 along with the model for f2 adopted in this study and the values for the 
horizontal component (shown for reference purposes). The vertical model shown in Figure 3.5 
was obtained by reducing parameter f4, which is denoted f4V in Equation (3.8) and plotted against 
period in Figure 3.6. 

The updating of the model for nonlinearity was not found to appreciably affect the trends 
of residuals against VS30, as indicated by cV3 values of nearly zero in Figure 3.3. Hence, no 
further iterations were performed, and cV was computed using Equation (3.13) with the result 
shown in Figure 3.3. Those values of cV and the values of f4V shown in Figure 3.6 were used in 
subsequent analysis of residuals and are used in the recommended vertical GMPEs. 

  



58 

 
 
 
 
 

 
Figure 3.4 Rock residuals against vertical PGAr for data in various VS30 bins. Rock 

residuals are computed using vertical data and preliminary version of 
vertical GMPE with VS30 set to reference value of 760 m/s. Fit curve per 
Equation (3.7) is shown along with fit curve for horizontal component 
from Seyhan and Stewart (2014). Note: Negligible nonlinearity in all cases 
except the slowest VS30 bin.  
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Figure 3.5 Variation of slope f2 or f2V with VS30 for vertical- and horizontal-component 

ground motions along with the respective models for representing 
nonlinearity parameter f2. Binned means of f2 or f2V are shown with their 
95% confidence intervals. 
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Figure 3.6 Parameters f4 and f4V for horizontal and vertical site response nonlinearity. 

3.3.3 Focal Mechanism 

Following some GMPE developers interactions, we suspected that the focal mechanism terms in 
our horizontal GMPEs may not be applicable to the vertical GMPEs. Accordingly, we took the 
vertical GMPEs, modified for site terms from the Section 3.3.2, and computed residuals per 
Equations (3.10) and (3.11). We investigated focal mechanism effects by plotted between-event 
residuals i for the three bins of SS, NS, and RS. Figure 3.7 shows the results along with the bin 
means and their 95% confidence intervals. 

The offset of a bin mean from zero indicates that a correction to the corresponding focal 
mechanism terms could be made, particularly if zero does not fall within the confidence interval. 
These changes are made by adding the binned mean to each respective focal mechanism terms 
(e1, e2, and e3, respectively). As in BSSA14, the values for coefficient e0 (for an unspecified fault 
type) are taken as a weighted average of the SS, NS, and RS coefficients. As in BSSA14, the 
weights used are 0.58, 0.12, and 0.30, respectively, reflecting the relative fractions of events that 
we use for horizontal-component 1.0 sec PSA. 
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Figure 3.7 Between-event residuals sorted by focal mechanism. Binned means 
shown with their 95% confidence intervals. 

3.3.4 Anelastic Attenuation 

We next turn to the evaluation of anelastic attenuation coefficients c3 and c3. We set c3 using 
the procedure of BSSA14. In this procedure, we take data from California for M < 5.5 as shown 
in Figure 3.8. After correcting the data for site effects to an equivalent VS30 of 760 m/sec, it is 
plotted against distance as shown for example in Figure 3.9, and an expression with the 
following form is fit to the data: 

   1 3ln lnij i ref V refZ c R R c R R      (3.14) 

In this expression, c1 represents apparent geometric spreading within the M bin, and c3V 
represents the apparent anelastic attenuation. Model fits per Equation (3.14) are plotted through 
the data in Figure 3.9. 

The regression results are compiled across the various M bins in Figure 3.10, from which 
we see strong M dependence of c1 but little M dependence of c3V. These values of c3V are 
adopted for use in the vertical GMPEs. Figure 3.11 compares the c3 values for the horizontal 
GMPE (BSSA14) with those for the vertical GMPE. 
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Figure 3.8 Binned groups of California data in NGA-West 2 vertical flatfile used for 

constraint of apparent anelastic attenuation terms. 

 

 
Figure 3.9 California vertical data and fit curve [Equation (3.14)] for M 4.5-5.0 events. 

Data corrected to VS30=760 m/sec. Results show strong effects of 
apparent anelastic attenuation at high frequencies and negligible effects 
for T ≥ 1 sec. 
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Figure 3.10 Trends of apparent geometric spreading (c1′) and apparent anelastic 

attenuation (c3V) terms with period and magnitude. Results show 
significant M-dependence for c1′ but not for c3. 

 

 
Figure 3.11 Variation with period of apparent anelastic attenuation terms for 

horizontal and vertical GMPEs. 

 

After updating the vertical GMPEs with these c3V values and the site and focal 
mechanism adjustments from prior sections, we plot within-event residuals against distance for 
various regions in Figures 3.12. As with the horizontal GMPEs, the anelastic attenuation for the 
first group (California, Taiwan, and New Zealand) requires no further correction (c3V = 0), 
whereas the second group (Italy and Japan) and third group (China and Turkey) have faster and 
slower attenuation, respectively. These conditions are marked in the figures as ‘Average Q,’ 
‘Low Q,’ and ‘High Q,’ respectively. 
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Figure 3.12 Within-event residuals for regions identified as ‘Average Q’ (California, 

New Zealand, and Taiwan), ‘Low Q’ (Japan and Italy), and ‘High Q’ (China 
and Turkey). Also shown is the fit line per Equation (3.15) for RJB > 25 km. 
Means within distance bins are shown along with their 95% confidence 
intervals. 
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For the low and high Q cases, we fit a linear expression through the data according to: 

 3V ref lRc R R       (3.15) 

where c3V is the additive regional correction to the c3V term from Equation (3.3), and lR  is the 

mean value of the residuals at close distance in a given region. In order to prevent the relatively 
sparse data at the closest distances from affecting the slope c3V, we limited the data range used 
in the regression to RJB > 25 km, which captures the ‘flat’ region in the residuals before anelastic 
effects become significant (beyond about 80 km) and encompasses the distance range with 
abundant data. The resulting c3V coefficients are recommended for use with the model in the 
respective regions. 

3.3.5 Analysis of Geometric Spreading and Fictitious Depth Terms 

We next turn to the evaluation of apparent geometric spreading coefficients c1 and c2, and 
fictitious depth term h. We compute residuals after updating the vertical GMPEs based on the 
source, site, and path adjustments from the prior three sections. We plot within-event residuals 
against distance for various bins of M in Figures 3.13. 

We find evidence for bias in the apparent geometric spreading from these figures. This is 
evident from non-zero slope in the approximate distance range of 5 to 100 km. We select this 
distance range because (1) closer distances are largely affected by fictitious depth term h, and (2) 
further distances are mostly controlled by anelastic terms. For the M < 4 data, the slopes of the 
residuals are positive, the trends are generally flat for the M 5-6 bin, and for the M > 7 bin the 
slopes are negative for short periods and positive for long periods. The computed slopes for each 
period and magnitude combination are marked in the figures with the variable , which has been 
computed for additional M bins and periods as well, with results for selected periods shown in 
Figure 3.14. We find that  varies approximately linearly with M, and we fit the trend using a 
weighted least squares regression (weight proportional to the number of events in each M bin) as 
follows: 

   1 2 ref    M M M   (3.16) 

The values of 1 and 2 in Equation (3.16) represent misfit between geometric spreading in the 
data and the model. These values are plotted against period in Figure 3.15. 

We evaluate the changes in c1 and c2 for the vertical GMPEs as: 

1 1 1Vc c     (3.17) 

2 2 2Vc c     (3.18) 

Values of each parameter were smoothed for application as shown in Figure 3.15. 
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Figure 3.13 Within-event residuals for four M ranges regions. Also shown are fit lines 

within the distance range of 5 to 100 km. Means within distance bins are 
shown along with their 95% confidence intervals. 
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Figure 3.14 The dependency of the variable  on M for PGA and PSA at four selected 

periods for five M ranges.  

 
Figure 3.15 Misfit of M dependent apparent geometric spreading term between 

vertical data and the c2 term from the horizontal model. 
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The residuals in Figure 3.13 at close distance show evidence of bias at close distance (Rjb 
< 510 km) in some cases. However, we found that after the change of the geometric spreading 
terms in the GMPEs (from c1 to c1V and c2 to c2V), this bias was largely removed. Had there been 
significant bias, we would have adjusted the fictitious depth term h, but we ultimately decided no 
change was needed. 

3.4 GMPE PERFORMANCE 

The recommended GMPEs, as given by the equations in Section 3.2.1, are modified relative to 
the horizontal model based on the ck terms and the aforementioned adjustments for parameters 
describing apparent geometric spreading, apparent anelastic attenuation and its regional 
dependence, focal mechanism effects, and site effects. The final values of the ck term reflect each 
of the incremental adjustments per Equation (3.12) and are shown in Figure 3.1. 

Trends of the GMPEs’ median predictions are shown in Figure 3.16 in terms of spectra 
(PSA versus T) and V/H ratios (V/H versus T), in Figure 3.17 for distance attenuation (PSA 
versus Rjb), and Figure 3.18 for magnitude-scaling (PSA versus M). The plots generally follow 
the expected patterns. The vertical spectra peak at shorter periods than for horizontal. The 
attenuation patterns with distance and M-scaling patterns are similar to those for the horizontal 
model. 

Residuals of the recommended GMPEs are shown in Figures 3.19 through 3.21. Figure 
3.19 shows the trends of between-event residuals with M. There are some magnitude ranges with 
bias as the residuals have peaks and valleys, but overall the trends appear to be reasonably flat, at 
least for periods of 1.0 sec and less. There are systematic biases at long periods (T > 1 sec) for 
large magnitudes (M > 6.5) that suggest the GMPEs may not be reliable for such conditions. As 
shown in Figures 3.20 and 3.21, the trends with distance and VS30 are generally flat, although 
there is a negative bias for VS30 < 200 m/sec, which suggests the models are likely not reliable for 
that range of site conditions. 
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(a)

(b)

Figure 3.16 (a) Median PSA of proposed vertical GMPE for M 5, 6, 7, and 8 strike slip 
earthquakes for distances RJB=1 and 30 km, and VS30 = 760 m/sec; and (b) 
V/H spectral ratios for the same conditions used to plot spectra. 

 
Figure 3.17 Median trends of proposed vertical GMPE as a function of distance for 

indicated M and strike slip events. VS30=760 m/sec. 
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Figure 3.18 Median trends of proposed vertical GMPE as a function of M for indicated 

distances and strike slip events. VS30=760 m/sec. 

 
Figure 3.19 Event terms versus magnitude for PGA and PSA at four selected periods. 

Means within M bins shown along with their 95% confidence intervals. 
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Figure 3.20 Within-event residuals versus Rjb for PGA and PSA at three selected 

periods. Means within distance bins shown along with their 95% 
confidence intervals. 

 
Figure 3.21 Within-event residuals versus VS30 for PGA and PSA at three selected 

periods. Means within VS30 bins are shown along with their 95% 
confidence intervals. 

Based on GMPE developer interactions, we are aware that our vertical GMPEs produce 
larger ground motions for the specific condition of mid- to long-periods (T >  0.3 sec), large 
magnitudes (M ≥ 7), and close distances (RJB <  5 km) than other NGA-West 2 vertical models. 
For this reason, we present an additional check of our model to test its general performance in 
this range. In Figure 3.22, we plot the data for the 1999 Chi Chi, Taiwan, (M 7.6) event at 
periods of 1.0 and 3.0 sec. The data are corrected to a site condition of VS30 = 760 m/sec using 
the site model presented in Section 3.2.1. Superimposed on the data is our median model 
prediction for RS earthquakes (no event term is applied). The model performance appears quite 
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good for 1.0 sec PSA, suggesting that our GMPE is not over-predicting this important data set. 
At 3.0 sec PSA, our model under-predicts the data, which is consistent with the event term in 
Figure 3.19. Interestingly, since our understanding is that the other models predict considerably 
lower median ground motions than ours at close distances, those models would likely have a 
larger offset from the data for this event. 

Figure 3.23 presents the aleatory uncertainty terms from the present work (applicable to 
M > 5.5 and RJB < 100 km) for the vertical component as compared to the corresponding terms 
from BSSA14 for the horizontal component. We find the within-event aleatory uncertainties () 
to be similar for horizontal and vertical, whereas the between-even uncertainties () are lower for 
vertical at short periods (under around 0.1 sec) and higher at longer periods. 

 

 
Figure 3.22 NGA-West 2 vertical data for M 7.62 Chi Chi, Taiwan, event, corrected to 

VS30 = 760 m/sec, along with model prediction (without event term) for RS 
focal mechanism. 

 
Figure 3.23 Standard deviation terms against period for vertical GMPEs (this study) 

and horizontal GMPEs BSSA14 for the conditions of M > 5.5 and RJB < 100 
km (VS30 > 300 m/sec is an additional condition for the horizontal 
component). 
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3.5 SUMMARY AND LIMITATIONS 

We have presented a set of ground-motion prediction equations that we believe are the simplest 
formulation demanded by the NGA-West 2 database used for the regressions. The GMPEs 
presented in this report are only recommended for the conditions below: 

 Tectonically active crustal regions. 

 Strike-slip and reverse-slip earthquakes, M = 5 to 8.5. 

 Normal-slip earthquakes, M = 5 to 7. 

 Distance, RJB = 0 to 400 km. 

 Spectral periods of PGA to 3.0 sec, with the exception of events with M > 6.5, for 
which we consider the relations to only be valid for PGA to 1.0 sec. 

 Time-averaged shear wave velocities of VS30 = 200 to 1500 m/sec (the 200 m/sec limit 
is based on misfits identified from residuals for slower velocities). 

Further refinements of these vertical GMPEs are likely. We anticipate performing a fresh 
set of two-step regressions on the vertical data with subsequent refinements from residuals 
analysis, which may affect the source and path functions, and reduce the aleatory uncertainties 
relative to what is presented here. 

3.6 COEFFICIENT TABLE 

The model parameters that have changed relative to BSSA14 are presented in Table 3.1. 

Table 3.1 Coefficients changed relative to BSSA14. 

Period (sec) e0V e1V e2V e3V 

PGA 0.45336 0.4499 0.34114 0.50493 
PGV 4.96599 5.13000 5.33000 4.50000 

0.01 0.4636 0.43243 0.39355 0.55187 

0.02 0.49077 0.49282 0.40139 0.52256 

0.022 0.5034 0.50645 0.41402 0.53326 

0.025 0.52803 0.52944 0.44155 0.55988 

0.029 0.56572 0.56269 0.48692 0.60309 

0.03 0.57559 0.57162 0.49905 0.61389 

0.032 0.59479 0.58965 0.52229 0.6337 

0.035 0.62338 0.61801 0.5561 0.66067 

0.036 0.63262 0.62743 0.56688 0.66895 

0.04 0.66982 0.66587 0.61036 0.70125 

0.042 0.68774 0.68442 0.63173 0.71657 

0.044 0.70566 0.7029 0.65316 0.73198 

0.045 0.71502 0.71252 0.66429 0.74016 

0.046 0.72455 0.72228 0.67554 0.74854 

0.048 0.74238 0.74051 0.69644 0.76438 

0.05 0.761 0.75947 0.71759 0.78132 
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Period (sec) e0V e1V e2V e3V 

0.055 0.80611 0.80493 0.76563 0.8246 
0.06 0.85042 0.84916 0.80816 0.86974 

0.065 0.89295 0.8914 0.84522 0.91503 

0.067 0.90906 0.90736 0.85866 0.93251 

0.07 0.93284 0.9309 0.87806 0.95853 

0.075 0.97073 0.96842 0.90878 0.99999 

0.08 1.00627 1.0041 0.9381 1.03773 

0.085 1.03966 1.03808 0.96606 1.07215 

0.09 1.07201 1.0714 0.99335 1.10466 

0.095 1.10307 1.10349 1.01981 1.13555 

0.1 1.13146 1.13291 1.04438 1.16349 

0.11 1.18277 1.18508 1.08951 1.21559 

0.12 1.22718 1.2296 1.12953 1.26156 

0.13 1.26385 1.266 1.1643 1.2995 

0.133 1.27345 1.27556 1.17365 1.30929 

0.14 1.29239 1.29436 1.19325 1.32823 

0.15 1.31367 1.31592 1.21758 1.34775 

0.16 1.32735 1.33062 1.2365 1.35738 

0.17 1.33416 1.33901 1.25001 1.35843 

0.18 1.3357 1.34241 1.25927 1.35331 

0.19 1.33308 1.34166 1.26501 1.34373 

0.2 1.32738 1.33747 1.26778 1.33171 

0.22 1.31006 1.32153 1.2668 1.30519 

0.24 1.28867 1.29888 1.25594 1.28203 

0.25 1.27711 1.28564 1.24589 1.27309 

0.26 1.26581 1.27206 1.2332 1.26678 

0.28 1.24428 1.24504 1.20226 1.25963 

0.29 1.23403 1.2322 1.18567 1.25691 

0.3 1.22368 1.21977 1.16856 1.25328 

0.32 1.20293 1.19681 1.1357 1.24165 

0.34 1.18134 1.17521 1.10406 1.22409 

0.35 1.16954 1.1639 1.08813 1.21299 

0.36 1.15786 1.153 1.073 1.20119 

0.38 1.13228 1.12929 1.0423 1.17405 

0.4 1.1062 1.10508 1.01301 1.14565 

0.42 1.07957 1.07971 0.98461 1.11728 

0.44 1.05294 1.0539 0.95687 1.08949 

0.45 1.039 1.04027 0.94261 1.07511 

0.46 1.0249 1.02648 0.92823 1.06052 

0.48 0.99865 1.00068 0.90167 1.03351 

0.5 0.97145 0.9743 0.87426 1.0048 

0.55 0.90625 0.91241 0.80826 0.93353 

0.6 0.84269 0.85384 0.74369 0.86075 

0.65 0.78217 0.79904 0.68191 0.78964 

0.667 0.76273 0.78154 0.6622 0.76656 

0.7 0.72476 0.74719 0.62424 0.72161 

0.75 0.6679 0.69501 0.56936 0.65488 
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Period (sec) e0V e1V e2V e3V 

0.8 0.61179 0.64211 0.51847 0.5905 

0.85 0.55637 0.58874 0.47065 0.5281 

0.9 0.50044 0.53403 0.42394 0.46608 

0.95 0.44423 0.47852 0.37767 0.40456 

1 0.39031 0.4251 0.33316 0.3459 

1.1 0.2817 0.3172 0.23836 0.23041 

1.2 0.17018 0.20598 0.13489 0.11507 

1.3 0.05839 0.0941 0.02806 0.00147 

1.4 0.04871 0.01335 0.07596 0.10618 

1.5 0.15223 0.11741 0.17691 -0.20969 

1.6 -0.25092 -0.21699 -0.27189 -0.30815 

1.7 -0.3433 -0.31045 -0.35945 -0.40033 

1.8 -0.4312 -0.3995 -0.44175 -0.48827 

1.9 -0.5138 -0.483 -0.51867 -0.57141 

2 -0.58742 -0.55718 -0.58711 -0.64602 

2.2 -0.72165 -0.69099 -0.71179 -0.78487 

2.4 -0.84801 -0.81601 -0.82716 -0.91822 

2.5 -0.90945 -0.87663 -0.88385 -0.98313 

2.6 -0.96838 -0.93453 -0.93989 -1.04522 

2.8 -1.0813 -1.04509 -1.05165 -1.16318 

3 -1.18922 -1.15062 -1.16117 -1.27506 

 
 

Period (sec) ck c1V c2V c3V 

PGA -0.301998 -1.134 0.1667 -0.009224 

PGV -0.589976 -1.180 0.1600 -0.003400 

0.01 -0.307103 -1.134 0.1666 -0.009224 

0.02 -0.246512 -1.1394 0.16462 -0.009038 

0.022 -0.223203 -1.1405 0.16424 -0.009036 

0.025 -0.183923 -1.1419 0.16375 -0.009072 

0.029 -0.131908 -1.1423 0.16344 -0.009207 

0.03 -0.120305 -1.1421 0.16342 -0.009259 

0.032 -0.099868 -1.1412 0.1634 -0.009387 

0.035 -0.075817 -1.1388 0.16339 -0.009628 

0.036 -0.069423 -1.1378 0.16337 -0.009719 

0.04 -0.051039 -1.1324 0.16316 -0.010122 

0.042 -0.045699 -1.125256 0.16297 -0.010336 

0.044 -0.042664 -1.118932 0.16275 -0.010553 

0.045 -0.041961 -1.115771 0.16264 -0.01066 

0.046 -0.041775 -1.112542 0.16252 -0.010766 

0.048 -0.042875 -1.106576 0.1623 -0.010972 

0.05 -0.045804 -1.100623 0.16209 -0.011164 

0.055 -0.060047 -1.086727 0.16155 -0.011569 
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Period (sec) ck c1V c2V c3V 

0.06 -0.08197 -1.073772 0.16082 -0.011868 

0.065 -0.108801 -1.061869 0.15985 -0.01207 

0.067 -0.120287 -1.057499 0.15942 -0.012126 

0.07 -0.13777 -1.051252 0.15869 -0.012183 

0.075 -0.166106 -1.041467 0.15725 -0.012216 

0.08 -0.191624 -1.0335 0.15552 -0.012176 

0.085 -0.214482 -1.0295 0.15356 -0.012078 

0.09 -0.235422 -1.0259 0.15143 -0.011934 

0.095 -0.255187 -1.0228 0.1492 -0.011757 

0.1 -0.274521 -1.0202 0.14703 -0.011562 

0.11 -0.313705 -1.0157 0.1427 -0.01115 

0.12 -0.353133 -1.0122 0.13852 -0.010726 

0.13 -0.391805 -1.0099 0.13482 -0.010299 

0.133 -0.40311 -1.0095 0.13382 -0.010172 

0.14 -0.42872 -1.0087 0.13172 -0.009878 

0.15 -0.462879 -1.0082 0.12901 -0.009475 

0.16 -0.493473 -1.0083 0.12658 -0.009096 

0.17 -0.52045 -1.0091 0.12448 -0.008742 

0.18 -0.543952 -1.0106 0.12268 -0.008411 

0.19 -0.564119 -1.0129 0.12116 -0.008103 

0.2 -0.581092 -1.0157 0.11989 -0.007815 

0.22 -0.605778 -1.025748 0.1193757 -0.007296 

0.24 -0.617937 -1.035232 0.1186619 -0.006842 

0.25 -0.619222 -1.040139 0.1182967 -0.006636 

0.26 -0.617399 -1.044894 0.1179327 -0.006441 

0.28 -0.607195 -1.054365 0.1171266 -0.006081 

0.29 -0.600407 -1.058888 0.1167083 -0.005913 

0.3 -0.593557 -1.063473 0.1162085 -0.005751 

0.32 -0.581699 -1.072038 0.1152802 -0.00544 

0.34 -0.572202 -1.080078 0.1144214 -0.005145 

0.35 -0.568159 -1.084106 0.1140032 -0.005005 

0.36 -0.564491 -1.087807 0.1136703 -0.004868 

0.38 -0.557988 -1.095237 0.1130535 -0.004606 

0.4 -0.552119 -1.102179 0.1126268 -0.00436 

0.42 -0.5464 -1.10854 0.112275 -0.004129 

0.44 -0.540724 -1.114629 0.1120024 -0.003913 

0.45 -0.537899 -1.117548 0.1118969 -0.00381 

0.46 -0.535079 -1.120451 0.1117925 -0.00371 

0.48 -0.52945 -1.125713 0.1117186 -0.003521 

0.5 -0.52383 -1.130919 0.1116734 -0.003346 

0.55 -0.509781 -1.142369 0.1117089 -0.00296 
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Period (sec) ck c1V c2V c3V 

0.6 -0.495999 -1.152354 0.1115151 -0.002644 

0.65 -0.4828 -1.161015 0.1108959 -0.002391 

0.667 -0.478502 -1.163641 0.1106506 -0.002318 

0.7 -0.470505 -1.168586 0.1101099 -0.002194 

0.75 -0.459435 -1.175694 0.1093617 -0.002043 

0.8 -0.449838 -1.1819 0.10873 -0.001932 

0.85 -0.441663 -1.1854 0.10709 -0.001852 

0.9 -0.434789 -1.1884 0.10548 -0.001796 

0.95 -0.429091 -1.1909 0.10389 -0.001756 

1 -0.424447 -1.193 0.10248 -0.001724 

1.1 -0.417828 -1.1966 0.10016 -0.001665 

1.2 -0.413951 -1.1996 0.098482 -0.001606 

1.3 -0.411835 -1.2018 0.097375 -0.001549 

1.4 -0.4105 -1.2039 0.096743 -0.001494 

1.5 -0.408967 -1.2063 0.096445 -0.001439 

1.6 -0.40646 -1.2086 0.096338 -0.001386 

1.7 -0.403029 -1.2106 0.096254 -0.001334 

1.8 -0.398928 -1.2123 0.096207 -0.001283 

1.9 -0.394411 -1.2141 0.096255 -0.001232 

2 -0.389734 -1.2159 0.096361 -0.001183 

2.2 -0.380577 -1.219 0.096497 -0.001086 

2.4 -0.371794 -1.2202 0.096198 -0.000992 

2.5 -0.367543 -1.2201 0.096106 -0.000946 

2.6 -0.363385 -1.2198 0.096136 -0.0009 

2.8 -0.355348 -1.218 0.096667 -0.000809 

3 -0.347682 -1.217 0.097638 0 

 
 

Period (sec) 
c3V 

(CATWNZ,Global) 

c3V 

(CHTur) c3V (ItJP) 

PGA 0.00 0.0029 -0.0026 

PGV 0.00 0.0044 -0.0003 

0.01 0.00 0.0028 -0.0026 

0.02 0.00 0.0028 -0.0022 

0.022 0.00 0.0027 -0.0022 

0.025 0.00 0.0027 -0.0022 

0.029 0.00 0.0027 -0.0022 

0.03 0.00 0.0027 -0.0022 

0.032 0.00 0.0027 -0.0021 

0.035 0.00 0.0028 -0.0021 
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Period (sec) 
c3V 

(CATWNZ,Global) 

c3V 

(CHTur) c3V (ItJP) 

0.036 0.00 0.0028 -0.0021 

0.04 0.00 0.0028 -0.0020 

0.042 0.00 0.0029 -0.0020 

0.044 0.00 0.0029 -0.0020 

0.045 0.00 0.0029 -0.0020 

0.046 0.00 0.0029 -0.0020 

0.048 0.00 0.0030 -0.0020 

0.05 0.00 0.0030 -0.0020 

0.055 0.00 0.0030 -0.0020 

0.06 0.00 0.0030 -0.0020 

0.065 0.00 0.0030 -0.0020 

0.067 0.00 0.0030 -0.0020 

0.07 0.00 0.0030 -0.0021 

0.075 0.00 0.0029 -0.0021 

0.08 0.00 0.0029 -0.0022 

0.085 0.00 0.0029 -0.0023 

0.09 0.00 0.0029 -0.0023 

0.095 0.00 0.0029 -0.0024 

0.1 0.00 0.0029 -0.0024 

0.11 0.00 0.0029 -0.0025 

0.12 0.00 0.0029 -0.0026 

0.13 0.00 0.0028 -0.0026 

0.133 0.00 0.0028 -0.0027 

0.14 0.00 0.0028 -0.0027 

0.15 0.00 0.0028 -0.0027 

0.16 0.00 0.0028 -0.0027 

0.17 0.00 0.0028 -0.0028 

0.18 0.00 0.0028 -0.0028 

0.19 0.00 0.0028 -0.0028 

0.2 0.00 0.0027 -0.0029 

0.22 0.00 0.0026 -0.0030 

0.24 0.00 0.0025 -0.0032 

0.25 0.00 0.0024 -0.0032 

0.26 0.00 0.0024 -0.0033 

0.28 0.00 0.0023 -0.0033 

0.29 0.00 0.0022 -0.0033 

0.3 0.00 0.0022 -0.0033 

0.32 0.00 0.0021 -0.0034 

0.34 0.00 0.0020 -0.0033 

0.35 0.00 0.0020 -0.0033 
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Period (sec) 
c3V 

(CATWNZ,Global) 

c3V 

(CHTur) c3V (ItJP) 

0.36 0.00 0.0020 -0.0033 

0.38 0.00 0.0020 -0.0033 

0.4 0.00 0.0021 -0.0032 

0.42 0.00 0.0021 -0.0032 

0.44 0.00 0.0022 -0.0031 

0.45 0.00 0.0022 -0.0031 

0.46 0.00 0.0022 -0.0031 

0.48 0.00 0.0023 -0.0030 

0.5 0.00 0.0023 -0.0030 

0.55 0.00 0.0024 -0.0028 

0.6 0.00 0.0025 -0.0027 

0.65 0.00 0.0026 -0.0027 

0.667 0.00 0.0026 -0.0026 

0.7 0.00 0.0026 -0.0026 

0.75 0.00 0.0027 -0.0025 

0.8 0.00 0.0027 -0.0025 

0.85 0.00 0.0028 -0.0024 

0.9 0.00 0.0029 -0.0024 

0.95 0.00 0.0029 -0.0023 

1 0.00 0.0030 -0.0022 

1.1 0.00 0.0030 -0.0021 

1.2 0.00 0.0031 -0.0019 

1.3 0.00 0.0031 -0.0017 

1.4 0.00 0.0030 -0.0016 

1.5 0.00 0.0030 -0.0014 

1.6 0.00 0.0030 -0.0013 

1.7 0.00 0.0030 -0.0012 

1.8 0.00 0.0031 -0.0011 

1.9 0.00 0.0031 -0.0011 

2 0.00 0.0031 -0.0011 

2.2 0.00 0.0030 -0.0010 

2.4 0.00 0.0029 -0.0011 

2.5 0.00 0.0028 -0.0011 

2.6 0.00 0.0027 -0.0012 

2.8 0.00 0.0025 -0.0012 

3 0.00 0.0024 -0.0013 
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Period (sec) cV f4V 

PGA -0.33 -0.1500 

PGV -0.52 -0.2010 

0.01 -0.33 -0.1483 

0.02 -0.32 -0.1471 

0.022 -0.31 -0.1477 

0.025 -0.3 -0.1496 

0.029 -0.3 -0.1525 

0.03 -0.29 -0.1549 

0.032 -0.3 -0.1574 

0.035 -0.3 -0.1607 

0.036 -0.3 -0.1641 

0.04 -0.32 -0.1678 

0.042 -0.33 -0.1715 

0.044 -0.33 -0.176 

0.045 -0.34 -0.181 

0.046 -0.34 -0.1862 

0.048 -0.35 -0.1915 

0.05 -0.36 -0.1963 

0.055 -0.37 -0.2014 

0.06 -0.39 -0.2066 

0.065 -0.4 -0.212 

0.067 -0.4 -0.2176 

0.07 -0.4 -0.2232 

0.075 -0.41 -0.2287 

0.08 -0.41 -0.2337 

0.085 -0.41 -0.2382 

0.09 -0.41 -0.2421 

0.095 -0.4 -0.2458 

0.1 -0.4 -0.2492 

0.11 -0.4 -0.2519 

0.12 -0.4 -0.254 

0.13 -0.4 -0.2556 

0.133 -0.4 -0.2566 

0.14 -0.4 -0.2571 

0.15 -0.4 -0.2571 

0.16 -0.4 -0.2562 

0.17 -0.4 -0.2544 

0.18 -0.4 -0.2522 

0.19 -0.4 -0.2497 

0.2 -0.4 -0.2466 

0.22 -0.4 -0.2432 
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Period (sec) cV f4V 

0.24 -0.41 -0.2396 

0.25 -0.41 -0.2357 

0.26 -0.41 -0.2315 

0.28 -0.4 -0.2274 

0.29 -0.39 -0.2232 

0.3 -0.39 -0.2191 

0.32 -0.38 -0.2152 

0.34 -0.38 -0.2112 

0.35 -0.38 -0.207 

0.36 -0.37 -0.2033 

0.38 -0.37 -0.1996 

0.4 -0.38 -0.1958 

0.42 -0.38 -0.1922 

0.44 -0.38 -0.1884 

0.45 -0.38 -0.184 

0.46 -0.39 -0.1793 

0.48 -0.39 -0.1749 

0.5 -0.39 -0.1704 

0.55 -0.41 -0.1658 

0.6 -0.42 -0.161 

0.65 -0.43 -0.1558 

0.667 -0.44 -0.1503 

0.7 -0.45 -0.1446 

0.75 -0.46 -0.1387 

0.8 -0.47 -0.1325 

0.85 -0.49 -0.1262 

0.9 -0.5 -0.1197 

0.95 -0.51 -0.1126 

1 -0.52 -0.1052 

1.1 -0.53 -0.0977 

1.2 -0.54 -0.0902 

1.3 -0.55 -0.0827 

1.4 -0.56 -0.0753 

1.5 -0.56 -0.0679 

1.6 -0.57 -0.0604 

1.7 -0.58 -0.0534 

1.8 -0.59 -0.047 

1.9 -0.61 -0.0414 

2 -0.62 -0.0361 

2.2 -0.64 -0.0314 

2.4 -0.66 -0.0271 
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Period (sec) cV f4V 

2.5 -0.67 -0.0231 

2.6 -0.68 -0.0196 

2.8 -0.69 -0.0165 

3 -0.7 -0.0136 

 
 

Period (sec) V V 

PGA 0.502 0.440 

PGV 0.479 0.438 

0.01 0.503 0.446 

0.02 0.512 0.439 

0.022 0.517 0.442 

0.025 0.527 0.450 

0.029 0.542 0.464 

0.03 0.546 0.468 

0.032 0.554 0.476 

0.035 0.565 0.487 

0.036 0.569 0.490 

0.04 0.582 0.502 

0.042 0.587 0.507 

0.044 0.592 0.511 

0.045 0.594 0.513 

0.046 0.596 0.514 

0.048 0.600 0.517 

0.05 0.603 0.519 

0.055 0.608 0.522 

0.06 0.611 0.524 

0.065 0.612 0.523 

0.067 0.612 0.522 

0.07 0.611 0.520 

0.075 0.608 0.516 

0.08 0.604 0.512 

0.085 0.600 0.506 

0.09 0.595 0.500 

0.095 0.589 0.493 

0.1 0.584 0.486 

0.11 0.572 0.472 

0.12 0.562 0.458 

0.13 0.551 0.446 

0.133 0.548 0.442 
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Period (sec) V V 

0.14 0.542 0.435 

0.15 0.534 0.426 

0.16 0.528 0.420 

0.17 0.524 0.417 

0.18 0.520 0.414 

0.19 0.517 0.412 

0.2 0.515 0.409 

0.22 0.512 0.398 

0.24 0.511 0.387 

0.25 0.512 0.382 

0.26 0.514 0.380 

0.28 0.521 0.378 

0.29 0.524 0.379 

0.3 0.527 0.380 

0.32 0.531 0.381 

0.34 0.532 0.382 

0.35 0.532 0.382 

0.36 0.531 0.383 

0.38 0.530 0.384 

0.4 0.529 0.385 

0.42 0.529 0.388 

0.44 0.530 0.391 

0.45 0.530 0.392 

0.46 0.531 0.394 

0.48 0.533 0.398 

0.5 0.536 0.401 

0.55 0.541 0.410 

0.6 0.547 0.418 

0.65 0.552 0.425 

0.667 0.554 0.428 

0.7 0.558 0.432 

0.75 0.565 0.440 

0.8 0.572 0.447 

0.85 0.579 0.455 

0.9 0.587 0.462 

0.95 0.594 0.470 

1 0.600 0.477 

1.1 0.611 0.490 

1.2 0.618 0.502 

1.3 0.623 0.512 

1.4 0.628 0.523 
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Period (sec) V V 

1.5 0.632 0.534 

1.6 0.638 0.546 

1.7 0.644 0.558 

1.8 0.651 0.571 

1.9 0.658 0.582 

2 0.664 0.592 

2.2 0.674 0.606 

2.4 0.681 0.615 

2.5 0.684 0.617 

2.6 0.687 0.619 

2.8 0.692 0.621 

3 0.697 0.624 
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4. BC13: Ground Motion Model for the Vertical 
Component of PGA, PGV, and Pseudo-
Acceleration Response Spectra 

YOUSEF BOZORGNIA1 
KENNETH W. CAMPBELL2 

4.1 INTRODUCTION 

This chapter summarizes the development of the NGA-West2 Bozorgnia-Campbell (BC13) 
empirical ground motion prediction equation (GMPE) for the vertical component. This GMPE 
updates and supersedes the GMPE developed by Campbell and Bozorgnia [2003], which pre-
dated the NGA research program. We used the extensive and expanded PEER NGA-West2 
ground motion database recorded from shallow crustal earthquakes in active tectonic domains to 
develop a GMPE for the vertical component of peak ground acceleration (PGA), peak ground 
velocity (PGV), and 5%-damped elastic pseudo-absolute acceleration response spectral ordinates 
(PSA) at periods ranging from 0.01 to 3 sec, which is the NGA-West2 consensus period range 
for the vertical component. 

As in our NGA-West2 GMPE for the average horizontal component [Campbell and 
Bozorgnia 2013; 2014], we included terms and predictor variables that modeled magnitude 
scaling, magnitude-dependent geometric attenuation, magnitude-dependent style of faulting, 
magnitude-dependent rupture dip, magnitude-dependent hypocentral depth, hanging-wall (HW) 
effects, regionally dependent shallow linear site response, regionally dependent shallow basin 
response, regionally dependent anelastic attenuation, and magnitude-dependent between-event 
and within-event standard deviations. We did not include nonlinear vertical site response or deep 
basin response of the vertical component, as the simulation results for these effects had not 
reached the level of confidence to be included in our new GMPE and we did not find any 
empirical evidence that such effects are important. 

Our new vertical GMPE is considered valid for estimating vertical ground motions from 
shallow continental earthquakes occurring worldwide in active tectonic domains for magnitudes 

                                                 
1 Pacific Earthquake Engineering Research Center, University of California, Berkeley 
2 EQECAT, Inc., Beaverton, Oregon 
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ranging from 3.3 to as large as 8.5, depending on the style of faulting, and distances as far as 300 
km from the source. 

In the last three decades there have been major advances in our understanding and 
quantification of the characteristics of vertical ground motion (e.g., Campbell [1982]; Niazi and 
Bozorgnia, [1991, 1992]; Bozorgnia et al. [1995]; Silva [1997]; Beresnev et al. [2002]; 
Bozorgnia and Campbell [2004]; and Gülerce and Abrahamson [2010]; Bommer at el. [2011]; 
among others). These studies established that vertical-to-horizontal spectral ratio (V/H) is 
primarily a function of spectral period and source-to-site distance, with short periods exhibiting 
higher ratios than long periods, and is generally higher on soil sites than on rock sites. Bozorgnia 
and Campbell [2004] also developed simplified vertical design and V/H spectra, and their 
recommendations were adopted for the first time in the U.S. as part of the NEHRP Provisions for 
seismic design [BSSC 2009]. 

4.2 GROUND MOTION DATABASE 

The ground motion database used in this study is a subset of the PEER ground motion database 
that was updated as part of the PEER NGA-West2 Project [Ancheta et al. 2013; 2014]. An 
electronic version of the PEER NGA-West2 database can be accessed from the PEER website. 
The NGA-West2 database includes over 21,000 three-component recordings from worldwide 
earthquakes with moment magnitudes ranging from 3.0 to 7.9. More details are provided in 
Ancheta et al. [2013; 2014]. 

We excluded from the larger PEER NGA-West2 database the following earthquakes, 
recordings, or seismic stations in order to meet our general selection criteria and project 
requirements: 

1. recordings having only one horizontal component or only a vertical component. This was 
carried out in order to make the database consistent with that used for the average 
horizontal component [Campbell and Bozorgnia 2013; 2014]; 

2. recording sites with no measured or estimated value of 30SV , which precludes modeling 

shallow site effects; 
3. earthquakes with no rake or focal mechanism, which precludes modeling style-of-faulting 

effects; 
4. earthquakes with the hypocenter or a significant amount of the fault rupture located in the 

lower crust (below about 20 km), in an oceanic plate, or in a stable continental region 
(SCR), which are not consistent with the desired tectonic domain; 

5. the Lamont Doherty Geologic Observatory recordings from the 1999 Düzce, Turkey, 
earthquake, which are considered to be unreliable because of their odd spectral shapes; 

6. recordings from instruments designated quality D from the 1999 Chi-Chi, Taiwan, 
earthquake according to the quality designation of Lee et al. [2001], which are considered 
to be unreliable because of their poor quality; 

7. “aftershocks” located in the immediate vicinity of the inferred mainshock rupture plane 
and defined as a “Class 2” event with 10JBCR   km according to criteria given in Ancheta 



87 

et al. [2012; 2013] and Wooddell and Abrahamson [2012], which are potentially 
considered to have below-average stress drops; 

8. rupture distances ( RUPR ) greater than 80 km to isolate the effects of geometric 

attenuation; however, to model anelastic attenuation we used a separate database with 
recordings at distances as far as 500 km; 

9. an earthquake considered to be poorly recorded according to the criteria (a) 5.5M  and 
5N   or (b) 5.5 6.5 M  and 3N   (i.e., note that singly recorded events with large 

magnitudes are included), where M is moment magnitude and N is the number of 
recordings with 80RUPR   km; 

10. a seismic station not representative of free-field site conditions, which we define as an 
instrument that is: (a) in the basement of a building, (b) embedded more than a few 
meters below the ground surface, or (c) on a dam crest, embankment, or toe (note that 
abutment recordings were included if sited on rock in order to supplement the limited 
number of firm and hard rock sites in the database); and 

11. recordings from the Pacoima Dam upper-left abutment and the Tarzana Cedar Hill 
Nursery that have been shown to exhibit strong topographic effects. 

The application of the above criteria, as described further below, resulted in selecting a 
total of 15,161 recordings from 321 earthquakes for the development of our vertical GMPE. This 
includes 6989 near-source ( 80RUPR   km) recordings from 282 earthquakes. The distribution of 

our selected recordings with respect to magnitude and distance is shown in Figure 4.1. The list of 
the selected earthquakes and recording sites for the vertical component is essentially the same as 
that used for the development of our horizontal GMPE [Campbell and Bozorgnia 2013], except, 
obviously, excluding the recordings that had a missing vertical intensity measure (IM). 
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Figure 4.1 Distribution of recordings with magnitude and distance for the BC13 

vertical ground motion database. 

4.3 GROUND MOTION MODEL 

The functional forms used in our NGA-West2 vertical GMPE were the same as those used for 
our horizontal GMPE, as described in Campbell and Bozorgnia [2013, 2014]. The 
appropriateness of using these functional forms for the vertical component was verified through 
analysis of residuals, as elaborated in the following sections. Although part of the functional 
forms were not used, we retained them for consistency with the horizontal GMPE. The parts that 
were not used are turned-off by setting certain coefficients to zero. 

4.3.1 Regression Analysis Approach 

Similar to the case of the horizontal component, the regression analysis using the near-source 
database ( 80RUPR   km) was performed on a subset of spectral periods using the two-stage 

weighted regression procedure of Joyner and Boore [1993]. The only exception to this procedure 
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was that our analysis used nonlinear rather than linearized regression. In Stage 1, all of the 
mathematical terms involving individual recordings were fit by the method of nonlinear least 
squares using all of the selected recordings. Each earthquake was constrained to have a zero 
mean residual by including a “source” (a.k.a, between-event, inter-event, or simply event) term 

for each earthquake. The terms included in Stage 1 were disf , hngf , sitef , and sedf  in the GMPE 

presented in the next section. In Stage 2, all of the mathematical terms involving the earthquake 
source were fit by the method of weighted least squares using the source terms from Stage 1. 
Each source term was assigned a weight that was inversely proportional to its variance from 

Stage 1. The Stage 2 terms included magf , fltf , hypf , and dipf  in the GMPE presented in the 

next section. Once the functional forms of all of the mathematical terms were established, a final 
regression analysis was performed for the larger set of spectral periods using random-effects 
regression [Abrahamson and Youngs 1992]. After the near-source GMPE was developed, we 
used random-effects regression in conjunction with the far-source database to develop a 
regionally-dependent anelastic attenuation term. Finally, we did a limited amount of smoothing 
of the coefficients in order to remove roughness in predicted response spectra. 

4.3.2 Strong-Motion Intensity Measures 

The IMs addressed in this study are the vertical components of PGA, PGV, and PSA at 17 
oscillator periods (T) ranging from 0.01 to 3 sec. The specific spectral periods are 0.01, 0.02, 
0.03, 0.05, 0.075, 0.1, 0.15, 0.2, 0.25, 0.3, 0.4, 0.5, 0.75, 1, 1.5, 2, and 3 sec. As indicated 
previously, we have also reviewed results for longer periods; however, the consensus of the 
NGA-West2 group was that the behavior of vertical ground motion at longer periods needs to be 
further investigated. Additionally, similar to the case of the horizontal motion, the consensus of 
the NGA-West2 GMPE developers was to exclude peak ground displacement (PGD) as an IM 
because of its strong dependence on the low-pass filter used to process the strong-motion 
recordings. 

The vertical spectra, and the associated new GMPE, are for a 5% damping ratio. Scaling 
spectral values for the vertical components to damping values ranging from 0.5% to 30% can be 
obtained from the spectral value at 5% damping using the spectral damping factors developed by 
Rezaeian et al. [2012]. 

4.3.3 Median Ground Motion Model 

Examination of the vertical ground motion data revealed that we could adopt the functional 
forms that we developed for the NGA-West2 horizontal GMPE, except that certain coefficients 
were set to zero in order to turn-off those parts of the functional forms that were not needed. This 
is explained in more detail in the section on the justification of the functional forms.  

The natural logarithm of the vertical ground motion component of PGA (g), PGV 
(cm/sec), and PSA (g) is given by the equation 
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 (4.1) 

where Y is the IM of interest and the f-terms represent the scaling of ground motion with respect 
to earthquake magnitude, geometric attenuation, style of faulting, HW geometry, shallow site 
response, shallow basin response, hypocentral depth, rupture dip, and anelastic attenuation. Note 
that PGA is the true value of peak ground acceleration and is not equivalent to PSA at 0.01T   
sec, although the two have very similar amplitudes. Note also that there are some combinations 
of predictor variable values, especially at large distances, for which the calculated value of PSA 
at periods of 0.25T  sec can fall below the value of PGA. Since this is an artifact of the 
numerical analysis and is not possible given the definition of pseudo-absolute acceleration, the 
calculated value of PSA is set equal to the value of PGA when this occurs. 

4.3.4 Magnitude Term 
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4.3.5 Geometric Attenuation Term 
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4.3.6 Style-of-Faulting Term 
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4.3.7 Hanging-Wall Term 
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4.3.8 Shallow Site Response Term 
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4.3.9 Basin Response Term 
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4.3.10 Hypocentral Depth Term 
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4.3.11 Rupture Dip Term 
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4.3.12 Anelastic Attenuation Term 
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4.3.13 Definitions of Predictor Variables 

The definitions of the predictor variables appearing in the equations given in the previous 
sections are defined as follows: 

 M  is moment magnitude 

 RUPR  (km) is closest distance to the coseismic rupture plane 

 JBR  (km) is closest distance to the surface projection of the coseismic rupture plane 

(Joyner-Boore distance) 

 XR  (km) is closest distance to the surface projection of the top edge of the coseismic 

rupture plane measured perpendicular to its average strike [Ancheta et al. 2013; 2014] 

 W  (km) is the down-dip width of the rupture plane 

  (°) is rake defined as the average angle of slip measured in the plane of rupture between 
the strike direction and the slip vector (e.g., Ancheta et al. [2013; 2014]; Lay and Wallace 
[1995]) 



93 

 RVF  is an indicator variable representing reverse and reverse-oblique faulting where 

1RVF   for 30 150    and 0RVF   otherwise 

 NMF  is an indicator variable representing normal and normal-oblique faulting where 

1NMF   for 150 30      and 0NMF   otherwise 

 TORZ  (km) is the depth to the top of the coseismic rupture plane 

  (°) is the average dip of the rupture plane 

 30SV  (m/sec) is the time-averaged shear-wave velocity in the top 30 m of the site 

 1100A  (g) is the median predicted value of vertical PGA on rock with 30 1100SV   m/sec 

(rock PGA) 

 JS  is an indicator variable representing regional site effects where 1JS   for sites 

located in Japan and 0JS   otherwise 

 2.5Z  (km) is depth to the 2.5 km/sec shear-wave velocity horizon beneath the site 

(sediment depth) 

 HYPZ  (km) is the hypocentral depth of the earthquake 

4.3.14 Model Coefficients 

The coefficients appearing in the equations given in the previous sections are defined as follows: 

 c  and n  are period-independent, numerically constrained model coefficients 

 2a , ih  and ik  are period-dependent, numerically constrained model coefficients. As 

indicated previously, the effects of vertical nonlinear soil response are not considered in 
the current study; thus, this is equivalent of assigning 2k =0. Similarly, since the effects of 

deep basins are not explicitly considered for the vertical component, 3k = 0 and 16c = 0 

 ic  and 20c  are empirically derived model coefficients. 

4.3.15 Treatment of Missing Values 

Similar to the case of the horizontal component, when predictor variables for selected recordings 
were missing from the PEER database, they were either estimated using proxies or the regression 
analysis involving the terms that included those variables was performed using only the 
recordings for which values were available. Sediment depth ( 2.5Z ) was the only predictor 

variable that had missing values and no credible proxies to substitute for these missing values. 
When values of 30SV  were missing, they were replaced with proxy values derived from surface 

geological units, geotechnical site categories, ground slope, geomorphology, or elevation based 
on relationships given in Stewart et al. [2012] and Ancheta et al. [2013; 2014]. When finite 
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rupture models were not available, the distance variables RUPR , JBR , and XR , and the source 

variables W , HYPZ , and   were derived from focal mechanism or moment tensor information 

and source dimension versus magnitude relationships [Ancheta et al. 2013; 2014]. 

4.4 ALEATORY VARIABILITY MODEL 

Consistent with the random-effects regression analysis used to derive the median value of Y, the 
aleatory variability model for the vertical component is defined by the equation 

ij ij i ijy Y      (4.26) 

where i  is the between-event (inter-event) residual for event i and ijy , ijY , and ij  are the 

observed value, estimated value, and within-event (intra-event) residual for recording j of event i, 
respectively. The independent normally distributed variables i  and ij  have zero means and 

estimated between-event and within-event standard deviations on reference rock ( 30 1100SV   

m/sec) or on soil represented by linear site response, lnY  and lnY , given by the magnitude-

dependent equations 
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where i  and i  are empirically derived standard deviations. 

The final model standard deviations that incorporate the effects of nonlinear soil response 
for completeness are given by the equations 

2 2 2
ln ln ln ,ln ln ln2

B B B BY PGA PGA Y Y PGA          (4.29) 

2 2 2 2
ln ln ln ln ,ln ln ln2

B B B BY AF PGA PGA Y Y PGA            (4.30) 

where ln lnBY Y   and ln lnBPGA PGA   are the between-event standard deviations for the IM of 

interest and for PGA at the base of the site profile; 2 2 1 2

ln ln ln( )
BY Y AF     and 

2 2 1 2

ln ln ln( )
BPGA PGA AF     are the within-event standard deviations for the IM of interest and for 

PGA at the base of the site profile; ln AF  is the estimated standard deviation of the logarithm of 

the site amplification factor sitef  for linear site response; ln ,lnPGA Y  is the correlation coefficient 

between the within-event residuals of the IM of interest and PGA; and   is the linearized 
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functional relationship between sitef  and 1100ln A . Since the effects of vertical soil nonlinearity is 

not included in this study, we assign  = 0. 

The total aleatory standard deviation is given by combining the between-event and 
within-event standard deviations by square-root of sum of squares (SRSS) according to the 
equation 

2 2     (4.31) 

4.5 RESULTS 

The model coefficients ik  and 0 19c c  are listed in Table 4.1 and the hanging-wall model 

coefficients ih  are listed in Table 4.2. Table 4.3 lists the anelastic attenuation coefficients 20c  

and 20c , where the latter captures the regional differences in anelastic attenuation for those 

regions where sufficient data are available to determine a separate anelastic attenuation 
coefficient. The regions used to derive 20c  for the base model includes California, Taiwan, the 

Middle East and similar active tectonic regions. The regions used to derive 20c  include Japan 

and Italy as one region (JI) and eastern China as another region (CH). The aleatory standard 
deviations i  and i are listed in Table 4.4. Note that the values for the nonlinear model 

coefficients 1.88c   and 1.18n   do not have any influence as we assigned 2 0k  . 

In order to evaluate the validity of the median GMPE, it is useful to plot the between-
event and within-event residuals as defined in Abrahamson and Youngs [1992]. Residual plots 
for PGA, PGV, and PSA at spectral periods of 0.1, 0.2, 1, and 3 sec are shown in Figures 4.2 to 
4.11. In these plots a positive residual indicates the underestimation of a recording by the model 
and a negative residual indicates overestimation of a recording by the model. Figures 4.2 to 4.5 
show between-event residuals as a function of magnitude, hypocentral depth, rake, and rupture 
dip. Figures 4.6 to 4.11 show within-event residuals as a function of magnitude, rupture distance, 
horizontal distance from the top edge of the rupture plane for sites located directly over the 
rupture plane (hanging-wall effects), 30-m shear-wave velocity, vertical rock PGA, and sediment 
depth. The plots show that there are no systematic trends or biases in the residuals that would 
indicate that the model is inconsistent with the data. 

Figures 4.12 to 4.19 present a series of plots that show how our median ground motion 
model scales with rupture distance, magnitude, site effects, and spectral period. The values of the 
predictor variables used to calculate the ground motions are listed in the title at the top of each 
plot. Figure 4.12 shows the scaling of vertical PGA with distance (attenuation) for magnitudes of 
3.5, 4.5, 5.5, 6.5, and 7.5 for a strike-slip fault. Figure 4.13 shows similar plots comparing our 
NGA-West2 vertical model (BC13) with our NGA-West2 horizontal model (CB13). Figure 4.14 
shows similar plots to Figure 4.13 for PSA at 1T   sec. Figure 4.15 shows scaling of PGA with 
distance for sites over the hanging-wall of a reverse fault. Consistent with the horizontal 
component, hanging-wall effects are strong over the bottom edge of the rupture plane. 
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Figure 4.16 shows the scaling of PGA with magnitude for rupture distances of 5, 10, 40, 
and 80 km for a strike-slip fault. In the process of model development for the vertical 
component, we investigated and compared the magnitude scaling between vertical and horizontal 
motions and concluded the magnitude scaling behavior of the two motions are similar, as 
presented in Figure 4.16. Figure 4.17 shows similar plots for PSA at 1T   sec.  

Figure 4.18 shows the scaling of PSA with magnitude for rupture distances of 5, 10, 40, 
and 80 km. There is a modest shift in the peak of the spectra at short distances as magnitude 
increases, but this shift is much less than was found for the horizontal model. There is also a 
noticeable shift at larger distances where the spectral peak shifts to longer periods at small 
magnitudes and broadens considerably at large magnitudes.  

Figure 4.19 shows how PSA behaves for NEHRP site categories B ( 30 1070SV   m/sec), 

C ( 30SV  525 m/sec), D ( 30SV  255 m/sec), and E ( 30SV  150 m/sec). This figure does not show 

the strong shift in the spectral peak to longer periods and the associated reduction in spectral 
amplitude for the softer site conditions (NEHRP D and E) that was found for the horizontal 
component. 

Figure 4.20 compares the between-event, within-event, and total aleatory standard 
deviations between the BC13 vertical and CB13 horizontal models. Overall, the standard 
deviations of the two models for 4.5M  are consistent. For M  5.5, the standard deviation 
for vertical motion is higher at short periods, but lower at long periods, than that for horizontal 
motion. 

Figure 4.21 presents the (V/H) spectral ratio for 30 760SV   and 30 255SV   m/sec, and for 

rupture distances of 5, 10, 40, and 80 km. In this figure, “V” represents the vertical BC13 model 
and “H” represents the horizontal CB13 model. This figure shows that at short periods V/H is 
generally higher for soil than for rock, and, for the soil sites, the short-period V/H is sensitive to 
the rupture distance. These observations are consistent with those of the previous studies listed in 
the Introduction to this chapter. 
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Table 4.1 Median ground motion model coefficients. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

T (sec) 0
c  1

c  2
c  3

c  4
c  5

c  6
c  7

c  8
c  9

c  10
c  11

c  

0.010 -4.674 0.977 0.533 -1.485 -0.445 -2.665 0.214 7.136 0 -0.229 0.759 -0.354 

0.020 -4.548 0.976 0.549 -1.488 -0.453 -2.699 0.215 6.936 0 -0.270 0.768 -0.344 

0.030 -4.050 0.931 0.628 -1.494 -0.464 -2.772 0.216 7.235 0 -0.315 0.766 -0.297 

0.050 -3.435 0.887 0.674 -1.388 -0.552 -2.760 0.202 8.334 0 -0.329 0.764 -0.363 

0.075 -3.435 0.902 0.726 -1.469 -0.543 -2.575 0.177 8.761 0 -0.290 0.795 -0.427 

0.10 -3.930 0.993 0.698 -1.572 -0.470 -2.461 0.166 9.049 0 -0.203 0.842 -0.429 

0.15 -5.505 1.267 0.510 -1.669 -0.452 -2.349 0.164 8.633 0 -0.203 0.736 -0.421 

0.20 -6.280 1.366 0.447 -1.750 -0.435 -2.335 0.175 8.742 0 -0.203 0.801 -0.429 

0.25 -6.789 1.458 0.274 -1.711 -0.410 -2.332 0.183 8.400 0 -0.203 0.715 -0.438 

0.30 -7.400 1.528 0.193 -1.770 -0.305 -2.297 0.190 7.643 0 -0.203 0.708 -0.421 

0.40 -8.750 1.739 -0.020 -1.594 -0.446 -2.219 0.185 7.059 0 -0.203 0.683 -0.401 

0.50 -9.740 1.872 -0.121 -1.577 -0.489 -2.205 0.191 6.375 0 -0.203 0.704 -0.417 

0.75 -11.050 2.021 -0.042 -1.757 -0.530 -2.143 0.188 5.166 0.016 -0.203 0.602 -0.490 

1.0 -12.184 2.180 -0.069 -1.707 -0.624 -2.092 0.176 5.642 0.032 -0.115 0.394 -0.539 

1.5 -13.451 2.270 0.047 -1.621 -0.686 -1.913 0.144 5.963 0.128 -0.005 0.328 -0.611 

2.0 -13.700 2.271 0.149 -1.512 -0.840 -1.882 0.126 7.584 0.255 0.120 0.112 -0.630 

3.0 -13.900 2.150 0.368 -1.315 -0.853 -1.789 0.105 8.645 0.284 0.170 0.011 -0.562 

PGA -4.729 0.984 0.537 -1.499 -0.443 -2.666 0.214 7.166 0 -0.230 0.759 -0.356 

PGV -3.860 1.510 0.270 -1.299 -0.379 -2.383 0.196 6.274 0.111 -0.128 0.140 -0.395 



98 

 

 

Table 4.1 Continued. 

T (sec) 12
c  13

c  14
c  15

c  16
c  17

c  18
c  19

c  1
k  2

k  3
k

0.010 1.015 0.372 -0.1193 -0.094 0.000 0.1026 0.0452 0.00784 865 0 0 

0.020 0.950 0.400 -0.1454 -0.081 0.000 0.1059 0.0427 0.00786 865 0 0 

0.030 1.056 0.394 -0.1957 -0.091 0.000 0.1175 0.0410 0.00815 908 0 0 

0.050 1.316 0.422 -0.1870 -0.290 0.000 0.1238 0.0408 0.00783 1054 0 0 

0.075 1.758 0.336 -0.0950 -0.261 0.000 0.1088 0.0516 0.00726 1086 0 0 

0.10 1.411 0.314 -0.0999 -0.091 0.000 0.0918 0.0559 0.00644 1032 0 0 

0.15 1.227 0.289 0.0017 -0.092 0.000 0.0720 0.0447 0.00745 878 0 0 

0.20 0.987 0.290 0.0402 -0.081 0.000 0.0602 0.0485 0.00789 748 0 0 

0.25 0.577 0.303 0.0468 0.011 0.000 0.0500 0.0416 0.00629 654 0 0 

0.30 0.279 0.336 0.0255 0.092 0.000 0.0382 0.0438 0.00524 587 0 0 

0.40 0.358 0.358 0.0606 0.122 0.000 0.0264 0.0307 0.00522 503 0 0 

0.50 0.229 0.432 0.0904 0.287 0.000 0.0163 0.0287 0.00539 457 0 0 

0.75 0.574 0.459 0.1776 0.292 0.000 -0.0016 0.0277 0.00501 410 0 0 

1.0 0.980 0.442 0.2389 0.316 0.000 -0.0072 0.0277 0.00506 400 0 0 

1.5 0.819 0.520 0.2758 0.450 0.000 -0.0262 0.0293 0.00353 400 0 0 

2.0 0.044 0.566 0.3051 0.424 0.000 -0.0408 0.0221 0.00220 400 0 0 

3.0 -0.396 0.562 0.3482 0.300 0.000 -0.0512 0.0321 -0.00137 400 0 0 

PGA 1.019 0.373 -0.1172 -0.097 0.000 0.1020 0.0442 0.00784 865 0 0 

PGV 0.338 0.407 -0.0016 0.382 0.000 0.0581 0.0294 0.00761 400 0 0 

Note: c = 1.88 and n = 1.18; however, for vertical component they have no effect as k2 = 0. 
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Table 4.2 Constrained hanging-wall coefficients. 

T (sec) 2
a  1

h  2
h  3

h  4
h  5

h  6
h  

0.010 0.168 0.242 1.471 -0.714 1.000 -0.336 -0.270 

0.020 0.166 0.244 1.467 -0.711 1.000 -0.339 -0.263 

0.030 0.167 0.246 1.467 -0.713 1.000 -0.338 -0.259 

0.050 0.173 0.251 1.449 -0.701 1.000 -0.338 -0.263 

0.075 0.198 0.260 1.435 -0.695 1.000 -0.347 -0.219 

0.10 0.174 0.259 1.449 -0.708 1.000 -0.391 -0.201 

0.15 0.198 0.254 1.461 -0.715 1.000 -0.449 -0.099 

0.20 0.204 0.237 1.484 -0.721 1.000 -0.393 -0.198 

0.25 0.185 0.206 1.581 -0.787 1.000 -0.339 -0.210 

0.30 0.164 0.210 1.586 -0.795 1.000 -0.447 -0.121 

0.40 0.160 0.226 1.544 -0.770 1.000 -0.525 -0.086 

0.50 0.184 0.217 1.554 -0.770 1.000 -0.407 -0.281 

0.75 0.216 0.154 1.626 -0.780 1.000 -0.371 -0.285 

1.0 0.596 0.117 1.616 -0.733 1.000 -0.128 -0.756 

1.5 0.596 0.117 1.616 -0.733 1.000 -0.128 -0.756 

2.0 0.596 0.117 1.616 -0.733 1.000 -0.128 -0.756 

3.0 0.596 0.117 1.616 -0.733 1.000 -0.128 -0.756 

PGA 0.167 0.241 1.474 -0.715 1.000 -0.337 -0.270 

PGV 0.596 0.117 1.616 -0.733 1.000 -0.128 -0.756 
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Table 4.3 Regional anelastic attenuation coefficients. 

T (sec) 20
c  

20
c  

CA JI CH 

0.010 -0.0053 0 -0.0018 0.0039 

0.020 -0.0052 0 -0.0018 0.0036 

0.030 -0.0052 0 -0.0020 0.0033 

0.050 -0.0062 0 -0.0026 0.0039 

0.075 -0.0072 0 -0.0021 0.0048 

0.10 -0.0072 0 -0.0018 0.0050 

0.15 -0.0066 0 -0.0018 0.0048 

0.20 -0.0056 0 -0.0022 0.0041 

0.25 -0.0049 0 -0.0025 0.0034 

0.30 -0.0046 0 -0.0027 0.0031 

0.40 -0.0037 0 -0.0024 0.0024 

0.50 -0.0031 0 -0.0025 0.0021 

0.75 -0.0021 0 -0.0025 0.0020 

1.0 -0.0012 0 -0.0023 0.0012 

1.5 -0.0004 0 -0.0013 0.0004 

2.0 0 0 -0.0004 0 

3.0 0 0 0 0 

PGA -0.0053 0 -0.0018 0.0039 

PGV -0.0019 0 0.0005 0.0019 

Note: CA represents California and similar active tectonic domains, JI represents Japan 
and Italy, and CH represents eastern China (Wenchuan earthquake). 

 
  



101 

 

 

Table 4.4 Aleatory variability model standard deviations. 

T (sec) 1
  2

  1
 2

 ln A F


  

4.5M
 

5.5M  

0.010 0.462 0.345 0.695 0.494 0.300 0.834 0.602 

0.020 0.474 0.375 0.700 0.508 0.300 0.846 0.632 

0.030 0.529 0.416 0.722 0.536 0.300 0.895 0.679 

0.050 0.576 0.468 0.751 0.584 0.300 0.947 0.749 

0.075 0.523 0.427 0.740 0.578 0.300 0.906 0.719 

0.10 0.461 0.390 0.723 0.570 0.300 0.858 0.691 

0.15 0.391 0.343 0.731 0.536 0.300 0.829 0.636 

0.20 0.363 0.308 0.701 0.510 0.300 0.789 0.596 

0.25 0.355 0.288 0.687 0.507 0.300 0.773 0.583 

0.30 0.355 0.265 0.668 0.514 0.300 0.757 0.579 

0.40 0.360 0.280 0.628 0.521 0.300 0.723 0.591 

0.50 0.376 0.284 0.606 0.526 0.300 0.713 0.598 

0.75 0.416 0.322 0.568 0.536 0.300 0.704 0.625 

1.0 0.472 0.311 0.536 0.550 0.300 0.714 0.632 

1.5 0.507 0.329 0.511 0.559 0.300 0.719 0.649 

2.0 0.539 0.345 0.507 0.571 0.300 0.740 0.667 

3.0 0.515 0.335 0.474 0.557 0.300 0.700 0.650 

PGA 0.461 0.347 0.694 0.493 0.300 0.833 0.603 

PGV 0.334 0.240 0.608 0.442 0.300 0.694 0.503 

Note: All standard deviations are in natural logarithmic units and are for linear site 

conditions. 
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Figure 4.2 Dependence of between-event residuals on earthquake magnitude.
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Figure 4.3 Dependence of between-event residuals on hypocentral depth. 
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Figure 4.4 Dependence of between-event residuals on rake.  
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Figure 4.5 Dependence of between-event residuals on rupture dip. 
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Figure 4.6 Dependence of within-event residuals on earthquake magnitude.
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Figure 4.7a Dependence of within-event residuals on rupture distance for distances 
ranging from 0 to 80 km.  
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Figure 4.7b Dependence of within-event residuals on rupture distance for distances 
ranging from 80 to 300 km.  
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Figure 4.8 Dependence of within-event residuals on horizontal distance for sites 
located over the rupture plane.  
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Figure 4.9 Dependence of within-event residuals on 30-m shear-wave velocity.
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Figure 4.10 Dependence of within-event residuals on vertical A1100. 
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Figure 4.11 Dependence of within-event residuals on sediment basin depth. 
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Figure 4.12 Scaling of PGA with distance for the BC13 model. 
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Figure 4.13 Scaling of PGA with distance for strike-slip faults comparing the BC13 
vertical and CB13 horizontal models.  
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Figure 4.14 Scaling of PSA (T = 1 sec) with distance for strike-slip faults comparing 
the BC13 vertical and CB13 horizontal models. 
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Figure 4.15 Scaling of PGA with distance for reverse faults comparing the BC13 
vertical and CB13 horizontal models. 
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Figure 4.16 Scaling of PGA with magnitude for strike-slip faults comparing the BC13 
vertical and CB13 horizontal models. 
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Figure 4.17 Scaling of PSA (T = 1 sec) with magnitude for strike-slip faults comparing 
the BC13 vertical and CB13 horizontal models. 
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Figure 4.18 Scaling of PSA with magnitude (M3.5, 4.5, 5.5, 6.5, and 7.5) for the BC13 
vertical model. 

 
Figure 4.19 Scaling of PSA with site conditions for the BC13 vertical model. 
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Figure 4.20 Aleatory standard deviations for  (purple),  (green) and  (blue) 
comparing the BC13 vertical and CB13 horizontal models. 

   

   

 

Figure 4.21 Vertical (BC13) to horizontal (CB13) spectral ratio (V/H) for four distances 

and for 30 760SV   m/sec (top) and 30 255SV   m/sec (bottom). 
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4.6 JUSTIFICATION OF FUNCTIONAL FORMS 

This section presents the justification for the functional forms of the predictor variable terms 
used to develop our median ground motion and aleatory variability models. Sections include a 
discussion of the magnitude term, the geometric attenuation term, the style-of-faulting term, the 
hanging-wall term, the shallow site response term, the shallow basin response term, the 
hypocentral depth term, the rupture dip term, and the anelastic attenuation term. 

As mentioned previously, examination of the vertical ground motion data revealed that 
we could adopt the functional forms that we developed for the NGA-West2 horizontal GMPE 
with some coefficients set to zero, as noted in the following sub-sections.  

4.6.1 Magnitude Term 

We adopted the same quadrilinear functional form used to model magf  for the horizontal 

component. Qualitatively similar to the horizontal component, the regression analysis using the 
quadrilinear magnitude term predicted “oversaturation” (i.e., decreasing ground motion with 
increasing magnitude) for PGA and short-period PSA for large magnitudes and short distances. 
This behavior was not allowed in our model and we conservatively decided to constrain magf  to 

remain constant (i.e., saturate but not oversaturate) at 6.5M  and 0RUPR   when oversaturation 

was indicated by the regression analysis. This constraint is equivalent to setting 

4 1 2 3 6 7ln( )c c c c c c      in Equation (4.2). Additional details are provided in Campbell and 

Bozorgnia [2013; 2014]. 

4.6.2 Geometric Attenuation and Style-of-Faulting Terms 

The functional form of our source-to-site distance term disf  and style-of-faulting term fltf for the 

vertical component are the same as those for the horizontal motion. Analysis of residuals for the 
vertical ground motion indicated that these functional forms fit well with the empirical data. 
Details of these functional forms are presented in Campbell and Bozorgnia [2013; 2014]. 

4.6.3 Hanging-Wall Term 

Donahue and Abrahamson [2013] showed that their HW scaling model, developed based on 
analysis of “physics-based” simulation data, works well for both the horizontal and vertical 
components. As a result, we used the same functional form for our vertical model. Details of the 
functional form are given in Campbell and Bozorgnia [2013; 2014].  

4.6.4 Shallow Site Response Term 

To assess the effects of nonlinear vertical site response, the NGA-West2 project initiated a task 
on simulation of site amplifications due to soil nonlinear response. The results of the vertical 
nonlinear site response were inconclusive; therefore, the consensus of the NGA-West2 
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researchers was that the task needs to be expanded and investigated more in the future. Thus, the 
current version of our GMPE for the vertical component includes only linear site response. We 
do not consider this as a serious constraint of the applicability of the vertical GMPE, especially 
considering the fact that the vertical soil response can remain effectively linear over a wide range 
of rock motion, even when the horizontal soil response becomes nonlinear. Analysis of the 
residuals has also confirmed that this assumption is not very restrictive. We implement the 
assumption of linear vertical site response by assigning 2 0k   in Equations (4.18) and (4.19). 

Similar to our horizontal model, the linear behavior of our current model was calibrated 
by empirically fitting the model coefficients 11c  through 13c  in the regression analysis. The first 

of these coefficients applies to all recording sites except for those in Japan. We found that the 
linear 30SV  scaling for sites in Japan was different than for sites outside of Japan, which come 

primarily from California. We also found that the 30SV  scaling in Japan was especially different 

for softer sites defined as 30 200SV   m/sec than for harder sites. The way that sitef  is defined 

means that the scaling in Japan represents the difference between Japan and non-Japan regions, 
so that the coefficients are additive, meaning that the total model coefficient for the harder sites 
in Japan is equal to 11 13c c  and that for the softer sites in Japan is equal to 11 12 13c c c  . 

4.6.5 Basin Response Term 

The functional form used to model sedf  has two parts: (1) a term to model 3D basin effects for 

2.5 3Z   km; and (2) a term to model shallow sediment effects for 2.5 1Z   km. For the evaluation 

of deep basin effects, an analysis of vertical response using the numerical simulations conducted 
by Day et al. [2008] was carried out. The simulation results in the vertical direction were 
inconclusive; thus, the consensus of the NGA-West2 team and S. Day (personal communication) 
was to postpone the inclusion of deep vertical 3D basin effects. To implement this, we assigned 

3 0k   and 16 0c   in Equation (4.20). Considering that such effects may primarily be at long 

vertical periods and the majority of structural components and systems have short vertical 
periods [e.g., Bozorgnia et al., 1998], excluding the 3D basin effects in the vertical direction may 
not pose a serious practical limitation. Furthermore, the residuals plotted in Figure 4.11 also do 
not reveal a strong trend at the spectral periods included in this study suggesting that there is no 
significant empirical evidence for including a deep basin response term. 

We modeled the shallow sediment term based on an analysis of residuals. We found that 
the data were sufficient to empirically constrain this trend. As in our horizontal model, we found 
that the shallow basin response term was different for sites in Japan than for sites outside of 
Japan. The model coefficient 14c  for non-Japan recording sites is based primarily on California 

sites because of a lack of sediment-depth information for other regions. A different coefficient 
was found for recording sites in Japan. Since this coefficient is additive, the total Japan 
coefficient is equal to 14 15c c . 
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4.6.6 Hypocentral Depth and Rupture Dip Terms 

We found that the same functional form used in our horizontal GMPE could be used to model 
the effects of hypocentral depth and rupture dip angle on vertical ground motion prediction. An 
analysis of residuals supports this modeling. Details of these functional forms are given in 
Campbell and Bozorgnia [2013; 2014]. 

4.6.7 Anelastic Attenuation Term 

There is a strong regional dependence of attenuation beyond the 80 km distance used to develop 
our near-source NGA-West2 vertical model. This implies that there is a regional dependence to 
the anelastic attenuation we observe. We have modeled this decay with a new anelastic 
attenuation term atnf  and model coefficients 20c  and 20c . We fit the anelastic attenuation term 

by holding all of the other coefficients constant and using the far-source database 
80 500RUPR   km) to derive the anelastic attenuation coefficients using random-effects 

regression. 

Similar to the case of the horizontal component, we used an analysis of residuals together 
with iterative random-effects regression to determine which regions had both a sufficient number 
of far-source recordings to derive a reliable anelastic attenuation coefficient and a significant 
difference in this coefficient. This analysis indicated that California, Taiwan, the Middle East, 
and other similar active tectonic regions could be used to represent a base anelastic attenuation 
region. Japan and Italy was found to have relatively stronger attenuation and eastern China (i.e., 
the Wenchuan earthquake region) relatively weaker attenuation than that of the base region. 

4.6.8 Aleatory Variability Term 

The overall formulation of the aleatory variability is similar to that for the horizontal motion (see 
Campbell and Bozorgnia [2013; 2014]); however, since our vertical model is restricted to linear 
vertical site response, the formulation is significantly simplified, as in Equations (4.29) and 
(4.30) many of the terms become zero because 0  . 

4.7 USER GUIDANCE 

Because of the relatively complex nature of the functional forms that comprise our NGA-West2 
vertical ground motion model, and because of the inclusion of many new predictor variables, this 
section presents guidelines to users on how one might evaluate the model for engineering 
applications. 

Generally speaking, and similar to our NGA-West2 horizontal GMPE, our vertical 
ground motion model is considered to be valid for shallow crustal earthquakes occurring 
worldwide in active tectonic regimes for which the following conditions apply: 
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 Minimum magnitudes of 3.3M  

 Maximum magnitude limits of 8.5M  for strike-slip faults, 8.0M for reverse faults, 
and 7.5M  for normal faults 

 Distances of 0 300RUPR    km 

 Shear-wave velocities of 30 150 1500SV    m/sec (NEHRP site categories B, C, D, and E) 

 Sediment depths of 2.5 0 10Z    km  

 Depths to top of rupture of 0 20TORZ    km 

 Hypocentral depths of 0 20HYPZ    km 

 Rupture dips of 15 90   °. 

The model is not uniformly valid over the entire range of predictor variables listed above. 
Statistical prediction errors are smallest for values of predictor variables near their mean and 
increase as these values diverge from this mean. These errors can become large when the model 
is extrapolated beyond the data limits of the predictor variable and should be used with caution 
under such conditions. The applicable range of some predictor variables have been extended 
beyond the limits of the data when the model has been constrained theoretically. 

Details of the applicable limits and guidance on estimating various parameters used in 
our vertical GMPE are the same as for our horizontal model and can be found in Campbell and 
Bozorgnia [2013; 2014]. 

REFERENCES 

Abrahamson N.A., Youngs R.R. (1992). A stable algorithm for regression analyses using the random effects model, 

Bull. Seismol. Soc. Am., 100: 1288–92. 

Ancheta T.D., Darragh R., Stewart J.P., Seyhan E., Silva W.J., Chiou B.S.-J., Wooddell K.E., Graves R.W, Kottke 

A.R., Boore D.M., Kishida T., Donahue J.L. (2013). PEER NGA-West2 database, Report PEER 2013/03, 

Pacific Earthquake Engineering Research Center, University of California, Berkeley, CA. 

Ancheta T.D., Darragh R., Stewart J.P., Seyhan E., Silva W.J., Chiou B.S.-J., Wooddell K.E., Graves R.W, Kottke 

A.R., Boore D.M., Kishida T., Donahue J.L. (2014). NGA-West2 database, Earthq. Spectra, submitted. 

Beresnev I.A., Nightengale A.M., Silva W.J. (2002). Properties of vertical ground motions, Bull. Seismol. Soc. Am., 

92: 3152-3164. 

Bommer J.J., Akkar S., Kale O. (2011). A model for vertical-to-horizontal response spectral ratios for Europe and 

the Middle East, Bull. Seismol. Soc. Am., 101: 1783–1806. 

Bozorgnia Y., Campbell K.W. (2004). The vertical-to-horizontal response spectral ratio and tentative procedures for 

developing simplified V/H and vertical design spectra, J. Earthq. Eng., 8: 175–207. 

Bozorgnia Y., Mahin S.A., Brady A.G. (1998). Vertical response of twelve structures recorded during the 

Northridge earthquake, Earthq. Spectra, 14: 411-432. 

Bozorgnia Y., Niazi M., Campbell K.W. (1995). Characteristics of free-field vertical ground motion during the 

Northridge earthquake, Earthq. Spectra, 11: 515–525. 



125 

Bozorgnia Y., Abrahamson N.A., Campbell K.W., Rowshandel B., Shantz T. (2012). NGA-West2: A 

comprehensive research program to update ground motion predictions equations for shallow crustal earthquakes 

in active tectonic regions, Proceedings, 15th World Conference on Earthquake Engineering, Paper No. 2572, 

Lisbon, Portugal. 

Bozorgnia Y., Abrahamson N.A., Al Atik L., Ancheta T.D., Atkinson G.M., Baker J.W., Baltay A., Boore D.M., 

Campbell K.W., Chiou B.S.-J., Darragh R., Day S., Donahue J., Graves R.W., Gregor N., Hanks T., Idriss I.M., 

Kamai R., Kishida T., Kottke A., Mahin S.A., Rezaeian S., Rowshandel B., Seyhan E., Shahi S., Shantz T., 

Silva W., Spudich P., Stewart J.P., Watson-Lamprey J., Wooddell K.E., Youngs R.R. (2014). NGA-West2 

research project, Earthq. Spectra, submitted. 

BSSC (2009). NEHRP recommended seismic provisions for new buildings and other structures (FEMA P-750), 

2009 edition, Report prepared for the Federal Emergency Management Agency (FEMA). Washington, D.C., 

Building Seismic Safety Council, National Institute of Building Sciences. 

Campbell K.W. (1982). A study of the near-source behavior of peak vertical acceleration. EOS, 63, p. 1037. 

Campbell K.W., Bozorgnia Y. (2013). NGA-West2 Campbell-Bozorgnia ground motion model for the horizontal 

components of PGA, PGV and 5%-damped elastic pseudo-acceleration response spectra for periods ranging 

from 0.01 to 10 sec, Report PEER 2013/06, Pacific Earthquake Engineering Research Center, University of 

California, Berkeley, CA. 

———  (2014). NGA-West2 ground motion model for the average horizontal components of PGA, PGV and 5%-

damped linear response spectra, Earthq. Spectra, submitted. 

——— (2003). Updated near-source ground motion (attenuation) relations for the horizontal and vertical 

components of peak ground acceleration and acceleration response spectra, Bull. Seismol. Soc. Am., 93: 314–

331. 

Day S.M., Graves R., Bielak J., Dreger. D., Larsen S., Olsen. K.B., Pitarka A., Ramirez-Guzman L. (2008). Model 

for basin effects on long-period response spectra in southern California, Earthq. Spectra, 24: 257–277. 

Donahue J., Abrahamson N.A. (2013). Hanging-wall scaling using finite-fault simulations, Report PEER 2013/14, 

Pacific Earthquake Engineering Research Center, University of California, Berkeley, CA. 

Joyner W.B., Boore D.M. (1993). Methods for regression analysis of strong-motion data, Bull. Seismol. Soc. Am., 

83: 469–487. 

Gülerce Z., Abrahamson N.A., (2010). Vector-valued probabilistic seismic hazard assessment for the effects of 

vertical ground motions on the seismic response of highway bridges, Earthq. Spectra, 26, 999–1016. 

Lay T., Wallace T.C. (1995). Modern Global Seismology, Academic Press, 521 pgs. 

Lee W.H K., Shin T.C., Kuo K.W., Chen K.C., Wu C.F. (2001). Data files from “CWB free-field strong-motion data 

from the 21 September Chi-Chi, Taiwan, earthquake,” Bull. Seismol. Soc. Am. 91: 1390. 

Niazi M., Bozorgnia Y. (1991). Behavior of near-source peak vertical and horizontal ground motions over SMART-

1 array, Taiwan, Bull. Seismol. Soc. Am., 81: 715–732. 

——— (1992). Behavior of near-source vertical and horizontal response spectra at SMART-1 array, Taiwan, 

Earthq. Eng. Struct. Dyn., 21: 37–50. 

Rezaeian S., Bozorgnia Y., Idriss I.M., Campbell K.W., Abrahamson N.A., Silva W.J. (2012). Spectral damping 

scaling factors for shallow crustal earthquakes in active tectonic regions, Report PEER 2012/01, Pacific 

Earthquake Engineering Research Center, University of California, Berkeley, CA. 

Silva W.J. (1997). Characteristics of vertical strong ground motions for applications to engineering design, 

FHWA/NCEER Workshop on the National Representation of Seismic Ground Motion for New and Existing 

Highway Facilities; Burlingame; CA; Proceedings, Technical Report NCEER-97-0010, National Center for 

Earthquake Engineering Research, Buffalo, New York. 



126 

Stewart J.P., Seyhan E., Boore D.M., Campbell K.W., Erdik M., Silva W.J., Di Alessandro C., Bozorgnia Y. (2012). 

Site effects in parametric ground motion models for the GEM-PEER global GMPEs project, Proceedings, 15th 

World Conference on Earthquake Engineering, Paper No. 2554, Lisbon, Portugal. 

Wooddell K.E., Abrahamson N.A. (2012). New earthquake classification scheme for mainshocks and aftershocks in 

the NGA-West2 ground motion prediction equations (GMPEs), Proceedings, 15th World Conference on 

Earthquake Engineering, Paper No. 3872, Lisbon, Portugal. 
  



127 

 

5. CY13: Ground Motion Prediction Model for 
Vertical Component of Peak Ground Motions 
and Response Spectra 

BRIAN S.-J. CHOIU1 

ROBERT R. YOUNGS2 

In this chapter, we present an NGA model for estimating vertical ground-motion amplitudes 
caused by shallow crustal earthquakes occurring in active tectonic environments. This vertical 
model, similar to the 2013 horizontal NGA model of Chiou and Youngs, is based on statistical 
analysis of 5%-damped response spectra of the NGA-West2 vertical ground-motion database and 
seismological simulations of vertical ground motions. The developed vertical model has the 
functional form of the accompanying horizontal ground motion prediction equation (GMPE), 
with one modification related to linear soil response term. As in the horizontal GMPE, we model 
regional differences in far-source distance attenuation and site effects between California and 
other active tectonic regions. The vertical-to-horizontal (V/H) response spectral ratios computed 
using the developed vertical GMPE and the accompanying horizontal GMPE show the well-
known shape peaking around 0.05-sec period. The peak ratio varies with VS30 and, to a lesser 
extent, also with rupture distance and magnitude. The aleatory variability for the vertical 
component was found to have similar values and similar magnitude dependence to those of the 
horizontal component. 

5.1 INTRODUCTION 

This chapter presents the development of a vertical GMPE by Chiou and Youngs. This vertical 
GMPE was based on analysis of a large ground-motion database for vertical components of free-
field recordings [Ancheta et al. 2013] and an extensive set of ground-motion simulations 
[Donahue and Abrahamson 2013], both were provided by PEER as part of the NGA-West2 
Project [Bozorgnia et al. 2014]. The development of our site effect model also benefited from the 
amplification factors resulted from an equivalent-linear site response analysis of vertical 

                                                 
1
 Division of Research and Innovation, California Department of Transportation, Sacramento, California. 

2
 AMEC, Oakland, California 
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component of motions by Silva (http://peer.berkeley.edu/ngawest2_wg/site-response-working-
group/data-sire). 

Initial evaluations of the NGA-West2 vertical data indicated that, except for the term of 
linear soil response, the functional form for horizontal component is suitable for use in modeling 
the vertical ground motions. Hence, our vertical GMPE borrowed abundantly from the 
accompanying horizontal GMPE [Chiou and Youngs 2013] for both functional form and model 
coefficient values. Modifications were made where there are important differences between the 
two components of motions. Our modeling decisions are summarized in Table 5.1. As in 
horizontal motion, regional differences in anelastic attenuation and scaling with VS30 (the travel-
time-averaged shear-wave velocity of the top 30 m of soil) were observed and included in the 
final vertical GMPE. 

Table 5.1 Summary of Modeling Decisions for the Vertical GMPE. 

 Horizontal 

GMPE 

Functional Form 

Coefficients 

Borrowed from 

Horizontal GMPE 

Coefficients 

Estimated from 

Vertical Data 

M-Scaling Kept c2, cM, cn c3 
Style of Faulting Kept c1a, c1b, c1c, c1d  
Rupture Depth Scaling Kept  c7, c7b 
Near-Source Scaling Kept  c5, c6 
Geometric Spreading Kept c4, c4a, cRB  

Crustal Anelastic Damping Kept 3 
1, 2, 

Jp-It, Wn 
Directivity Effect Removed   
Hanging Wall Effect Kept c9, c9a, c9b  

Linear Soil Response Revised  
1, 1Jp,1Tw 
1a, 1aJP 
1b, 1bJp 

Nonlinear Soil Response Removed   
Sediment Depth Kept  6,  6Jp 5, 5Jp 

 

In the following, we first describe the selection of vertical data used in the regression 
analysis. We then describe the modifications made to the horizontal GMPE to improve fits to 
vertical data, followed by evaluations of the developed vertical model and comparisons to the 
accompanying horizontal GMPE in the form of vertical-to-horizontal (V/H) spectra ratio. The 
GMPE presented herein does not include effects of fault rupture directivity. The effects due to 
soil nonlinear response was found to be insignificant in the NGA-West2 vertical data, therefore 
the final model does not include terms for nonlinear soil response. Finally, we offer guidance on 
model applicability of the developed vertical GMPE. 
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5.2 GROUND MOTION DATA 

5.2.1 Data Selection 

The vertical dataset were selected for the same records that were used to develop the 2013 Chiou 
and Youngs horizontal GMPE. These data were then further reduced to remove vertical 
components of questionable quality or with issues of late P-wave trigger as identified in the 
PEER NGA-West2 vertical motion database. We supplemented the NGA-West2 database with 
imputed values of missing metadata that were developed for the horizontal motions, as described 
in Chiou and Youngs [2013]. 

After applying the selections described above, a total of 11,889 records obtained from 
296 earthquakes were used in the development of vertical GMPE. The smaller data size, 
compared to our horizontal GMPE, is mainly due to the fact that there are more late P-wave 
trigger records than late S-wave trigger records in the NGA-West2 database. A total of 2564 
records were selected from eighteen well-recorded non-California earthquakes. Figure 5.1 shows 
a scatter plot of the distance-magnitude-region distribution of our selected dataset. Figure 5.2 
shows the number of usable data as a function spectral period. 

 

 
Figure 5.1 Magnitude-distance-region distribution of selected records of vertical 

motion. 
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Figure 5.2 Number of usable records as a function of spectral period. 

5.2.2 Z1.0 - Vs30 Relationship 

For horizontal motion, the thickness of near-surface sediments is represented in our GMPE by 
the depth to the shear-wave velocity horizon of 1.0 km/sec, Z1.0. The NGA-West2 database 
contains Z1.0 for recording sites within the Southern California Earthquake Center three-
dimensional basin model, for sites within the USGS velocity model for the San Francisco Bay 
area, for Japanese sites within the NIED (National Institute for Earth Science and Disaster 
Prevention) velocity model, and for sites where measured shear-wave velocity profiles reached 
the 1.0 km/sec horizontal. 

As was done for our 2013 horizontal GMPE, we estimated Z1.0 for sites without reported 
values using relationships between Z1.0 and VS30. Data in the NGA-West2 database show a clear 
difference in Z1.0-VS30 relationship between California and Japan. Therefore, we used separate 
relationship for the two regions. 

For California: 

4 4
30

1.0 4 4

5717.15
ln( ) ln( )

4 1360 571
SV

Z



  (5.1) 

For Japan: 

2 2
30

1.0 2 2

4125.23
ln( ) ln( )

2 1360 412
SV

Z





 (5.2) 
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5.3 MODEL DEVELOPMENT 

We borrowed heavily from the accompanying 2013 horizontal GMPE [Chiou and Youngs 2013] 
for both model formulation and coefficient values. Development of our vertical GMPE consisted 
of two steps. First, we took the horizontal GMPE as an initial model and evaluated its adequacy 
against vertical data. We found that the basic horizontal component formulations for ground-
motion scaling with distance and source parameters performed well for the vertical component. 
Consequently, these formulations were adopted without change. However, soil amplification of 
vertical motions shows a clear flattening of ln(VS30) scaling at VS30 < 360 m/sec in both data and 
site response analysis results. The linear ln(VS30) relationship adopted by the horizontal GMPE 
was thus modified to reflect the observed trends in vertical data. Evidence of nonlinear soil 
response in the vertical data was not found; hence we assumed linear soil response for the 
vertical component and did not include effects of nonlinear soil behavior in the vertical GMPE. 
In addition, the rupture directivity term was removed from the vertical GMPE because there is 
little knowledge about directivity effects on the vertical component. While some horizontal 
model coefficients were kept, others were modified in the second step of model development to 
improve fits to vertical ground-motion data. These modeling decisions are summarized in Table 
5.1 and discussed in sections below. 

5.3.1 Magnitude Scaling 

Development of the magnitude scaling formulation in our horizontal GMPE was guided by the 
results of simulation using seismological models for the source excitation of shear-waves. We 
evaluated the suitability of this magnitude scaling formulation against the vertical component, 
which is composed of both compressional-waves and shear-waves. Our analysis indicated that 
the horizontal component model performed well, requiring just a slight change to coefficient c3 
to improve fits to M < 5 spectral data at short (< 0.1 sec) and long (> 3 sec) periods. 

5.3.2 Distance Scaling 

Our 2013 horizontal GMPE adopted a magnitude- and period-independent near-source geometric 
spreading, coupled with an M-dependent additive distance to capture the effects of extended 
ruptures. This near-source distance scaling was then gradually transitioned to a far-source 
geometric spreading of -1/2 ln(RRUP) in order to model the transition from body-wave geometric 
spreading near the source to surface/Lg wave geometric spreading at larger distances. In 
addition, we included an M-dependent attenuation term [γ(M,T)  RRUP] to model the effects of 
anelastic attenuation and scattering (i.e., the effects of crustal Q). Results of our analysis 
indicated that this distance-scaling formulation is also adequate for the modeling of distance 
scaling of vertical motion in the distance range of 0 to 300 km. Consequently, we adopted the 
formulation for distance scaling used for the horizontal component without change, but changed 
coefficients c5, c6, c, and c, as discussed below. 
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5.3.2.1 Additive Distance in Near-Source Distance Scaling 

We estimated for each of the well-recorded earthquakes the additive distance that controlled the 
near-source distance scaling of vertical motions. The results indicated that at T<0.1 sec the 
estimated additive distances for vertical component are smaller than the estimates for horizontal 
component, but at T>0.2 sec the opposite is true. This finding prompted us to modify 
coefficients c5 and c6 as part of the vertical model development. It should be noted that the 
differences in additive distance between horizontal and vertical components is one of the 
important factors that determines the shape of V/H spectral ratios. 

5.3.2.2 Regional Variance in  

Previously, we found from the analysis of a worldwide dataset of horizontal motions that there 
are significant regional differences in γ for active tectonic regions [Chiou and Youngs 2012; 
2013]. The γ estimates for New Zealand, Taiwan, and Turkey are similar to those obtained for 
California earthquakes. The values for Italy and Japan indicate more rapid attenuation with 
distance than California. The data for the Wenchuan, China, earthquake shows slower distance 
attenuation. Regional γ differences were also found in NGA-West2 vertical data. To account for 
the observed regional γ differences, we applied multiplicative adjustment factors (γJp-It , γWn ) to 
the California γ. 

5.3.3 Scaling with Style of Faulting 

In our 2013 horizontal GMPE, style of faulting scaling varies with M. Specifically, style-of-
faulting effect is weaker for M < 5 earthquakes than for M > 6 earthquakes. We adopted the 
horizontal functional form for style of faulting effects and found the estimated effects for vertical 
component to be statistically similar to the effects for horizontal component. As a result, we 
retained both the functional form and model coefficients (c1a, c1b, c1c, and c1d) from our 2013 
horizontal GMPE. 

5.3.4 Scaling with Centered ZTOR 

As in the 2013 horizontal GMPE, source depth scaling in the vertical GMPE is defined based on 
the value of ZTOR = ZTOR – E[ZTOR], where E[ZTOR] is the mean ZTOR given by Equation (5.3) for 
the reverse and reverse oblique faulting, 

2]0),0,849.5max(226.1704.2max[][  MTORZE  (5.3) 

and by Equation (5.4) for the combined strike-slip and normal faulting, 
2]0),0,970.4max(136.1673.2max[][  MTORZE  (5.4) 

Our analyses indicated that the horizontal component formulation for ZTOR scaling is 
applicable to vertical component. One important difference from the horizontal component is 
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that the ZTOR scaling for M > 6 earthquakes is much weaker. Estimated values of coefficient c7 
are statistically indistinguishable from zero so we set it to zero for all periods. 

5.3.5 Fault Dip Effect 

In our 2013 GMPE, amplitudes for M < 5 earthquakes increase with cos()2, but not for M > 5 
earthquakes. Our analysis indicated that fault dip effect is also insignificant for vertical data from 
M > 5 earthquakes. For dip effect, we retained both the functional form and the model 
coefficients (c11 and c11b) of horizontal GMPE. 

5.3.6 Hanging-Wall Effect 

For RJB = 0 (region inside the surface projection of the ruptured area), there is very limited data 
in NGA-West2 database (for both horizontal and vertical components) that can be used to define 
the trend of hanging-wall (HW) amplification with RX (the horizontal distance from the top of the 
rupture measured perpendicular to strike). In the 2013 horizontal GMPE we used simulated data 
to develop the HW amplification model. The numerical simulations were conducted as part of 
the NGA-West2 project and are described in Donahue and Abrahamson [2014]. Using the same 
set of simulations, Donahue [personal communication] found similar HW amplification between 
the horizontal and vertical components. Based on her findings, we adopted the horizontal 
component HW effects (the functional form and the accompanying coefficients c9, c9a, and c9b) 
for vertical GMPE in regions of both RJB = 0 and RJB > 0. It should be noted that HW 
amplification in the 2013 horizontal GMPE for the RJB = 0 region was constrained by numerical 
simulations, not by empirical data. 

5.3.7 Vs30 Scaling 

In our 2013 horizontal GMPE, amplification of soil motion under weak loading condition is 
adequately modeled by a linear function of ln(VS30) in the range of 180 ≤ VS30 ≤ 1100 m/sec. For 
vertical component, however, the relationship between rock and soil motion is not as clear, as 
evidenced in the analysis of empirical data as well as theoretical site response analysis [Kamai, 
personal communication]. To empirically characterize the difference in linear soil response 
between vertical and horizontal components, we computed the within-earthquake residuals of 
vertical data with respect to reference (VS30=1130 m/sec) motion predicted by our 2013 
horizontal GMPE, after correcting for a constant V/H ratio. Figure 5.3 shows the resulting 
within-earthquake residuals against ln(VS30) for recordings under weak loading condition (weak 
reference rock motion) for peak ground acceleration (pga), 0.2-, 1-, and -sec spectra. These plots 
indicate that there are differences between horizontal and vertical components in both the 
amplification level and the trend with ln(VS30). In particular, for vertical component, trend with 
ln(VS30) is flatter at low VS30 than at higher VS30. Similar trend was also noted in the site response 
analysis results for vertical motion [Kamai, personal communication].  

To capture the flattening of VS30 trends at low VS30, we proposed a new functional form 
for use in vertical GMPE for linear soil response, 
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In Equation (5.5), parameter 1 represents the asymptotic amplification level at very low VS30 
(<<1a), parameter1a represents the VS30 value at which amplification is half of 1, and 
parameter 1b represents the curvature of amplification curve, a measure of how fast the 
amplification factor drops from 1 to 1 as VS30 increases. Depending on the values of 1a and 
1b, this site response model may not constrain ground motion amplification factors to be 1 for 
VS30 greater than 1130 m/sec, and it also may get very close to 1 before 1130 m/sec. 

The existence and degree of nonlinear soil response for vertical motion are uncertain. 
Vertical site response analysis conducted for the NGA-West2 project suggested that for T>0.3 
sec, soil response is primarily linear. For T<0.3sec, nonlinear soil effect is present but much 
weaker than the horizontal component, requiring a large threshold input motion to induce 
nonlinear soil behavior [Kamai 2012]. We did not find strong evidence of nonlinear soil response 
in the vertical data. Based on the above discussions, we assumed linear soil response for all 
spectral periods and did not include effects of nonlinear soil behavior in the vertical GMPE. 

Regional differences in linear soil response between Japan, Taiwan (Chi Chi earthquake), 
and California were found in the NGA-West2 vertical data (Figure 5.3). This difference was 
modeled in the final vertical GMPE by allowing for region-specific 1 for Japan and Taiwan 
(1Jp, 1Tw) and region-specific1a and1b for Japan (1aJp and1bJp). 
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Figure 5.3 Within-earthquake residuals (empirical soil amplification factor) plotted 
versus VS30. These residuals are from distant records (RRUP > 40 km) 
computed with respect to predictions for 1130 m/sec condition. Data from 
M > 6 earthquakes are shown in black; data from M < 6 are in blue. A 
smoothed trend (computed using the local linear regression method 
loess in statistical package R) is shown as the solid red line. For 
comparison, amplification from our horizontal GMPE is shown as the long 
dash curve. 
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Figure 5.3 Continued. 
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Figure 5.3 Continued. 
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Figure 5.3 Continued. 
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5.3.8 Scaling with Z1.0 

In our 2013 horizontal GMPE, amplification (deamplification) of horizontal motion for sites with 
larger (smaller) than average sediment thickness is modeled as a function of Z1.0, Z1.0 = Z1.0 – 
E[Z1.0]. Given by Equations (5.1) or (5.2), E[Z1.0] is the mean Z1.0 at a specified VS30. The 
adequacy of the horizontal formulation for Z1.0 scaling of vertical motion is illustrated in Figure 
5.4. The figure also indicates a much stronger Z1.0 scaling for positive Δܼଵ. in Japan than in 
California, suggesting a need for regionalization of sediment thickness effects. 

 
Figure 5.4 Within-earthquake residuals plotted versus Z1.0. These residuals are 

computed using a model without Z1.0 term in order to show the effects of 
Z1.0. A smoothed trend (computed using the local linear regression 
method) is shown as the solid line. 
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Figure 5.4  Continued. 
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5.4 RESULTS OF DEVELOPED VERTICAL GMPE 

The GMPE formulation for vertical motion is given by Equations (5.6) and (5.7). 
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Random variables i (between-earthquake residual) and ij (within-earthquake residual) in 
Equation (5.7) represent the two modeling errors that contribute to the aleatory variability of 
predicted motion. The predictor variables of the vertical GMPE are: 
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 M = Moment magnitude. 

 RRUP = Closest distance (km) to the ruptured plane. 

 RJB = Joyner-Boore distance (km) to the ruptured plane. 

 RX = 
Site coordinate (km) measured perpendicular to the fault strike 
from the fault line, with the down-dip direction being positive. 

 FHW  = Hanging-wall flag: 1 for RX ≥ 0 and 0 for RX < 0. 

 δ = Fault dip angle. 

 ZTOR  = Depth (km) to the top of ruptured plane. 

 ΔZTOR  = ZTOR centered on the M-dependent average ZTOR. 

 FRV  = 
Reverse-faulting flag: 1 for 30º ≤ λ ≤ 150º (combined reverse and 
reverse-oblique), 0 otherwise; λ is the rake angle. 

 FNM  = 
Normal faulting flag: 1 for -120º ≤ λ ≤ -60º (excludes normal-
oblique), 0 otherwise. 

 VS30  = 
Travel-time averaged shear-wave velocity (m/sec) of the top 30 m 
of soil. 

 Z1.0  = Depth (m) to shear-wave velocity of 1.0 km/sec.  

 ΔZ1.0  = Z1.0 centered on the VS30–dependent average Z1.0. 

 

The GMPE coefficients (variable names starting with the letter c or ) are listed in Tables 
5.2 to 5.4. In the tables, we underlined coefficients whose values were unmodified from our 2013 
horizontal GMPE. Because Class 2 earthquakes (aftershocks) were excluded, we did not include 
aftershock terms. 

To simplify, Equations (5.6) and (5.7) were written for application in California, although 
our regression analysis included regionalization to account for the observed regional difference 
in anelastic attenuation and site effects. To apply our GMPE to regions where differences from 
California were accounted for in regression, one should use the region-specific coefficients or 
adjustment factors given in Table 5.5. Also, in application to sites in Japan, the Japan-specific 
average Z1.0 model given by Equation (5.2) should be used to center Z1.0. 

 

Table 5.2 Period-independent coefficients of model for ln(y): Equation (5.6). 

c2  c4  c4a  cRB 

1.06  ‐2.1  ‐0.5  50 
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Table 5.3 Period-dependent coefficients of model for ln(yref): Equation (5.6). 

Period 

(sec) 
c1 c1a c1b c1c c1d cn cM c3 c5 cHM c6 

0.01 -2.2621 0.1650 -0.3729 -0.1650 0.1977 16.0875 4.9993 1.8616 5.4530 3.0956 0.508 

0.02 -2.2629 0.1650 -0.3772 -0.1650 0.2180 15.7118 4.9993 1.8523 5.0265 3.0963 0.508 

0.03 -2.1389 0.1650 -0.4429 -0.1650 0.3484 15.8819 4.9993 1.807 4.5820 3.0974 0.508 

0.04 -1.9451 0.1650 -0.5122 -0.1650 0.4733 16.4556 4.9993 1.786 4.4501 3.0988 0.508 

0.05 -1.7424 0.1650 -0.5544 -0.1650 0.5433 17.6453 4.9993 1.7827 4.6504 3.1011 0.508 

0.075 -1.3529 0.1650 -0.5929 -0.1650 0.5621 20.1772 5.0031 1.8426 5.8073 3.1094 0.508 

0.1 -1.2191 0.1650 -0.5760 -0.1650 0.4633 19.9992 5.0172 1.9156 6.9412 3.2381 0.508 

0.12 -1.2007 0.1650 -0.5583 -0.1650 0.4000 18.7106 5.0315 1.9704 7.6152 3.3407 0.508 

0.15 -1.2392 0.1650 -0.5345 -0.1650 0.3337 16.6246 5.0547 2.0474 8.3585 3.4300 0.508 

0.17 -1.2856 0.1650 -0.5188 -0.1650 0.2961 15.3709 5.0704 2.0958 8.7181 3.4688 0.508 

0.2 -1.3599 0.1650 -0.4944 -0.1650 0.2438 13.7012 5.0939 2.1638 9.1170 3.5146 0.508 

0.25 -1.4633 0.1650 -0.4517 -0.1650 0.1620 11.2667 5.1315 2.2628 9.5761 3.5746 0.5068 

0.3 -1.5533 0.1650 -0.4122 -0.1650 0.0881 9.1908 5.1670 2.3439 9.8569 3.6232 0.505 

0.4 -1.7318 0.1650 -0.3532 -0.1650 -0.0287 6.5459 5.2317 2.4636 10.1521 3.6945 0.5007 

0.5 -1.9025 0.1650 -0.3101 -0.1650 -0.1158 5.2305 5.2893 2.5461 10.2969 3.7401 0.4961 

0.75 -2.274 0.1650 -0.2219 -0.1650 -0.2708 3.7896 5.4109 2.6723 10.4613 3.7941 0.4846 

1 -2.5805 0.1650 -0.1694 -0.1650 -0.3527 3.3024 5.5106 2.7479 10.5397 3.8144 0.4704 

1.5 -3.047 0.1650 -0.1376 -0.1650 -0.3454 2.8498 5.6705 2.8355 10.5992 3.8284 0.4401 

2 -3.3941 0.1645 -0.1218 -0.1645 -0.2605 2.5417 5.7981 2.8806 10.6045 3.8330 0.4264 

3 -3.8807 0.1168 -0.1053 -0.1168 -0.0914 2.1488 5.9983 2.9304 10.6005 3.8361 0.4183 
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Table 5.3 (Continued). Period-dependent coefficients of model for ln(yref): Equation 
(5.6). 

Period (sec) c7 c7b c9 c9a c9b c11 c11b c1 c2 c3 

0.01 0 0.0855 0.9228 0.1202 6.8607 0.0 -0.4536 -0.00842 -0.00481 4.2542 

0.02 0 0.0871 0.9296 0.1217 6.8697 0.0 -0.4536 -0.00848 -0.00489 4.2386 

0.03 0 0.0957 0.9396 0.1194 6.9113 0.0 -0.4536 -0.00893 -0.00508 4.2519 

0.04 0 0.1032 0.9661 0.1166 7.0271 0.0 -0.4536 -0.0097 -0.00491 4.2960 

0.05 0 0.1066 0.9794 0.1176 7.0959 0.0 -0.4536 -0.01048 -0.00467 4.3578 

0.075 0 0.0952 1.0260 0.1171 7.3298 0.0 -0.4536 -0.01169 -0.00370 4.5455 

0.1 0 0.0829 1.0177 0.1146 7.2588 0.0 -0.4536 -0.01206 -0.00260 4.7603 

0.12 0 0.075 1.0008 0.1128 7.2372 0.0 -0.4536 -0.01182 -0.00211 4.8963 

0.15 0 0.0654 0.9801 0.1106 7.2109 0.0 -0.4536 -0.01116 -0.00175 5.0644 

0.17 0 0.0601 0.9652 0.1150 7.2491 0.0 -0.4536 -0.01072 -0.00161 5.1371 

0.2 0 0.0531 0.9459 0.1208 7.2988 0.0 -0.4440 -0.01017 -0.00144 5.1880 

0.25 0 0.043 0.9196 0.1208 7.3691 0.0 -0.3539 -0.00946 -0.00118 5.2164 

0.3 0 0.034 0.8829 0.1175 6.8789 0.0 -0.2688 -0.00892 -0.00091 5.1954 

0.4 0 0.0183 0.8302 0.1060 6.5334 0.0 -0.1793 -0.00805 -0.00047 5.0899 

0.5 0 0.0056 0.7884 0.1061 6.5260 0.0 -0.1428 -0.00727 -0.00035 4.7854 

0.75 0 -0.0158 0.6754 0.1000 6.5000 0.0 -0.1138 -0.00554 -0.00089 4.3304 

1 0 -0.028 0.6196 0.1000 6.5000 0.0 -0.1062 -0.00434 -0.00149 4.1667 

1.5 0 -0.0422 0.5101 0.1000 6.5000 0.0 -0.1020 -0.00289 -0.00224 4.0029 

2 0 -0.0511 0.3917 0.1000 6.5000 0.0 -0.1009 -0.00209 -0.00257 3.8949 

3 0 -0.0573 0.1244 0.1000 6.5000 0.0 -0.1003 -0.00153 -0.00251 3.7928 
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Table 5.4 Coefficients of site response model for ln(y): Equation (5.7). 

Period (sec) 1 1a 1b 5 6 

0.01 0.8700 660.7 3.000 0.000 300 

0.02 0.8700 660.6 3.000 0.000 300 

0.03 0.8700 660.3 3.000 0.000 300 

0.04 0.8700 660.0 3.000 0.000 300 

0.05 0.8700 659.5 3.000 0.000 300 

0.075 0.8700 657.9 3.005 0.000 300 

0.1 0.8700 655.6 3.360 0.000 300 

0.12 0.8700 653.2 4.062 0.000 300 

0.15 0.8700 648.8 4.929 0.000 300 

0.17 0.8700 645.4 5.262 0.000 300 

0.2 0.8700 639.6 5.553 0.000 300 

0.25 0.8652 628.5 5.854 0.000 300 

0.3 0.8434 616.3 6.061 0.000 300 

0.4 0.7698 590.8 6.292 0.000 300 

0.5 0.7263 566.9 6.379 0.000 300 

0.75 0.7360 522.2 6.360 0.046 300 

1 0.7960 496.2 6.220 0.110 300 

1.5 0.9023 472.3 5.716 0.199 300 

2 1.0001 462.7 4.952 0.260 300 

3 1.1271 455.7 3.347 0.312 300 
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Table 5.5 GMPE coefficients for non-California regions. 

Period 

(sec) 
Jp‐It Wn 1Jp 1Tw 1aJp 1bJp 5Jp 6Jp 

0.01 1.2818 0.6771 0.7780 0.2000 460.5 3.000 0.477 800 

0.02 1.2769 0.6730 0.7598 0.2000 461.9 3.000 0.473 800 

0.03 1.2764 0.6712 0.7062 0.2000 461.3 3.000 0.468 800 

0.04 1.2769 0.6704 0.6572 0.2000 460.5 3.000 0.462 800 

0.05 1.2652 0.6701 0.6389 0.2000 459.9 3.000 0.458 800 

0.075 1.2172 0.6694 0.7371 0.2000 460.6 2.995 0.451 800 

0.1 1.1700 0.6650 0.8740 0.2000 461.7 2.940 0.448 800 

0.12 1.1615 0.6586 0.9769 0.2000 459.8 2.842 0.447 800 

0.15 1.1710 0.6461 1.1222 0.2000 451.7 2.652 0.445 800 

0.17 1.1785 0.6372 1.2109 0.2000 443.1 2.478 0.445 800 

0.2 1.1845 0.6240 1.3421 0.2000 427.7 2.155 0.444 800 

0.25 1.1864 0.6036 1.5379 0.2000 399.8 1.698 0.445 800 

0.3 1.1846 0.5849 1.6771 0.2000 373.9 1.436 0.447 800 

0.4 1.1858 0.5494 1.7600 0.2000 340.0 1.206 0.456 800 

0.5 1.2158 0.5156 1.7310 0.2000 336.1 1.140 0.470 800 

0.75 1.3014 0.4429 1.4999 0.2000 391.8 1.370 0.521 800 

1 1.4162 0.3886 1.2900 0.2000 435.5 1.600 0.591 800 

1.5 1.7863 0.3315 1.0539 0.2140 454.1 2.088 0.757 800 

2 2.0498 0.0000 0.9199 0.3285 455.7 2.422 0.924 800 

3 2.1545 0.0000 0.7245 0.6632 454.4 2.824 1.157 800 

5.4.1 Aleatory Variability 

The formulation for aleatory variability developed in our 2013 horizontal GMPE includes 
dependence on magnitude and degree of nonlinear soil response. In this study, we updated both 
the functional form and the coefficients of aleatory variability model to reflect the changes 
brought upon by the vertical data and the absence of effects of nonlinear soil behavior in vertical 
GMPE. 

The current terminology used to express the components of variability use the symbol τ 
for the between-earthquake component and the symbol for the within-earthquake component, 

with the symbol σ used for total aleatory variability, such that 222   . However, to avoid 

confusion with our use of the symbol  for the coefficients of site amplification model, we retain 
the symbols used in Chiou and Youngs [2013]: τ for the between-earthquake component and σ 
for within-earthquake component, with the symbol σT used for the total aleatory variability. 



147 

Examination of the residuals for vertical motions indicated similar behavior to that found 
for the horizontal component. Therefore, the same function form was adopted. The total 
variance, σ2

T, for forward prediction of ground motion is given as 

  

  

2 2 2
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M
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 (5.8) 

Equation (5.8) has been simplified from the aleatory variance model for the horizontal 
component because of the absence of soil nonlinearity in the vertical GMPE. The estimated 
values of coefficients 1, 2, 1, and 2 are listed in Table 5.6, along with the Japan-specific 
estimates for 2. 

 

Table 5.6 Coefficients of variance model: Equation (5.8). 

Period (sec) 1 2 1 2 3 2Jp

0.01 0.4200 0.3300 0.4912 0.3762 0.8000 0.4528 

0.02 0.4230 0.3289 0.4904 0.3762 0.8000 0.4551 

0.03 0.4271 0.3273 0.4988 0.3849 0.8000 0.4571 

0.04 0.4309 0.3259 0.5049 0.3910 0.8000 0.4642 

0.05 0.4341 0.3247 0.5096 0.3957 0.8000 0.4716 

0.075 0.4404 0.3223 0.5179 0.4043 0.8000 0.5022 

0.1 0.4450 0.3206 0.5236 0.4104 0.8000 0.5230 

0.12 0.4479 0.3195 0.5221 0.4109 0.8000 0.5235 

0.15 0.4514 0.3182 0.5202 0.4116 0.8000 0.5209 

0.17 0.4533 0.3175 0.5191 0.4119 0.8000 0.5187 

0.2 0.4558 0.3166 0.5177 0.4124 0.8000 0.5152 

0.25 0.4590 0.3154 0.5159 0.4130 0.7999 0.5100 

0.3 0.4615 0.3144 0.5143 0.4135 0.7997 0.5059 

0.4 0.4652 0.3130 0.5119 0.4144 0.7988 0.5002 

0.5 0.4679 0.3120 0.5100 0.4150 0.7966 0.4959 

0.75 0.4724 0.3103 0.4973 0.4256 0.7792 0.4985 

1 0.4753 0.3093 0.4882 0.4331 0.7504 0.4998 

1.5 0.4788 0.3079 0.4755 0.4436 0.7136 0.5001 

2 0.4811 0.3071 0.4681 0.4511 0.7035 0.4979 

3 0.4838 0.3061 0.4617 0.4617 0.7006 0.4917 
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5.4.2 Evaluation of Vertical GMPE 

Figure 5.5 shows the event term i (between-earthquake residual) for spectral periods of T=0.01 
(pga), 0.2, 1, and 3 sec. In the range of 3.5 ≤ M ≤ 8, the event terms do not exhibit a significant 
trend with M or a large offset from zero. The vertical model tends to under-predict for M < 3.5 
earthquakes, as evidenced by their positive event terms. 

Figures 5.6 through 5.9 show the within-earthquake residuals ij plotted versus M, RRUP, 
VS30, and ΔZ1.0 for spectral periods of 0.01, 0.2, 1 and 3 sec, respectively. In general, these 
residuals do not exhibit a significant trend within the body of a predictor, but some show trends 
near the ends of predictor domain. We note our ΔZ1.0 model under-predicts the data for ΔZ1.0 < -
350 m sites, which are mostly located in the San Francisco Bay area (NCal), suggesting that 
additional regionalization of sediment depth effects for soft sites within California may be 
warranted. 

 

 

Figure 5.5 Between-earthquake residuals (event terms) for spectral periods of 0.01 
sec (pga), 0.2, 1, and 3 sec. 
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Figure 5.6 Within-earthquake residuals for spectral period of 0.01 second (pga) 

plotted against M, RRUP, VS30, and Z1.0 
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Figure 5.7 Within-earthquake residuals for spectral period of 0.2 sec plotted against 

M, RRUP, VS30, and Z1.0. 
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Figure 5.8 Within-earthquake residuals for spectral period of 1 sec plotted against M, 

RRUP, VS30, and Z1.0. 
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Figure 5.9 Within-earthquake residuals for spectral period of 3 sec plotted against M, 

RRUP, VS30, and Z1.0. 
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The adequacy of not including effects of nonlinear soil response in our GMPE is 
demonstrated in Figure 5.10. Data points shown in the figure are T=0.2 sec within-earthquake 
residuals from California computed with respect to predictions for the reference condition of VS30 
= 1130 m/sec. These residuals can be loosely interpreted as empirical soil amplification relative 
to the event-specific median reference motion [ exp( )refy  ]. The empirical amplification factors 

are grouped by the levels of reference motion and plotted against VS30 in Figure 5.10. Linear soil 
response predicted by our vertical GMPE is shown in the figure as the thick solid red curve. The 
good match between the linear soil response model and the empirical soil amplification for all 
levels of loading confirms the adequacy of excluding nonlinear soil response term in our vertical 
GMPE. 

  



154 

 

 

 

Figure 5.10 Within-earthquake residuals (empirical soil amplification factor) plotted 
versus VS30. These residuals are for California data and computed with 
respect to predictions for reference condition of 1130 m/sec condition. 
Data from M > 6 earthquakes are shown in black, and data from M < 6 are 
in blue. Each panel contains residuals for the range of reference motion 
indicated in the bottom left corner. A smoothed trend (computed using 
the local linear regression method loess in statistical package R) is 
shown as the solid orange line. For comparison, linear soil response 
predicted by our vertical GMPE is shows as the long dash (red) curve. 



155 

Figure 5.10 Continued. 

5.4.3 Vertical-To-Horizontal Spectral Ratio 

The left panels of Figure 5.11 compare the predicted median motions between horizontal and 
vertical components at distances of 1 and 20 km from strike-slip earthquakes on rock condition 
of VS30 = 760 m/sec. For these predictions, we set ZTOR and Z1.0 to 0. The right panels of 
Figure 5.11 show the V/H ratio of median predictions. Figure 5.12 shows similar comparisons 
but for two HW sites of 45⁰-dipping reverse earthquakes. Figures 5.13 and 5.14 compare 
predicted median response spectra for VS30 = 450 and 250 m/sec, respectively.  

Difference in additive distance between vertical and horizontal component is partly 
responsible for creating the near-source (1 km distance) shape of V/H spectral ratio shown in 
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these figures. The peak of V/H ratio occurs near T=0.05 sec and its amplitude increases as VS30 
decreases, both features are well-known from past studies. 

 

 
(a) (b)

Figure 5.11  (a) Predicted median motions by the vertical GMPE developed in this 
study and our 2013 horizontal GMPE for vertical strike-slip earthquakes 
on rock (VS30=760 m/sec) at RX distances of 1 and 20 km; and (b) V/H 
ratios of median motions. 
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(a) (b) 

Figure 5.12 (a) Predicted median motions by the vertical GMPE developed in this 
study and our 2013 horizontal GMPE for 45 dipping reverse earthquakes 
on rock (VS30=760 m/sec) at RX distances of 1 and 20 km on hanging wall; 
and (b) V/H ratios of median motions. 
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(a) (b) 

Figure 5.13 (a) Predicted median motions by the vertical GMPE developed in this 
study and our 2013 horizontal GMPE for vertical strike-slip earthquakes 
on soil (VS30=450 m/sec) at RX distances of 1 and 20 km; (b) V/H ratios of 
median motions. 
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 (a) (b) 

Figure 5.14 (a) Predicted median motions by the vertical GMPE developed in this 
study and our 2013 horizontal GMPE for vertical strike-slip earthquakes 
on soil (VS30=250 m/sec) at RX distances of 1 and 20 km; and (b) V/H 
ratios of median motions. 
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5.5 MODEL APPLICABILITY 

Since the vertical GMPE developed in this study largely mirrored our 2013 horizontal GMPE in 
terms of data and functional form, the applicable ranges of the vertical GMPE also mirrored our 
recommendations for the 2013 horizontal GMPE. The developed vertical GMPE is considered to 
be applicable for estimating pseudo-spectral accelerations (5% of critical damping) and peak 
motions for earthquakes in active tectonic regions in which the following conditions apply: 

 3.5 ≤ M ≤ 8.5 for strike-slip earthquakes 

 3.5 ≤ M ≤ 8.0 for reverse and normal faulting earthquake 

 ZTOR ≤ 20 km 

 0 ≤ RRUP ≤ 300 km 

 180 m/sec ≤ VS30 ≤ 1500 m/sec 

Because all M < 6 earthquakes were from California, our GMPE may not be applicable to 
small-to-moderate earthquakes in other active tectonic regions. For application in other active 
tectonic regions where earthquakes at distances greater than about 50 km contribute significantly 
to the hazard, adjustments to the γ(M,T) model may be warranted. These adjustments can be 
made using the hybrid approach developed by Campbell [2003]. In making such adjustments, we 
stress the need for the user to obtain estimates of Q for the two regions that are based on 
geometric spreading models consistent with the one used in this study. 

As the rock velocity increases we expect shallow crustal damping (i.e., kappa) to 
decrease, resulting in increases in high-frequency motion. Data for such sites were not sampled 
in the NGA-West2 database in sufficient quantity to allow us to reliably estimate this effect, and 
it was thus not included in the vertical model. However, users should consider such effects if the 
model is applied to sites with VS30 greater than 1500 m/sec. 

The updated model was developed using recordings from earthquakes with a maximum 
ZTOR of 20 km. Furthermore, the ZTOR – M data suggest that the applicable range of ZTOR should 
be narrowing with increasing M. We do not recommend using large ZTOR value beyond what was 
represented in the NGA-West2 database. 

The majority of Z1.0 data used in our model were obtained from 3D velocity models for 
southern California, the San Francisco Bay Area, and Japan. When applying our GMPE to these 
three regions, the same 3D velocity models should be used to obtain site Z1.0. Information on 
accessing these 3D models is provided in Ancheta et al. [2013]. For application to a site not 
covered by these velocity models and without other information to determine the site Z1.0, we 
recommend using Z1.0 = 0, preferably with an increase in aleatory variability too. When 
applying our GMPE to a site whose Z1.0 is much smaller than the average Z1.0 (a large negative 
Z1.0), the predicted motions should be checked to ensure that they are not lower than the 
predictions for reference condition of VS30=1130 m/sec. 
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