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Abstract A single ground-motion intensity measure, typically spectral accelera-
tion (SA), is required as the main input in deriving empirical ground-motion predic-
tion equations (GMPEs). Traditionally, a single horizontal orientation has been used in
calculating SA for all periods. The spectrum changes with orientation, and using a
single orientation to represent 2D ground motions leads to loss of useful information
regarding the variation of SA with orientation. Different techniques have been pro-
posed in the literature to combine the two horizontal components of ground motions
into a scalar horizontal definition. The ratios between different definitions of the hori-
zontal component of ground motions have been studied because of the urgent need to
use multiple GMPEs combined in a logic-tree framework in the preliminary stages of
performing probabilistic seismic hazard analysis, or at further stages in which the uni-
form hazard response spectrum is required to be converted to another spectrum for a
different horizontal definition. Although the most recent studies produced similar re-
sults using different subsets of the Next Generation Attenuation-West2 Project (NGA-
West2) database, it is possible that such directionality results may differ for other
earthquake datasets and is region specific. The purpose of this study is to derive ratios
between median values and the associated standard deviations for different definitions
of the horizontal component of ground motions in central and eastern North America
using a subset of the NGA-East database. The computed median ratios are similar to
the ratios provided in recent studies for other regions with a shift in some period
ranges with noticeable differences between the standard deviations. The results of this
study fulfill the engineering requirements of considering the maximum direction elas-
tic response spectrum for design of structures.

Introduction

Ground motions are generally recorded in three pairwise
perpendicular directions: one vertical and two horizontal. A
single ground-motion intensity measure, typically spectral
acceleration (SA), is required as the main input in deriving
empirical ground-motion prediction equations (GMPEs). A
variety of GMPEs have been developed based on a single
horizontal orientation of ground motion; that is, the horizon-
tal orientation which has the larger peak ground acceleration
(PGA) or the horizontal component randomly chosen
(Douglas, 2003). Apparently, the spectrum changes with
orientation, and using a single orientation to represent 2D
ground motions leads to loss of information regarding the
variation of spectrum with orientation. Alternatively, differ-
ent techniques have been proposed in the literature to com-
bine the two horizontal components of ground motions into a
scalar definition. For example, the geometric mean of the ac-
celeration response spectra for each as-recorded horizontal
component of the ground motion (SAGMxy, in which the
GM stands for the geometric mean, and x and y stand for

the two orthogonal orientations) has been traditionally pre-
ferred in deriving GMPEs (Douglas, 2003; Abrahamson
et al., 2008). Most of the GMPEs used by the U.S. Geologi-
cal Survey (USGS) in deriving the National Seismic Hazard
Maps were developed based on SAGMxy (Petersen et al.,
2008, 2014). The advantage of SAGMxy is that the data
dispersion will be reduced slightly during the averaging pro-
cedure (Stewart et al., 2011). However, SAGMxy is variant to
the orientation of the instruments. This means that if one of
the sensors’ orientations is aligned with the polarization di-
rection, the response spectrum on the other sensor would be
zero, which would result in a zero value for SAGMxy (Boore
et al., 2006). The sensor orientation dependency of SAGMxy

is prominent in highly correlated ground motions, which
regularly occurs at oscillator frequencies of 1.0 Hz and lower
(Campbell and Bozorgnia, 2007). To compensate for this
drawback, Boore et al. (2006) proposed an orientation-
independent technique for calculating the geometric mean of
the acceleration response spectra calculated from the rotation
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of the two orthogonal horizontal components of the ground
motions (SAGMRotDpp and SAGMRotIpp, in which the sub-
script Rot stands for the rotation, the subscript D signifies
the period-dependent rotations, the subscript I signifies the
period-independent rotations, and the subscript pp indicates
the percentile). For example, SAGMRotI50 would be the 50th
percentile (or median) SA which has been used in updating
the Next Generation Attenuation-West2 Project (NGA-
West2) GMPEs of Abrahamson and Silva (1997), Boore et al.
(1997), Sadigh et al. (1997), and Campbell and Bozorgnia
(2003a,b,c, 2004) published in the Pacific Earthquake Engi-
neering Research Center (PEER) NGA Project (Abrahamson
et al., 2008). Later on, Boore (2010) introduced two more
orientation-independent definitions of horizontal ground
motion without calculating geometric means, known as
SARotDpp and SARotIpp. The NGA-West2 GMPEs (Bozorgnia
et al., 2012) and the NGA-East GMPEs of Darragh
et al. (2015), Frankel (2015), Graizer (2015), Hassani et al.
(2015), Pezeshk et al. (2015), Shahjouei and Pezeshk (2015),
and Yenier and Atkinson (2015) in PEER 2015/4 (see Data
and Resources) are developed based on SARotD50.

Engineers are required to design structures considering
the maximum direction elastic response spectrum. Typi-
cally, the elastic response spectrum is obtained using
GMPEs that have been developed or calibrated using differ-
ent definitions of the horizontal components of recorded
ground motions. To determine the response spectrum at
the maximum direction, either one has to develop GMPEs
based on SA in the maximum direction or because most
GMPEs have been developed based on different horizontal
definitions, one needs to use a set of adjustment factors to
convert the obtained spectrum into maximum direction
response spectrum. The reason for using the maximum di-
rection response spectrum is to design structures that can
resist possible collapse in any horizontal direction regard-
less of orientation. If only one component is chosen ran-
domly, then it may underestimate forces imparted to the
structure. Similarly, geometric mean cannot provide the
necessary level of forces to design structures. Regardless
of which directionality definition would be the most appro-
priate choice, the main concern will be the consistency
throughout the entire process of the seismic hazard analysis,
site-response analysis, and ultimately developing a design
response spectrum. This would clearly ensure that the rela-
tionship between the two horizontal components of the
ground motions are properly well-kept during the acceler-
ation time-histories selection and the spectrum matching
procedure in the dynamic design of structures (Baker and
Cornell, 2006; Beyer and Bommer, 2006). The engineering
community’s preference is to use the maximum direction
for structural design (National Earthquake Hazard Reduc-
tion Program [NEHRP], 2009). Therefore, it is valuable to
investigate the median ratios between different definitions
of the horizontal ground-motion components and their alea-
tory variabilities to define appropriate conversion factors.

Several researchers have studied the ratios between
different definitions of the horizontal component of ground
motions. Beyer and Bommer (2006) provided relationships
between the median values and the standard deviation for a
variety of existing horizontal-component definitions. They
computed the median ratio of each definition of horizontal
component with respect to the geometric mean of the two
horizontal components of the ground motion. They used a
subset of the NGA-West2 database (PEER, 2005, see Data
and Resources) including 949 far-field and near-fault records
from 103 shallow crustal earthquakes. They assumed that the
ratios are only a function of response period and did not
explore any dependencies of the ratios on the earthquake
magnitude, the source-to-site distance, or other seismologi-
cal parameters. They also declared that the ratios are not
tested for stable continental regions, such as central and
eastern North America (CENA).

Boore et al. (2006) used 3500 records from the NGA-West
dataset to calculate the mean of ln�SAGMRotD50=SAGMRotI50�
and ln�SAGMRotI50=SAGMxy�. He showed that the median
ratio of SAGMRotD50=SAGMRotI50 is roughly 1.0, whereas the
median ratio of SAGMRotI50=SAGMxy is slightly higher than
1.0 over a period range of 0.01–3.0 s.

Campbell and Bozorgnia (2007, 2008) provided the
ratios between SAGMxy and SAGMRotI50. They showed that
the median ratios are very close to unity and are constant
for all periods, whereas the standard deviation increases from
∼0:07 to 0.11 in natural log units. They also provided the
ratios of some other horizontal definitions such as the arbi-
trary horizontal component, maximum horizontal compo-
nent (largest peak amplitude), maximum rotated horizontal
component (SARotD100), and strike-normal and strike-parallel
horizontal components (“the peak amplitudes of the two
orthogonal horizontal components after rotating them to
azimuth that are normal to and parallel to the strike of the
rupture plane,” p. 42) with respect to SAGMxy.

Watson-Lamprey and Boore (2007) provided the con-
version factors from SAGMRotI50 to SARotD100 and to the
SA of a randomly chosen horizontal component of ground
motion (SAArb, in which the subscript Arb stands for arbi-
trary). They used a subset of the NGA-West2 database,
which included 7080 individual horizontal-component accel-
eration time histories recorded from 175 earthquakes. They
investigated if the median ratios are highly dependent on
earthquake magnitude, source-to-site distance, and a simpli-
fied radiation pattern. Their results showed that the median
ratios are not significantly sensitive to the magnitude, the dis-
tance, and the radiation pattern. Also, they did not find any
dependency on the most common directivity factors for the
ratio of SARotD100=SAGMRotI50.

Huang et al. (2008) investigated the relationships
between strike-parallel, strike-normal, geometric mean, and
maximum spectral demands using a subset of the NGA-West2
database, including 147 records from near-field earthquakes
with moment magnitude M of 6.5 and greater, and rupture
distances of 15 km and less. They developed scaling factors
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to transform SAGMRotI50 to SARotD100, which ranged from 1.2
at a period of 0 to 1.3 at a period of 4.0 s, similar to the Beyer
and Bommer (2006) results. They also studied the rupture
directivity effects using the Somerville et al. (1997) rupture
directivity model and showed that smaller strike-parallel de-
mands compared with the strike-normal demands only hold at
close distances (0–5 km) to the causative fault. For greater dis-
tances, there is approximately a 40%–50% probability that the
strike-normal demands are equal to or fall below the strike-
parallel demands. Huang et al. (2010) expanded the Huang
et al. (2008) results by adding 165 pairs of western United
States far-field ground motions with the moment magnitudes
M 6.5 and greater, and the closest site-to-source distances
between 30 and 50 km. They also added 63 pairs of
ground-motion records from 19 earthquakes that occurred
generally in CENA and provided the median ratio of
SARotD100=SAGMRotI50 for each dataset separately.

Boore (2010) used 3225 two-component time series
from the NGA-West2 database to assess the ratios of
SARotD50=SAGMRotI50 and SARotI50=SAGMRotI50. He showed
that the median ratios are mostly larger than 1.0 and
increase with spectral period. He also found that the ratio
of SARotD100=SARotD50 is between unity and

���
2

p
for all peri-

ods for the unpolarized and polarized ground motions, re-
spectively. The response spectrum of an unpolarized
ground motion in all orientations is approximately identical,
whereas the polarized ground motions have different numeri-
cal SA values in each orientation.

Shahi and Baker (2014) developed empirical models to
compute the median ratio of SARotD100=SARotD50. They used
more than 3000 time series from the expanded NGA-West2
database to build a multiplicative factor, which can be used to
convert the SARotD50 to SARotD100 at a desired site. They
compared their results with older models and showed that
the current NEHRP ratio of 1.1 at high frequencies is not
appropriate and should be about 1.2 (Building Seismic
Safety Council [BSSC], 2009).

Bradley and Baker (2014) studied the ground-motion
directionality from the 2010–2011 Canterbury earthquake
sequence recorded at 20 strong-motion stations. They exam-
ined the ratios between SARotD100, SARotD50, SALarger (larger
value of the two as-recorded components at each period), and
SAGMxy. Their directionality ratio between SARotD100 and
SARotD50 was similar to Shahi and Baker (2014). They found
strong polarity for rupture distances up to Rrup � 30 km and
showed that complex fault ruptures show larger variability in
the maximum direction orientation. They also examined the
site effects on directionality ratios and found that the direc-
tionality ratios obtained for several sites somewhat differ
from those calculated based on all sites over a narrow range
of periods.

Although most of the above-mentioned studies produced
similar results using different subsets of the NGA-West2 data-
base (Chiou et al., 2008), it is possible that such directionality
results may differ for other earthquake datasets or regions
with different tectonic settings. The purpose of this study is

to derive ratios between the median values and between the
standard deviations for different definitions of horizontal com-
ponent of ground motions in CENA using a subset of the
NGA-East ground-motion database (Goulet et al., 2014).
We focused on deriving the conversion factors to transform
the median values of SAGMxy and SARotD50 to the median
value of SARotD100, which is mostly required by the engineer-
ing provisions (e.g., BSSC, 2009) to design structures. These
median ratios can be used along with the magnitude and dis-
tance-scaling factors when multiple GMPEs are combined in a
logic-tree framework in performing probabilistic seismic haz-
ard analysis (Bommer et al., 2005). Furthermore, the provided
conversion factors can be used as an approximation in con-
verting a uniform hazard spectrum to another spectrum for a
different horizontal definition of the ground motion.

Database

The dataset used to compute ratios between various hori-
zontal definitions in this study consist of 6892 records from
48 earthquakes obtained from the NGA-East ground-motion
database (Goulet et al., 2014), a database that is basically
different from those of earlier studies. The NGA-East data-
base includes time series from several earthquakes recorded
in the CENA region since 1988. Only the earthquakes with
M greater than 3.5 were included to focus on ground motions
that are significant from the engineering point of view. The
considered CENA earthquakes are summarized in Table 1.
Figure 1 shows the magnitude–distance distribution of the
considered records accompanied with the associated NEHRP
site classes: rock (760 ≤ VS30 ≤ 1500 m=s), soft rock (360 ≤
VS30 < 760 m=s), and stiff soil (180 ≤ VS30 < 360 m=s).
The NEHRP site class E (soft-soil) sites are excluded from
consideration because of their complex site-response charac-
teristics. We performed a sensitivity test and did not find a
reasonable dependency of the ratios on earthquake magni-
tude, distance, or style of faulting. Our sensitivity analysis is
echoed in the similar earlier study by Watson-Lamprey and
Boore (2007), who noted “for most engineering applications
the conversion factors independent of those variables can
be used.”

Different Horizontal Spectral Acceleration
Definitions

Different definitions of horizontal SAvalues which have
been considered in this study are summarized in Table 2.
Although it is straightforward to calculate most of the hori-
zontal definitions, one may refer to the references provided
in Table 2 for more details. As it can be observed from
Table 2, three horizontal definitions represent SA values
for the geometric mean combinations of orthogonal horizon-
tal components (SAGMxy, SAGMRotIpp, and SAGMRotDpp) and
the remaining represent the SA values in a particular orien-
tation. It should be noted that SAGMxy and SALargerPGA are
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calculated using the orientation of the as-recorded horizontal
ground-motion components.

The SA=SAGMxy ratios for different horizontal definitions
and standard deviation of log�SA=SAGMxy� are illustrated
in Figure 2. We have not included the median ratios of
SAGMRotI50, SARotI50, SAGMRotI100, and SARotI100 with respect
to SAGMxy in Figure 2 because the shape of the median
ratio curves depends highly on the penalty function and
the period range which has been used in computing the
penalty function (Boore et al., 2006). The median ratios
of SAGMRotD50 and SARotD50 with respect to SAGMxy are
close to unity up to T � 0:1 s. The median ratio of
SARotD50=SAGMxy starts increasing toward T > 0:1 s,
whereas the median ratio of SAGMRotD50=SAGMxy remains ap-
proximately flat for all the considered periods. The median
ratio of the SAGMRotD100=SAGMxy has a similar increasing
trend with a larger ratio at shorter periods. We observe larger
median ratios for the SARotD100=SAGMxy with a sharper in-
creasing trend. This increasing trend after T � 0:2 s is due
to the stronger polarization of ground-motion waves at longer
periods (Beyer and Bommer, 2006). Among all the considered
median ratios, the median ratio of SALargerPGA=SAGMxy is the
only one which shows a decreasing trend with period. As it
can be seen from Figure 2, the standard deviations of the log-
arithmic ratios of SAGMRotD50 and SARotD50, and SAGMRotD100

and SARotD100 with respect to SAGMxy are below 0.05 up to
T � 0:3 s and show a similar increasing trend with period.
The standard deviations of the log�SALargerPGA=SAGMxy�

are comparatively larger than the other horizontal
definitions whereas the standard deviations of the
log�SAGMRotD50=SAGMxy� are the smallest value.

Methodology

Among all the horizontal definitions listed in Table 2, we
have only calculated the median ratios and the standard devia-

Figure 1. Magnitude–distance distribution. The color version
of this figure is available only in the electronic edition.

Table 1
Considered Central and Eastern North America (CENA) Earthquakes in This Study

Event Name
Date

(yyyy/mm/dd)
Latitude

(°)
Longitude

(°) Magnitude Event Name
Date

(yyyy/mm/dd)
Latitude

(°)
Longitude

(°) Magnitude

Acadia 2006/10/03 44.35 −68.15 3.87 LacLaratelle 2002/06/05 52.85 −74.35 3.81
Arcadia 2010/11/24 35.63 −97.25 3.96 LaMalbaie 1997/10/28 47.67 −69.91 4.29
Ashtabula 2001/01/26 41.87 −80.80 3.85 LaMalbaie 2003/06/13 47.70 −70.09 3.53
AuSableForks 2002/04/20 44.51 −73.70 4.99 Laurentide 2000/07/12 47.55 −71.08 3.65
Bardwell 2003/06/06 36.87 −88.98 4.05 Lincoln 2010/02/27 35.55 −96.75 4.18
BarkLake 2003/10/12 47.01 −76.36 3.82 MilliganRdg 2005/02/10 35.75 −90.23 4.14
Blytheville 2003/04/30 35.94 −89.92 3.60 Mineral 2011/08/23 37.91 −77.98 5.74
Boyd 2002/11/03 42.77 −98.90 4.18 Mineral 2011/08/25 37.94 −77.90 3.97
Caborn 2002/06/18 37.98 −87.80 4.55 Miston 2005/06/02 36.14 −89.46 4.01
CapRouge 1997/11/06 46.80 −71.42 4.45 MtCarmel 2008/04/18 38.45 −87.89 5.30
Charleston 2002/11/11 32.40 −79.94 4.03 MtCarmel* 2008/04/18 38.48 −87.89 4.64
Charlevoix 2001/05/22 47.65 −69.92 3.60 MtCarmel 2008/04/21 38.47 −87.82 4.03
Comal 2011/10/20 28.81 −98.15 4.71 MtCarmel 2008/04/25 38.45 −87.87 3.75
CoteNord 1999/03/16 49.62 −66.34 4.43 PrairieCntr 2004/06/28 41.44 −88.94 4.18
Enola 2001/05/04 35.21 −92.19 4.37 RiviereDuLoup 2005/03/06 47.75 −69.73 4.65
FtPayne 2003/04/29 34.49 −85.63 4.62 RiviereDuLoup 2008/11/15 47.74 −69.74 3.57
Greenbrier 2011/02/28 35.27 −92.34 4.68 Saguenay 1988/11/25 48.12 −71.18 5.85
Greentown 2010/12/30 40.43 −85.89 3.85 ShadyGrove 2005/05/01 35.83 −90.15 4.25
Guy 2010/10/15 35.28 −92.32 3.86 Slaughterville 2010/10/13 35.20 −97.31 4.36
Guy 2010/11/20 35.32 −92.32 3.90 Sparks 2011/11/05 35.57 −96.70 4.73
Hawkesbury 2011/03/16 45.58 −74.55 3.59 Sparks 2011/11/06 35.54 −96.75 5.68
Jefferson 2003/12/09 37.77 −78.10 4.25 Sullivan 2011/06/07 38.12 −90.93 3.89
Jones 2010/01/15 35.59 −97.26 3.84 Thurso 2006/02/25 45.65 −75.23 3.70
Kipawa 2000/01/01 46.84 −78.93 4.62 ValDesBois 2010/06/23 45.90 −75.50 5.10

*Aftershock.
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tions for the ones that are essentially needed
by the engineering provisions (e.g., BSSC,
2009), which are SARotD100=SAGMxy and
SARotD100=SARotD50. The most commonly
used GMPEs developed for the CENA sites
are either based on SAGMxy or SARotD50,
whereas the engineering community is
more interested in the maximum direction
(e.g., SARotD100) for design of structures.
The calculated median ratios can be used
as multiplicative conversion factors. We
also calculated the median ratio of
SARotD100=SAGMRotI50 to compare our
results with the recent models in terms of
using a ground-motion database from a re-
gion with alternative tectonic settings and
geological characteristics.

Generally, the SA of a horizontal
component of ground motion with an
arbitrary orientation is assumed to be log-
normally distributed (Abrahamson, 1998;
Beyer and Bommer, 2006; Jayaram and
Baker, 2008). Typically, GMPEs include
two terms: (1) the logarithmic mean value
of the ground-motion measure (median
value) and (2) the variation from the log-
arithmic mean as

EQ-TARGET;temp:intralink-;df1;55;394 log�Y� � μlogY � σlogY; �1�

in which Y is the ground-motion intensity measure, μlog Y is
the mean value of the logarithm of the ground-motion inten-
sity measure, and σlogY is the associated aleatory variability.
Assuming SA as the ground-motion intensity measure, equa-
tion (1) can be rewritten as

EQ-TARGET;temp:intralink-;df2;55;315 log�SAi� � dSAi � σlog SAi
; �2�

in which cSAi corresponds to the median value of SA. On the
other hand, the median ratios can be calculated to define con-
version factors which can be used as a multiplicative factor to
convert the median value of a host horizontal SA definition

(cSAhost) coming from a GMPE to a target horizontal defini-

tion (cSAtarget) as

EQ-TARGET;temp:intralink-;df3;313;326

cSAtarget �
�
SAtarget

SAhost

�
median

× cSAhost; �3�

Table 2
Horizontal Spectral Acceleration (SA) Definitions Considered in This Study

Symbol Horizontal Definition of Spectral Acceleration Reference

SAGMxy Geometric mean of response spectra of x and y components —
SALargerPGA The horizontal orientation which has the larger peak ground acceleration (PGA) —
SAGMRotIpp ppth percentile of the geometric mean of the acceleration response spectra calculated from the period-

independent rotation of the two orthogonal horizontal components of the ground motions. The
SAGMRotI50 and SAGMRotI100 are typically considered as the 50th and 100th (i.e., maximum) percentiles,
respectively.

Boore et al. (2006)

SAGMRotDpp ppth percentile of the geometric mean of the acceleration response spectra calculated from the period-
dependent rotation of the two orthogonal horizontal components of the ground motions. The SAGMRotD50

and SAGMRotD100 are typically considered as the 50th and 100th (i.e., maximum) percentiles, respectively.

Boore et al. (2006)

SARotIpp ppth percentile of the acceleration response spectra calculated from the period-independent rotation of the
two orthogonal horizontal components of the ground motions. The SARotI50 and SARotI100 are typically
considered as the 50th and 100th (i.e., maximum) percentiles, respectively.

Boore (2010)

SARotDpp ppth percentile of the acceleration response spectra calculated from the period-dependent rotation of the
two orthogonal horizontal components of the ground motions. The SARotD50 and SARotD100 are typically
considered as the 50th and 100th (i.e., maximum) percentiles, respectively.

Boore (2010)

Figure 2. (Left) Median ratios of horizontal spectral ordinates for different defini-
tions of the horizontal components of ground motion with respect to SAGMxy. (Right)
Standard deviation of logarithmic ratios of horizontal spectral ordinates for different
definitions of the horizontal components of ground motion with respect to SAGMxy.
SA, spectral acceleration. The color version of this figure is available only in the elec-
tronic edition.
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in which �SAtarget=SAhost�medianrepresents the expected value
of the log�SAtarget=SAhost�. It is worth mentioning that we did
not use a mixed-effects analysis, because it is likely that any
process that produced an event-specific change in the
ground-motion intensity measures would be canceled out
when the ratios were computed. According to results of
Shahi and Baker (2014), the intraevent standard deviations
from a mixed-effects analysis were very small compared with
the interevent standard deviations.

Conversion Factors and Comparison

The obtained ratios are compared with the median
and the standard deviation of the Beyer and Bommer
(2006) and Shahi and Baker (2014) models in Figures 3
and 4, respectively. Figure 3 illustrates the obtained median
ratio of SARotD100=SAGMxy and the standard deviation of the
log�SARotD100=SAGMxy�, which is generally in good agree-
ment with the Beyer and Bommer (2006) model for both
the median ratio and the standard deviation for short periods
of up to T � 0:15 s. The median ratios follow similar in-
creasing trend with a roughly parallel slope as to the Beyer
and Bommer (2006) model for longer periods with a notice-
able shift toward longer periods. The main difference occurs
at T � 0:8 s in which the Beyer and Bommer (2006) model
becomes flat for longer periods (up to T � 5:0 s) while the
obtained ratios keep increasing up to T � 2:2 s. However,
the obtained median ratios decrease in the period range of
2:2 < T < 4:0 s and finally becomes flat. The obtained ratio
of log�SARotD100=SAGMxy� is higher than the Beyer and
Bommer (2006) model in the longer periods. Figure 4 shows
the median ratio of SARotD100=SARotD50 and the standard
deviation of the log�SARotD100=SARotD50� obtained from this
study and the results of the Shahi and Baker (2014) model.

As it can be seen, the median ratios are in good agreement
with the Shahi and Baker (2014) model for the periods of
T < 0:1 s with a roughly similar increasing trend with the
period. Interestingly, we see a noticeable shift toward larger
spectral periods. Also, the obtained median ratios cross the
results of Shahi and Baker (2014) at a period of ∼1:0 s. An
interesting observation is the difference between the obtained
standard deviations and the results of Shahi and Baker
(2014). The standard deviation in the Shahi and Baker
(2014) model is a fixed value for all periods with two excep-
tions for 0.5 and 0.75 s at which the standard deviations are
increased. The obtained standard deviation from this study
remains flat up to the period of T � 0:3 s followed by a mild
jump up to T � 2:5 s. The obtained ratios start around
T � 6:0 s followed by a decreasing trend toward T � 10:0 s.

We propose a simple piecewise linear model in logarith-
mic space for both the median ratio and the standard deviation
of the logarithmic ratios as

EQ-TARGET;temp:intralink-;df4;313;261R �

8>>><
>>>:
c1 � α1 log�T�; T < T1

c2 � α2 log�T�; T1 ≤ T < T2

c3 � α3 log�T�; T2 ≤ T < T3

c4; T ≥ T3;

�4�

in which R is the ratio and c1–c4 and α1–α3 are the regression
coefficients that are provided in Table 3. The hinged points are
different for the observed standard deviations.

It should be noted that the calculated median ratio of
SAGMRotI50=SAGMxy is very close to 1.0 similar to the Beyer
and Bommer (2006) model. To make a final comparison
between the obtained median ratios and recent published
models, the median ratio of SARotD100=SAGMRotI50 is plotted
in Figure 5. The results of the Watson-Lamprey and Boore
(2007), the Beyer and Bommer (2006), the Campbell and

Figure 3. (a) Median ratio of SARotD100=SAGMxy observed as a function of period. (b) Standard deviation of log�SARotD100=SAGMxy�
observed as a function of period. The Beyer and Bommer (2006) model is also plotted for comparison. The color version of this figure is
available only in the electronic edition.
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Bozorgnia (2007), the Huang et al. (2010), and the NEHRP
(BSSC, 2009) models are also included for comparison. As it
can be seen from Figure 5, the median ratios of this study are
smaller than the ones provided by Huang et al. (2010) for
CENA. Most of the models are in general agreement, in
terms of the magnitude of the median ratios and an increas-
ing trend with spectral period, except for the median ratios
provided in the NEHRP (BSSC, 2009) provisions.

The proposed ratios of SARotD100=SAGMRotI50 in NEHRP
are calculated as the ratio of observed SARotD100 values in
recorded ground motions to the SAGMRotI50 values predicted
by a ground-motion prediction model. Although the NEHRP
recommended ratios could be used effectively to adjust
ground-motion models, it would eliminate the benefits of
statistical computations, such as the mixed-effects regres-
sions used in developing a ground-motion prediction model
(Shahi and Baker, 2014). Modeling the median ratio of
SARotD100=SAGMRotI50 using the ratio of observed SARotD100

value to the observed SAGMRotI50 value would save the stat-
istical efforts used in developing ground-motion models and
would provide us with a better estimation of SARotD100 for
future probable earthquakes.

Summary and Conclusions

A subset of the NGA-East database (Goulet et al., 2014)
has been used to calculate the median ratios and the ratios of
standard deviations between different horizontal definitions
of SA in CENA. The ratios between various definitions of
horizontal SA values were calculated and compared with the
existing models. Such comparisons are insightful in the sense
that most of such studies have mainly used the NGA-West2
database. Therefore, this study highlights the possibility that
such median ratios may depend on the study region.

Simple piecewise linear equations are developed for
SARotD100=SAGMxy and SARotD100=SARotD50 based on the
assumption that the horizontal SA values are lognormally
distributed. The computed median ratios and the standard
deviation were compared with the Beyer and Bommer (2006)
and Shahi and Baker (2014) models. The observed median
ratio of SARotD100=SAGMxy follows a similar increasing
trend as compared with the Beyer and Bommer (2006) model
with a noticeable shift toward longer periods. A similar
increasing trend with spectral period was also seen for the
median ratio of SARotD100=SARotD50 compared with the

Figure 4. (a) Median ratio of SARotD100=SARotD50 observed as a function of period. (b) Standard deviation of log�SARotD100=SARotD50�
observed as a function of period. The Shahi and Baker (2014) model is also plotted for comparison. The color version of this figure is
available only in the electronic edition.

Table 3
Coefficients of the Proposed Model for the Median Ratio and the Standard Deviation

Regression Coefficients Period (s)

R c1 c2 c3 c4 α1 α2 α3 T1 T2 T3

SARotD100=SAGMxy 1.200 1.299 1.398 1.303 0.0 0.152 −0.156 0.22 2.20 4.00
SARotD100=SARotD50 1.187 1.247 1.298 1.252 0.0 0.086 −0.075 0.22 2.20 4.00
σlog�SARotD100=SAGMxy� 0.042 0.059 0.071 — 0.0 0.028 0.000 0.25 2.80 10.00
σlog�SARotD100=SARotD50� 0.035 0.037 0.050 — 0.001 0.008 −0.013 2.50 6.00 10.00
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Shahi and Baker (2014) results. However, the obtained stan-
dard deviations are smaller. We also explored the median ra-
tio of SARotD100=SAGMRotI50 and compared our results with
the recent models. The obtained median ratios were smaller
compared with the Huang et al. (2010) results.

Data and Resources

The Pacific Earthquake Engineering Research Center
(PEER) Next Generation Attenuation-East Project (NGA-
East) database was searched using http://peer.berkeley.
edu/publications/peer_reports/reports_2015/reports_2015.html
(last accessed June 2016) and https://ngawest2.berkeley.edu/
(last accessed March 2016).
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