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Abstract
Ground-motion prediction equations (GMPEs) for the 

western Kingdom of Saudi Arabia are developed by employing 
a mixed-effects regression model to modify the Boore and 
others (2014) Next Generation Attenuation-West2 (NGA-
West2) project GMPEs. NGA-West2 addressed several key 
issues concerning GMPEs for shallow crustal earthquakes in 
active tectonic regions. However, the NGA-West2 input data 
do not include many earthquakes in extensional regimes, such 
as those occurring in Saudi Arabia. This deficiency is redressed 
by calculating a magnitude scaling of the new Saudi Arabia-
specific GMPEs compared to those of Boore and others (2014). 
Furthermore, there is a clear difference in distance scaling 
for the Saudi Arabian GMPEs in comparison with the NGA-
West2 GMPEs. This difference is especially significant at large 
distances and is mainly due to lower anelastic attenuation in 
the crystalline crust of western Saudi Arabia. Our empirical 
data demonstrate that the GMPEs presented here are in good 
agreement with observed earthquake ground motions in 
western Saudi Arabia.

Introduction
An important requirement for seismic hazard assessment 

is the development of empirical models for estimating 
earthquake-generated ground shaking, referred to as ground-
motion prediction equations (GMPEs). Such equations are 
useful for engineering and real-life applications such as seismic 
design codes and earthquake loss and risk estimation. GMPEs 
specify the mean and uncertainty of predicted ground motions, 
in particular peak ground acceleration (PGA) and peak ground 
velocity (PGV), as a function of magnitude, source-to-site 
distance, and local site conditions. Many kinds of GMPEs have 
been developed from distinct or partly overlapping regional 
datasets, which sometimes causes significant differences in 

predicted ground motion for the same scenario earthquake 
(Bradley, 2013). Specifically, the Next Generation Attenuation-
West1 (NGA-West1) project (Power and others, 2008) and 
the upgraded NGA-West2 project (Bozorgnia and others, 
2014) developed GMPEs for shallow crustal earthquakes 
using a worldwide dataset of seismic recordings. However, 
the applicability of the NGA-West2 GMPEs for probabilistic 
seismic hazard analysis (PSHA) is questionable for regions 
not included in the development of the NGA models. A 
useful approach to developing local, unique GMPEs has 
been documented by recent studies in Italy (Scasserra and 
others, 2009), Hawaiʻi (Atkinson, 2010), Iran (Shoja-Taheri 
and others, 2010), New Zealand (Bradley, 2013), and 
Turkey (Gülerce and others, 2016). These studies developed 
GMPEs based on regional adjustment factors derived from 
the differences between ground motions observed in the 
target regions and those predicted by the NGA GMPEs. 
As mentioned in Scasserra and others (2009), one of the 
advantages of this procedure is the use of the functional forms 
for magnitude and distance scaling of the NGA expressions 
that were derived from large databases comprising multiple 
regional datasets. This approach is invaluable in developing 
more stable regional GMPEs for regions with few recordings.

In the Middle East, Zahran and others (2015, 2016) 
presented PSHAs for the western Kingdom of Saudi Arabia 
that were developed using published GMPEs from areas 
outside of Saudi Arabia (for example, Pankow and Pechmann, 
2004; Atkinson and Boore, 2006; Zhao and others, 2006; 
Akkar and others, 2014). The PSHAs developed by Zahran 
and others (2015, 2016) were produced by taking the average 
of those non-Saudi Arabian GMPEs using specific weights 
for different regions. However, developing region-specific 
GMPEs for Saudi Arabia that reflect the local earthquake 
source characteristics, path effects, and geologic setting are 
needed for more precise estimates of PSHA. Until now, no 
such region-specific GMPEs for Saudi Arabia have been 
available, which makes their development an important 
contribution to future seismic assessment in Saudi Arabia. 

Saudi Arabia is surrounded by several active tectonic 
regions, including extension in the Red Sea and left-lateral 

1U.S. Geological Survey.
2Kyoto University.
3Saudi Geological Survey.
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strike-slip motion in the Gulf of Aqaba and along the Aqaba-
Dead Sea Transform boundary (Nehlig and others, 2002). The 
Aqaba-Dead Sea Transform boundary is an approximately 
1,200-kilometer (km)-long fault system that connects the Red 
Sea with the Zagros fold-thrust belt (fig. 1A; Hofstetter and 
others, 2014). Saudi Arabia has experienced large earthquakes 
in the past, as is known from both the historical (Ambraseys 
and others, 2005) and instrumental record (Youssef, 2015; 
Zahran and others, 2015, 2016). Most earthquakes affecting 
Saudi Arabia initiate within or near the Red Sea or the Gulf 
of Aqaba, southern Dead Sea (fig. 1A), where a destructive 
magnitude (M) 7.3 event occurred in 1995. In addition, the 
historical record documents more moderate earthquakes 
(estimated M6–7), such as the 1068 C.E. M7 earthquake in 
the northwestern Arabian Peninsula (Ambraseys and others, 
2005). In this area, multiple seismic swarms in and around 
volcanic fields, also known as harrats, have been detected 
over the past several decades (El-Isa and Al Shanti, 1989; 
Pallister and others, 2010). These swarms are thought to be 
related to regional tectonic stresses that are attributed to rifting 
in the Red Sea, strike-slip motion along the Aqaba-Dead Sea 
Transform boundary, and magmatic intrusions (Pallister and 
others, 2010; Hansen and others, 2013). The most recent large 
earthquake swarm in the region, which included more than 
30,000 earthquakes, occurred from April to June 2009 beneath 
the volcanic field of Harrat Lunayyir in northwestern Saudi 
Arabia (fig. 1B). The strongest seismic activity occurred May 
13–19, 2009, and consisted of events with M > 4. The largest 
earthquake occurred on May 19; its local magnitude (ML) was 
5.4, as estimated by the Saudi Geological Survey (SGS), and 
its moment magnitude (Mw) was 5.7, according to the U.S. 
Geological Survey (USGS). The Saudi Arabian Government 
evacuated 40,000 people from the region in order to avoid 
casualties from a possible aftershock. Analysis of the Mw 
5.7 earthquake using interferometric synthetic aperture radar 
(InSAR) data concluded that it was associated with intrusion 
of a shallow magmatic dike (Pallister and others, 2010; Baer 
and Hamiel, 2010).

In this study, we developed new GMPEs for western 
Saudi Arabia with local earthquake data from the SGS by 
modifying the GMPEs of Boore and others (2014) (referred 
to as BSSA14). Our main goal for developing these new 
GMPEs is to improve the accuracy of seismic hazard analyses 
for Saudi Arabia presented by Zahran and others (2015, 
2016). Since PGA and PGV values are the basic parameters 
for such analysis, we focus on these ground motions. In the 
following sections we first describe the BSSA14 reference 
GMPEs. Then, our dataset is described. Subsequently, the 
observed recordings are compared with the BSSA14 model. 
The BSSA14 model is then modified to create western Saudi 
Arabia-specific GMPEs that account for the differences in the 
seismic records in Saudi Arabia as compared to the BSSA14 
predictions. Finally, we consider a modest extrapolation of 
the magnitude range of our Saudi Arabian GMPEs in view of 
the more limited magnitude range of the observed earthquake 
recordings. We also discuss the difference in the anelastic 
attenuation between the BSSA14 and Saudi Arabian GMPEs 
in terms of the contrasting tectonic settings for these GMPEs. 

Figure 1.  A, Map showing the distribution of events used in this 
study with colors representing source depth as estimated in the 
Saudi Geological Survey seismic network catalog. Black dashed 
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Referenced GMPEs—BSSA14
We used the BSSA14 model (Boore and others, 2014) for active tectonic regions as the 

referenced GMPEs to develop the new GMPEs for western Saudi Arabia. The assumption 
used in this study is that Saudi Arabian GMPEs can have the same functional form as the 
BSSA14 model that was derived from a large dataset covering a wide range of distances and 
earthquake magnitudes. The GMPEs of BSSA14 are divided into the source (FE), path (FP), 
and site (FS) effect terms:

l n Y  =  FE  ( M   )   +  FP (RJB, M   )   +  FS (VS30,, RJB, M, z1),                                  (1)

where
	 l n Y	 is the natural logarithm of PGA in g (acceleration due to gravity) or PGV in 

centimeters per second (cm/s). 
The predictor variables in this GMPE are M (magnitude), RJB, VS30, and z1.
	 RJB	 is the Joyner-Boore distance, which is the closest distance to the surface 

projection of the fault plane.
	 VS30	 is the time averaged shear-wave velocity of the top 30 meters (m). VS30 is 

computed by dividing 30 m by the shear-wave travel time through the top 
30 m. This parameter is widely used to evaluate the site amplification of 
seismic shaking and classify sites in building codes (Dobry and others, 
2000; Borcherdt, 2002).

	 z1	 is the basin depth, which is the depth from the ground surface to VS30 = 1.0 
kilometers per second (km/s).

The source term FE in the BSSA14 model is

FE (M, mech) = e0U + e1SS + e2NS + e3RS + e4 (M −Mh ) + e5 (M −Mh )
2        (2A)

	 (if M ≤ Mh),                                                           and

FE (M, mech) = e0U + e1SS + e2NS + e3RS + e6                              (2B)

	 (if M > Mh),

where 
e0, e1, e2, e3, e4, e5, and e6 are source coefficients set by the user on the basis of the 

earthquake focal mechanism;
U (unspecified), SS (strike-slip), NS (normal-slip), and RS (reverse-slip) are the fault-type 

parameters, with a value of 1 or 0 if the user chooses to include each 
parameter or not; and 

	 Mh	 is the hinge magnitude at which the equation for FE changes from the 
quadratic form (eq. 2A) to the linear form (eq. 2B) with a value of  
Mh = 5.5 for PGA and 6.2 for PGV (Boore and others, 2014). 

Secondly, the path effect term FP is given by

	 FP (RJB, M) = [c1 + c2 (M − Mref)] l n ( R / Rref ) + c3 ( R / Rref ),               (3)

where 
	 c1	 is a constant geometrical spreading coefficient, 
	 c2	 is a magnitude-dependent geometrical spreading coefficient, 
	 c3	 accounts for the effect of anelastic attenuation, 
	 Rref 	 is the reference distance model coefficient, taken as 1.0 km,
	 Mref	 is the reference magnitude model coefficient, taken as 4.5 (Boore and others, 

2014), and
	 R =    R2

JJB + h2,                                                        (4)
where
	 h	 is the finite fault effect term. 
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Thirdly, the site effect term FS in the BSSA14 model 
uses the site amplification function of Seyhan and Stewart 
(2014). However, none of the stations used in this study have 
measured site classifications such as VS30 and basin depth z1. 
Therefore, we assume that all the stations have a reference 
VS30 of 760 meters per second (m/s), which implies that the 
site effect term FS will be ignored. Instead of the site effect 
term we calculate site residuals. We also estimated VS30 for 
30 stations from the horizontal-to-vertical (H/V) response 
spectral ratio using the conversion equation proposed by 
Ghofrani and Atkinson (2014) as is discussed below. 

Dataset
In recent years a dense seismic network has been deployed  

throughout Saudi Arabia to monitor the seismicity of the Arabia 
Plate. More than 180 stations of the Saudi National Seismic 
Network (SNSN) recorded more than 1,000 earthquakes with 
M ≥ 3 between 2006 and 2016 in and around the Arabian 
Peninsula. Since the earthquake magnitudes are reported in 
local magnitude and not moment magnitude by SGS, we 
adopted local magnitude in this analysis. From this event 
catalog, we selected 217 events with good signal-to-noise 
ratios (SNRs) located in the Red Sea, the Gulf of Aqaba, 
and western Saudi Arabia, each recorded by a minimum of 
5 stations (fig. 1). The 58 stations of SNSN used in this study 
(fig. 1) each recorded at least 5 events. These stations consist of 
permanent Nanometrics Trillium 120 broadband (38 stations), 
Trillium 40 intermediate (12 stations), and Streckeisen STS-2 
broadband (8 stations) seismometers. A total of 177 events in 
our dataset occurred during the 2009 Harrat Lunayyir seismic 
swarm (Pallister and others, 2010), and the rest of the events 
occurred in the Red Sea, the Gulf of Aqaba, and near the border 
with Yemen. The 217 events we have selected vary between 
M3 and M5.39 including 5 events with M > 5. Most of the short 
regional distance (RJB < 50 km) recordings from these larger 
earthquakes are from the M5.18 and M5.39 events, which 
occurred within the 2009 Harrat Lunayyir seismic swarm 
(shown in fig. 1B). The SGS event catalog does not include any 
focal mechanism information. However, more than 80 percent 
of the events in our dataset occurred during the 2009 Harrat 
Lunayyir swarm, of which several large events have normal 
fault mechanisms (Hansen and others, 2013); InSAR analysis 
and inspection of ground cracking reveal that the surface 
deformation during this swarm was normal faulting (Pallister 
and others, 2010; Jónsson, 2012). Our dataset (see “Data and 
Resources” section) also includes some strike-slip events along 
the Aqaba-Dead Sea Transform boundary, the 2014 Jizan 
earthquake (Mw 4.4; fig. 1A), and aftershocks that also have 
strike-slip fault mechanisms (Abdelfattah and others, 2017). 

We selected a total of 2,770 seismograms for the final 
dataset after examining the SNR between the S-wave and 
the noise window before P-wave arrival using the method 
of Gupta and others (2017). The selected seismograms were 
bandpass filtered between 0.07 and 30 hertz (Hz) based on the 
instrument response and then differentiated to accelerograms. 

Since some small events recorded at large distances during 
the 2009 Harrat Lunayyir seismic swarm are contaminated 
by long-period noise, we compared the high-pass filtered 
waveforms with two different cutoff frequencies (0.07 and 
0.3 Hz) for both displacement and velocity waveforms (fig. 1.1 
of appendix 1). We have determined that the long-period 
noise still has a somewhat higher amplitude when using the 
0.07 Hz cutoff frequency but has lower amplitude when using 
the 0.3 Hz cutoff frequency. However, the velocity waveforms 
for the two different high-pass filtered cases are quite similar 
and such long-period noise does not affect our PGA and PGV 
analysis. Since the larger events have more longer period 
energy in their signals, we keep the bandpass filter range 
between 0.07 and 30 Hz. 

Since a strong-motion database has not previously been 
available for Saudi Arabia, we created a new one to define RJB, 
PGA, and PGV values. Our dataset has a limited magnitude 
range (between M3 and M5.4) and records of smaller events 
at long distances are contaminated by long-period noise, as 
described above. Therefore, we did not consider the response 
spectra in this study. As our dataset consists of events with 
M < 5.4, finite fault effects are ignored, and we adopted the 
epicentral distance as RJB. Since the PSHA in Saudi Arabia 
is performed using area sources, not faults, the GMPEs 
developed with epicentral distance are easier to apply, in 
agreement with Bindi and others (2017). For ground-motion 
parameters, horizontal-component records are usually adopted 
to evaluate the level of building damage caused by ground 
shaking. However, these records are obtained from two 
orthogonally oriented components at a given site and depend 
on the orientation of the instruments. Boore (2010) solved this 
problem by using the two horizontal components rotated in 
small increments over 180 degrees (rotation-angle periodicity). 
We estimated PGA and PGV for all 2,770 records using RotD50 
(Boore, 2010), which is the 50th-percentile (median) value of 
peak amplitudes obtained at all rotation angles. Figure 2 shows 
the data distribution of all records used in this study.

Comparison Between Observed Data 
and BSSA14

In this section, we quantitatively compare the observed 
data to the reference GMPE model (BSSA14) by evaluating 
the misfit between them. Since all the events in our dataset 
are smaller than M5.5, we adopted equation 2A for the source 
term which includes the quadratic term along with the linear 
term. Our dataset consists of the normal-faulting events that 
occurred at the extensional boundary of the Red Sea and in 
the volcanic lava field, Harrat Lunayyir, as well as strike-slip 
events that occurred along the Aqaba-Dead Sea Transform 
boundary and in western Saudi Arabia. Therefore, we removed 
the e3 term of equation 2A to exclude reverse faulting in this 
analysis. In addition, since we ignore the site effect term FS 
of equation 1 owing to the lack of VS30 values, the simplified 
version of the equation used in this study is as follows: 
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Figure 2.  Plot of magnitude versus Joyner-Boore distance (RJB) showing distribution of the Saudi Arabia 
ground-motion dataset. Each point shows the observed record for peak ground acceleration (PGA) with 
colors based on the logarithm of PGA [g]. The top and right panels show the histogram of data points against 
distance and magnitude. g, acceleration due to gravity.

l n Y  ( M   , RJB)  =  FE (M   )  +  FP (RJB, M), or              (5)

= e0U=e1SS + e2NS + e4 (M − Mh) + e5 (M − Mh)2

+ [c1 + c2 (M − Mref )] ln (R/Rref ) + c3 (R − Rref ).

The procedure for the analysis of residuals from the 
observed ground-motion parameters has mostly followed the 
methodology of Scasserra and others (2009). To evaluate the 
misfit between observed ground-motion parameters and the 
referenced GMPE, we calculate the following residuals from 
the referenced GMPE:

(δij)k = ln (Yij) − ln (Mij)k ,                    (6)

where 
	 δij	 is the total observed ground-motion residual 

for each event i recorded at each station j, 
	 Yij	 is the ground-motion parameter obtained from 

our dataset,
	 Mij	 is the ground-motion parameter calculated 

from the reference GMPE, and 
	 k	 is an index that refers to the different ground-

motion parameters, PGA and PGV. 
For the total residuals, between-event (or inter-event) 

variations can be separated from within-event (or intra-event) 
variations by performing mixed-effects regression analysis 

(Abrahamson and Youngs, 1992). Total residuals can then be 
separated into three components:

(δij)k = ck + (δEi)k + (δWij)k ,                   (7)

where
	 ck	 represents the mean offset of the data relative 

to the reference GMPE,
	 δEi	 represents the event residual for event i, and 
	 δWij	 represents the within-event residual for 

recording j of event i. 
In addition, the within-event residual is the contribution 

of the effects of different seismic ray paths and stations (Baltay 
and others, 2017; Sahakian and others, 2018). Therefore, we 
introduced a site residual separated from the ray-path portion 
of the within-event residual since we do not take into account 
any site effects owing to the lack of VS30 values for all stations. 
Consequently, the within-event residual is separated into two 
components:

(δWij)k = (δSj)k + (δWSij)k ,                      (8)

where
	 δSj	 represents the site residual, and 
	 δWSij	 represents the rest of the within-event residual, 

which we hereafter call the path residual 
following Sahakian and others (2018). 
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We separated these two residual components by adding 
the site residual as another random effect during mixed-
effects regression analysis (Abrahamson and Youngs, 1992). 
To check for similarity of distance scaling between observed 
ground-motion records and the reference GMPE, we plotted 
the path residual δWSij with respect to RJB (fig. 3). The path 
residuals for both PGA (fig. 3A) and PGV (fig. 3B) indicate 
that overall, there are no significant trends or offsets. However, 
path residuals of PGA and PGV for M > 5 events have a slight 
positive trend when RJB is greater than 100 km (fig. 3). On 
the other hand, there are no such similar positive trends for 

M < 5 events. This feature was also noticed by Gülerce and 
others (2016) for the within-event residuals between data 
from Turkey and the GMPEs of Abrahamson and Silva (2008; 
hereafter AS08) and Chiou and Youngs (2008; hereafter 
CY08). In those results, the within-event residuals at distances 
between 100 and 200 km show positive trend, potentially 
because of the ground motions recorded at distances greater 
than 100 km for M4.5–5.5 events (Gülerce and others, 2016). 
In general, PGA and PGV at longer distances are mainly 
affected by the anelastic attenuation term which corresponds to 
c3 in equation 3.
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Figure 3.  Plots of path residuals for peak ground 
acceleration (PGA) (A) and peak ground velocity (PGV) 
(B) versus Joyner-Boore distance (RJB) calculated 
using the BSSA14 model (color of dots corresponds to 
magnitude). In parts A and B, top left is all magnitudes 
(M), top right is events between M3 and M4, bottom 
left is events between M4 and M5, and bottom right is 
events of M5 and larger. Residuals are binned along 
the x-axis and bin medians are shown by their mean 
and 95-percent confidence intervals.
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To compare the magnitude scaling between the observed 
data and the reference GMPE, we plotted the event residuals 
δEi with respect to the magnitude of each event (fig. 4). For 
PGA records, the event residuals for M4–5.5 events show 
negative values as well as a negative trend, whereas M3–4 
events have smaller event residuals with perhaps a small 
positive trend. These features imply that the actual magnitude 
scaling for larger observed events is significantly less than the 
scaling employed by the BSSA14 model. In contrast, the event 
residuals for PGV data are close to zero for M < 4.5 events. 
However, they are widely scattered for larger events. Therefore, 
it is important to modify the reference GMPE, especially for an 
event with M > 5. Such an event, which could cause significant 
damage to infrastructure, may be considered as a possibility in 
western Saudi Arabia based on the instrumental and historical 
records (Ambraseys and others, 2005). Since RJB is measured 
from the surface projection of the fault to the station, source 
depth is not considered. Therefore, we also plotted the event 
residuals δEi with respect to the focal depth of each event 
(fig. 1.2 of appendix 1). However, a trend or offset of event 
residuals with depths shallower than 20 km is absent for PGA 
and PGV, as indicated by Boore and others (2014).

Regression Analysis
The trial-and-error regression analysis (Baker and others, 

2021) applied to our dataset revealed that the magnitude-
dependent geometrical spreading term c2 was poorly 
constrained, possibly because of the lack of records at shorter 
distances for large events. The geometrical spreading term of 
GMPEs dominates at shorter distances, and a sufficient number 
of regional records with a wide range of magnitude events are 
necessary to constrain c2. Therefore, we adopted the value of c2 
from the original BSSA14 model for use in our modified GMPE. 
In addition, owing to the tradeoff between c1 and c3, we divided 
multiple steps for regressively fitting the data in a similar way as 
BSSA14. As a first step, we evaluated the anelastic attenuation 
term c3, which is relatively independent of magnitude (Boore 
and others, 2014) and better resolved than c1 owing to a larger 
amount of data recorded at longer distances. The rest of the 
coefficients (c1, e0, e1, e2, e4, and e5) were then adjusted by a 
regressive fit to the seismic recordings in Saudi Arabia.

The anelastic attenuation term primarily affects longer 
distance records, whereas the geometrical spreading term 
affects the shorter distance records. In the first step of our 
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regressive fit, we limited the records of events to those that 
have at least two records each for closer (RJB ≤ 50 km) and 
farther (RJB ≥ 100 km) distances to obtain a better estimate of 
c3. Using this limited dataset, we performed a mixed-effects 
regression analysis using equation 5. Unlike the situation for 
the NGA-West2 project that had abundant available data, the 
difficulty in developing GMPEs in other areas arises from the 
limited number of ground-motion recordings. Although the 
recently expanded seismic network in Saudi Arabia has greatly 
improved coverage of the Arabian Peninsula, the ground-
motion database is not yet as complete as other active tectonic 
regions such as California, Japan, and Italy. In particular, there 
is a lack of recordings of large events at short distances.

The weighted regression values presented here are 
estimated based on the density of the measurements in the 
data distribution (fig. 2). We divided the data into bins of RJB 
and magnitude that appear as blocks in the data distribution 
and calculated the weighted values using the reciprocal of the 

number of data points in each block as the weighting factors 
(fig. 5). Using equation 5, we then evaluated the source term 
coefficients e2, e4, and e5, and the geometrical spreading 
term c1 using these weighted values and the fixed value of c3 
obtained in the first step. Since we have a limited amount of 
data, especially for large events recorded at short distances, 
this weighting scheme is helpful for more robust constraints in 
both magnitude and distance scaling.

In order to develop regional GMPEs in western Saudi 
Arabia, we performed a mixed-effects regression analysis 
on the entire dataset. Table 1 compares the coefficients 
for BSSA14 and Saudi Arabian GMPEs presented here 
for PGA and PGV. The path residuals (fig. 6) and event 
residuals (fig. 7) between the data and the modified Saudi 
Arabian GMPEs were also obtained from the mixed-effects 
regression results. The mean event residuals for PGA 
generally became somewhat smaller and do not appear to 
have a magnitude scaling trend (fig. 7A). This situation is 
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Table 1.  The equation coefficients of BSSA14 and the best model of Saudi Arabian ground-motion prediction equations for both peak 
ground acceleration (PGA) and peak ground velocity (PGV).

Model
Coefficient

e0 e1 e2 e4 e5 c1 c2 c3

PGA (BSSA14) 0.447 0.486 0.246 1.43 0.0505 −1.13 0.192 −0.0081
PGA (best model) −1.24 −0.897 −0.920 0.26 −0.222 −0.96 0.192 −0.0073
PGV (BSSA14) 5.04 5.08 4.85 1.07 −0.154 −1.24 0.149 −0.0034
PGV (best model) 4.09 4.38 4.23 0.75 −0.198 −1.28 0.149 −0.0016
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Figure 6.  Plots of path residuals for peak ground acceleration (PGA) (A) and peak ground velocity 
(PGV) (B) versus Joyner-Boore distance (RJB) from the Saudi Arabian ground-motion prediction 
equations (GMPEs) (color of dots corresponds to magnitude). In parts A and B, top left is all 
magnitudes (M), top right is events between M3 and M4, bottom left is events between M4 and M5, 
and bottom right is events of M5 and larger. Residuals are binned along the x-axis and bin medians 
are shown by their mean and 5-percent confidence intervals.
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Figure 7.  Plots of event 
residuals versus magnitude 
for peak ground acceleration 
(PGA) (A) and peak ground 
velocity (PGV) (B) from the 
Saudi Arabian ground-motion 
prediction equations (GMPEs). 
Residuals are binned along 
the x-axis and bin medians 
are shown by their mean 
and 95-percent confidence 
intervals.

controlled by decreasing the values of e4 and e5 as shown in 
table 1. Note that the e5 coefficient for the quadratic term in 
magnitude scaling for PGA changed from positive in BSSA14 
to negative in the Saudi Arabian GMPEs. This negative 
quadratic feature is consistent with the magnitude scaling 
obtained by Baltay and Hanks (2014) using an earthquake 
source model in the range 3.3 < M < 4.5 (Brune, 1970) and 
4.5 < M < ~6.5 (Hanks and McGuire, 1981; Boore, 1983). 
Therefore, the magnitude scaling of our modified GMPE 
appears to be more appropriate for Saudi Arabia. We also 
find no trends or offsets of the event residuals from the Saudi 
Arabian GMPEs with source depth (fig. 1.2 of appendix 1). 
Although there are only minor differences for the path 
residuals for both PGA and PGV between BSSA14 and the 
Saudi Arabian GMPEs, they are improved for M > 5 events 
(fig. 6). The path residuals from the Saudi Arabian GMPEs 
at shorter distance ranges are also improved compared to 
the residuals from BSSA14 (fig. 6) and have an improved 
magnitude scaling trend for PGA (fig. 7). These refinements 
in the Saudi Arabian GMPEs will improve the accuracy of 
seismic hazard assessments for western Saudi Arabia.

Extrapolation on Magnitude Scaling 
and Model Smoothing

Since the magnitudes of the events used in this study 
range from M 3 to 5.5, we need to extrapolate to account for 
larger magnitude events. This is especially important in order 
to apply our new GMPEs to the PSHA for Saudi Arabia. 
The maximum magnitude of events in the volcanic fields 
and offshore in the Red Sea are assumed to be 6.0 and 7.3, 
respectively (Zahran and others, 2016). In addition, volcanic 
earthquakes have a potential to be as large as M 7 like the 
Hawaiian earthquakes in 1975 (surface-wave magnitude [Ms] 
7.1; Eissler and Kanamori, 1987) and 2018 (Mw 6.9; Kehoe 
and others, 2019). It is difficult to constrain the magnitude 
scaling for the GMPEs owing to the lack of recorded larger 
events, so we assume that the trends of the magnitude scaling 
in large magnitude range are the same as for the BSSA14 
model. In the BSSA14 model, the source term for a magnitude 
larger than the hinge magnitude is defined as a linear function 
so we also change the functional form of our GMPEs:
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l n Y  ( M   , RJB)  =  FE (M   )  +  FP (RJB, M)                                        (9)

= e0U=e1NS = e6 (M−Mh)

+ [c1 + c2 (M − Mref)] l n   
R  

Rref 
 c3 (R − Rref )

	 (if M > Mh),
where
	 e6	 is the coefficient of the linear magnitude scaling term, which is the same value 

as for the BSSA14 model. 
The other coefficients are the same values estimated previously in this study. Many 

different GMPEs, including BSSA14, have adopted a hinge magnitude to constrain the 
magnitude scaling into two or more regression segments. This means that the trend of 
magnitude scaling is modeled as changing abruptly at Mh = 5.5 for PGA and 6.2 for PGV. 
However, the hazard analysis for a region of low to moderate seismicity would be affected by 
magnitude scaling around M5.5 to 6 as mentioned by Bindi and others (2017). Therefore, we 
estimate the interpolation function needed to make a smooth transition at the hinge magnitude, 
as suggested by Baltay and Hanks (2014). Since we need four boundary conditions that have 
the same values and trends as the two regression segments at both ends of the interpolation 
function, the interpolation function is defined as a cubic equation. The interpolation function of 
magnitude scaling is therefore given by

F interp (M) = p0 + p1 (M − Mh) + p2 (M − Mh)2 + p3 (M − Mh)3,               (10)

where 
	p0, p1, p2, and p3	 are model coefficients estimated through the four boundary conditions and 

defined using e4, e5, e6, and Mh. 
In this study, we apply the interpolation function from M = Mh – 0.5 to Mh + 0.5, and the 

model coefficients of the interpolation function for the functional form of the BSSA14 model 
are as follows:

,                                                       (11A)

,                                                   (11B)

, and                                           (11C)

(11D)

Therefore, we redefine the source term:

FE (M   )   =   e0 U  +  e 1 S S   +  e 2  N S   +   p0  =   p1  (M  −  M h  )    +   e 5    (M  −  M h  ) 
2                           (12A)

(if M ≤ Mh – 0.5),

FE (M   )   =   e0 U  +  e 1 S S   +  e 2  N S   +   p0  =   p1  (M  −  M h  )    +   p 2    (M  −  M h  ) 
2   +  p3   ( M  −  M h  ) 

3             (12B)

(if Mh – 0.5 < M ≤ Mh + 0.5), and

 FE (M   )   =   e0 U  +  e 1 S S   +  e 2  N S   +   e6    (M  −  M h  )                                                                       (12C)

(if M > Mh + 0.5).

The smoothed magnitude scaling GMPE for PGA and PGV is similar to the unsmoothed 
magnitude scaling of the GMPE. However, the predicted values of PGA and PGV for the 
smoothed model are smaller at larger magnitudes than they would be if the GMPEs determined 
by our dataset were extrapolated to M7 (fig. 8).

E

p0 = −e4 + e6
8

p1 =  4e5 + e5 + e6
8

p2 = −e4 + e5 + e6
2

p3 =  e5
2
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Figure 8.  Plots of peak ground acceleration (PGA) (A) and peak 
ground velocity (PGV) (B) versus magnitude (M), comparing 
the smoothed model with the magnitude-hinge (M-hinge) and 
extrapolated model. Mh is the hinge magnitude at which the 
equation for FE changes from the quadratic form (eq. 2A) to the 
linear form (eq. 2B) with a value of Mh = 5.5 for PGA and 6.2 
for PGV (Boore and others, 2014). PGA is about 18–24 percent 
smaller and PGV is about 4–16 percent smaller in the smoothed 
model than in the extrapolated model in the range of M 6–6.5. g, 
acceleration due to gravity.

Comparison of Saudi Arabian GMPEs 
with BSSA14 and Other GMPEs 

Figure 9 shows the Saudi Arabian GMPEs with the 
observed data and the BSSA14 model for four different 
magnitude events (M3.25, M4.25, M5.25, and M6.5; see also 
figs. 1.3 and 1.4 of appendix 1). The Saudi Arabian GMPEs 
are in good agreement with the observed ground motions for 
PGA and PGV particularly with respect to distance decay. In 
comparison with BSSA14, the Saudi Arabian GMPEs have 
a lower rate of distance decay at distances between 10 and 
400 km for PGA and between 100 and 400 km for PGV. This 
is due to the lower geometrical spreading for PGA and the 
lower anelastic attenuation for PGA and PGV, as compared 
with BSSA14. However, the main differences between the 
Saudi Arabian GMPEs and BSSA14 are identified in the PGA 
case. Note that PGAs at local distances (0 to 10 km) predicted 
by the Saudi Arabian GMPEs are larger for M3.25 and M4.25 
but are smaller for M5.25 than those of BSSA14. This is due 
to the smaller magnitude scaling of the Saudi Arabian GMPEs. 
In figure 10, we compare the Saudi Arabian GMPEs with 
the observed data and the BSSA14 model at four different 
distances (10, 30, 100, and 300 km). As is evident in figure 9, 
the main differences between the Saudi Arabian GMPEs and 
BSSA14 are in the PGA values. As mentioned above, the 
magnitude scaling of the Saudi Arabian GMPEs is also smaller 
than that of BSSA14, especially for PGA. Furthermore, the 
PGA curves of Saudi Arabian GMPEs have larger curvature 
than those of BSSA14. These features correspond to the 
smaller magnitude-scaling coefficients e4 and e5 for the Saudi 
Arabian GMPEs than for the BSSA14 model. This causes 
PGAs predicted by the Saudi Arabian GMPE to be larger for 
M < 5 and smaller for M > 5 than those of BSSA14. These 
differences of magnitude scaling may arise from the different 
geologic setting of the BSSA14 model (appropriate for an 
active tectonic region) compared to our Saudi Arabian GMPEs 
(a volcanic region with shield-type crystalline crust). Another 
possible cause of the discrepancy in magnitude scaling is the 
difference in magnitude scales of the available datasets for 
each study: BSSA14 uses moment magnitude, whereas our 
Saudi Arabian GMPEs use local magnitude. The difference 
between local magnitude and moment magnitude is relatively 
greater for the smaller (M < 4) events that make up most of 
our dataset (Munafò and others, 2016).

The modified Saudi Arabian GMPEs are also compared 
with other GMPEs developed for volcanic or extensional 
regimes in figure 11. The ground motions compared are 
the PGA and PGV predicted from Atkinson (2010; A10 
for Hawaiʻi) for shallow events (depth <20 km) and from 
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Figure 9.  Plots of peak ground acceleration (PGA) (A, B) and peak ground velocity (PGV) (C, D) 
versus Joyner-Boore distance (RJB) comparing events with normal fault mechanisms from the Saudi 
Arabian ground-motion prediction equations (GMPEs) (black lines) with observed data (left, color of 
dots corresponds to magnitude) and the BSSA14 model (right, gray lines). Curves for Saudi Arabian 
GMPEs and the BSSA14 model show M3.25, M4.25, and M5.25 (solid) and M6.5 (dashed) earthquakes. 
g, acceleration due to gravity.
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Figure 10.  Plots of peak ground acceleration (PGA) (A, B) and peak ground velocity (PGV) (C, D) versus magnitude (M) comparing 
events with normal fault mechanisms from the Saudi Arabian ground-motion prediction equations (GMPEs) (black lines) with observed 
data (left, color of dots corresponds to distance) and the BSSA14 model (right, gray lines). Curves for Saudi Arabian GMPEs and the 
BSSA14 model show Joyner-Boore distances (RJB) of 10, 30, 100, and 300 kilometers (km). g, acceleration due to gravity.

Pankow and Pechmann (2004; PP04) and Spudich and others 
(1999; SEA99) for extensional regimes. The predicted PGAs 
of the Saudi Arabian GMPEs for both M5 and M6 events 
are smaller than those of the other three GMPEs. However, 
the A10 GMPE predicts similar PGAs for M5 events for 
distances greater than 5 km. The Saudi Arabian GMPEs have 
a higher rate of distance scaling than the PP04 and SEA99 
GMPEs for M5 events but not for M6 events. This is due to 
the higher anelastic attenuation rate and the incorporation of a 
magnitude-dependent geometrical spreading term compared to 
the PP04 and SEA99 GMPEs. The difference between PGAs 
predicted by the Saudi Arabian GMPEs and the PP04 and 
SEA99 GMPEs is a factor of 1.4–1.9 except for M5 events at 

longer distances. The predicted PGVs of the Saudi Arabian 
GMPEs also show a lower level and a higher rate of distance 
scaling for M5 events than those of the PP04 GMPE. We note 
that in comparison with the Saudi Arabian GMPEs, the PP04 
estimates are (1) from 1.6 (RJB = 0 km) to 2.6 (RJB = 100 km) 
times larger for M5 events and (2) about 1.5 times larger for 
M6 events than the Saudi Arabian GMPEs.

In terms of seismic hazard analysis, such as PSHA, 
smaller magnitude events have a greater contribution to the 
probabilities (for example, 2 percent probabilities in 50 years) 
for lower seismic intensity ground shaking. Likewise, larger 
magnitude events have a greater contribution to the probabilities 
for higher seismic intensity ground shaking (Baker and 
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Figure 11.  Top, Plots of peak ground acceleration (PGA) (A) and peak ground velocity (PGV) (B) versus Joyner-Boore distance 
(RJB) comparing magnitude (M) 5.0 and 6.0 events with normal fault mechanisms from the Saudi Arabian ground-motion 
prediction equations (GMPEs) with Atkinson (2010; A10) for cohesive soil site conditions, and with Pankow and Pechmann (2004; 
PP04) and Spudich and others (1999; SEA99) for hard rock sites. Bottom, Plots of the ratio of PGA (C) and PGV (D) of each of the 
three other GMPEs to the Saudi Arabian GMPEs versus Joyner-Boore distance. g, acceleration due to gravity.

others, 2021). Therefore, the probabilities of lower to moderate 
seismic intensities would be higher for all distances from 10 to 
300 km, whereas the probability of higher seismic intensities 
would be lower at shorter distances (RJB < 30 km).

Although we previously discussed the mean of the 
event and path residuals, their standard deviations are 
important factors in understanding the quality of seismic 
hazard calculations such as PSHA. In Saudi Arabia, Zahran 
and others (2015, 2016) performed PSHA calculations using 
alternative GMPEs developed for regions outside of Saudi 
Arabia. We calculated the standard deviations of both event 
(inter-event) and within-event (intra-event) residuals for the 
Saudi Arabian GMPEs in comparison with BSSA14 (fig. 12). 

For PGA and PGV, the event standard deviations obtained 
from the Saudi Arabian GMPEs are somewhat larger than 
the standard deviations of the BSSA14 model. This feature 
of event residuals agrees with previous studies in which the 
standard deviations of modified GMPEs are larger than those 
of their reference GMPEs (for example, Gülerce and others, 
2016). This may be due to the lower number of observations 
used in this study compared to NGA-West2, or the difference 
of inherent variability in event residuals between Saudi 
Arabian earthquakes and the earthquakes from other regions 
that appear in the NGA-West2 dataset. However, it is difficult 
to assess which factor contributes more to the larger event 
standard deviations found for the Saudi Arabian GMPEs. 
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Therefore, as with previous studies, we recommend adopting 
the original event standard deviations obtained by BSSA14 
rather than those of the modified model for use in seismic 
hazard analysis. In contrast, the within-event standard 
deviations obtained from the Saudi Arabian GMPEs are 
smaller than the original within-event standard deviations of 
BSSA14 with respect to both magnitude and RJB (fig. 12). 
No correction was made in this study for local site effects. 
Such corrections are commonly based on VS30 values, and 
these values have not been measured in the region. Hence, the 
original site standard deviations of BSSA14 might be smaller 
than those of the Saudi Arabian GMPEs, if the within-event 
standard deviations are divided into site and path standard 
deviations in the original BSSA14 model. Therefore, path 
standard deviations of the Saudi Arabian GMPEs should be 
smaller than those of BSSA14. This is possibly because the 
NGA-West2 database consists of a global dataset and many 
different regional path residuals are included in the whole path 
standard deviations. In contrast, the within-event standard 
deviations of the Saudi Arabian GMPEs are also slightly 
smaller than those obtained from BSSA14. Additionally, the 
within-event standard deviations for short distances (fig. 12) 
are smaller than those from the BSSA14 model, possibly 
owing to the heavily weighted values for these data. Since 
the within-event standard deviations of the Saudi Arabian 
GMPEs are similar to the original values of BSSA14, we 
also recommend using the original within-event standard 
deviations obtained by BSSA14 rather than those of the 
modified model. 

Relation of GMPEs to Tectonic Setting 
In the development of our modified GMPEs for Saudi 

Arabia, we estimated c3, which is related to anelastic 
attenuation. Compared to the value of c3 of the BSSA14 
GMPEs, the estimated c3 in this study is larger for both PGA 
and PGV. Therefore, the anelastic attenuation in western Saudi 
Arabia would be lower than in the regions where BSSA14 was 
originally developed, such as California. The formulation of 
amplitude decay with distance owing to anelastic attenuation is  

with frequency f, shear wave  described as          	    exp �
�

�
�

�

�
�

�
�
fR
Q

velocity β, and seismic quality factor Q (see, for example, Aki 
and Richards, 1980). When we consider a simple functional 
form for a GMPE (such as Baltay and Beroza, 2013), the 
coefficient c3 is

	 c f
Q3

� �
�
�

.                                   (13)

Therefore, Q is described as

	 Q f
c

� �
�
�
3

.                                     (14)

In order to search for the dominant frequencies of the 
waveforms used in developing the Saudi Arabian GMPEs, 
we estimated the Fourier spectrum for all long-distance 
(RJB ≥ 200 km) waveforms from acceleration records 
(Baker and others, 2021). We adopt this approach because 
the anelastic attenuation term in the GMPEs is mainly 
constrained by long-distance records. As is evident from the 
Fourier spectra, the dominant frequency from the acceleration 
records is around 8–10 Hz (fig. 1.5 of appendix 1). Since the 
coefficient c3 of our modified model is −0.0073, the term Q 
is equal to 368–1,844, assuming that the shear-wave velocity 
and the frequency band for the events used in this study are 
3.5 km/s and 3–15 Hz, respectively. Therefore, the anelastic 
attenuation in this area is low, which is in good agreement 
with the Precambrian stable geology of the Arabian Shield. 
Lower attenuation (high Q) in the Arabian Shield agrees 
with crustal values of Q determined by Pasyanos and others 
(2009). However, the value of Q estimated in this study is 
higher than the estimated values of 350 to 700 by Pasyanos 
and others (2009). This may be due to the different frequency 
band used in this study (3–15 Hz) as compared with Pasyanos 
and others (2009) (1–2 Hz). In general, it is well known that 
the value of Q is frequency dependent, and higher values of Q 
for high frequency are obtained in the continental United States 
(Erickson and others, 2004) and Italy (Bianco and others, 2002).

Site residuals are also derived through the regression 
analysis from equation 8. Since we did not take into account 
any site amplification factors, such as VS30, site residuals are 
expected to correlate with site amplifications caused by near-
surface geology. Positive residuals would correspond to strong 
site amplifications owing to soft soils, whereas the stations 
with negative residuals would be less amplified on hard rock 
sites. Figures 1.6 and 1.7 of appendix 1 compare site residuals 
with surface geology for PGA and PGV, respectively. Most of 
the sites on volcanic rocks have negative residuals, whereas 
all stations on sedimentary rocks have positive residuals, as 
previously noted. Stations on crystalline rocks can have either 
positive or negative residuals.

Site Residuals Compared with 
Estimated VS30

Because of the lack of VS30 data, we estimated VS30 
values for each station based on the H/V response spectral 
ratio using the method of Ghofrani and Atkinson (2014). 
Ghofrani and Atkinson (2014) evaluated the H/V response 
spectral ratio in comparison with VS30 as reported in the NGA-
West2 and Japanese databases. Before calculating response 
spectra, we evaluated the SNR using the Fourier amplitude 
spectra of each record. The noise and signal parts are 
evaluated before the P-wave arrival and at the S-wave arrival, 
respectively. Our criterion is for a SNR greater than 3 (Boore 
and Bommer, 2005), and the highest frequency where the SNR 
is less than 3 is defined as the maximum frequency for each 
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record. We then exclude the response spectra in the frequency range less than the corresponding 
maximum frequency. 

We calculated 5-percent-damped acceleration response spectra at 120 frequencies between 
0.1 and 20 Hz using a seismograph orientation-independent measure known as RotD50 (Boore, 
2010) as the horizontal component of response spectra. The obtained horizontal response 
spectra are then divided by the corresponding vertical response spectra to estimate H/V 
response spectral ratios. Finally, we take the log-average of multiple H/V spectral ratios at 
each station to obtain the averaged H/V response spectral ratio following the methodology of 
Ghofrani and Atkinson (2014):

log

log

,
H

H
V

Ni

j

N

ij

i

i

V

�

�
�

�

�
� �

�
�
�

�
�
���

1

(15)

where
	 Ni	 is the number of events recorded at station i. 

Note that Ni varies for different periods and stations based on the SNR criteria described 
above. We then pick the peak amplitude (Apeak) and peak frequency (fpeak) of the averaged 
H/V response spectral ratio estimated in equation 15. The selected peak amplitude and peak 
frequency are used to estimate VS30 using the relationship derived by Ghofrani and Atkinson 
(2014) based on the NGA-West2 database:

log(VS30) = 2.80 (±0.02) + 0.16 (±0.02) log(fpeak) − 0.50 (±0.03) log(Apeak),       (16)

where errors shown in this equation are 95-percent confidence intervals. 
This equation is only valid for sites with peak frequencies greater than 1 Hz. We chose 

the relationship based on the NGA-West2 database because this database consists of global 
earthquakes.

A total of 75 stations are investigated using this methodology, but the averages of the H/V 
spectral ratios for some stations do not have clear peak amplitudes. Therefore, we selected only 
15 stations to estimate their VS30 based on the two following criteria: (1) the station records at 
least three events, and (2) the station has a clear peak amplitude with low standard deviation. 
One successful and one unsuccessful example of averaged H/V spectral ratio are shown in 
figure 1.8 of appendix 1. In the successful examples, the H/V ratios have a clear single peak 
amplitude with low standard deviation. In contrast, the H/V ratios for the eliminated stations 
have unclear or multiple peak amplitudes. For the selected 15 stations, we derived VS30 using 
equation 16. The obtained values of peak amplitude, peak frequency, and VS30 are compared 
with site residuals for both PGA and PGV derived through the regression analysis in figure 13. 
Furthermore, we selected the 10 other stations with the flat shape of H/V spectral ratio, which 
indicate these stations are deployed on hard rock (Baker and others, 2021). The VS30 values for 
these 10 selected stations are assumed to be 700 m/s and are plotted as gray circles in figure 13. 
The derived peak amplitude and VS30 correlate with the site residuals, especially for PGV, 
whereas the derived peak frequency does not correlate with either PGA or PGV. This might be 
because most of the stations used in this study sit on medium- to hard-rock sites, which makes 
it difficult to see clear dependences as explained in Sahakian and others (2018).
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Figure 13.  Plots of site residuals for peak ground acceleration (PGA) (top) and peak ground velocity (PGV) (bottom) versus peak frequency (fpeak), the 
logarithm of peak amplitude (Apeak), and the time averaged shear-wave velocity of the top 30 meters (VS30), estimated from peak amplitude and peak 
frequency for each station. Gray circles are sites with flat horizontal-to-vertical spectral ratios.
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Summary and Conclusions
We have created a ground-motion database for western 

Saudi Arabia that contains peak ground acceleration (PGA) 
and peak ground velocity (PGV) values for 2,770 records 
from 177 events. Using this dataset, we developed modified 
ground-motion prediction equations (GMPEs) for PGA and 
PGV for western Saudi Arabia based on the BSSA14 reference 
GMPEs (Boore and others, 2014), which were developed 
using a global dataset. The model presented here contains 
the first general GMPEs for the Kingdom of Saudi Arabia 
and is in good agreement with the recorded ground-motion 
records of western Saudi Arabia. The main modification to 
the reference GMPEs was the event residuals, which showed 
that PGAs recorded in western Saudi Arabia have smaller 
magnitude scaling compared to the reference GMPEs, whereas 
PGV data show similar scaling between the GMPEs. The 
estimated coefficients associated with the anelastic attenuation 
for PGA and PGV are smaller in absolute value compared 
to that of the reference GMPEs. Our Saudi Arabian GMPEs 
were obtained using events with magnitudes (M) between M3 
and M5.5 but are extrapolated to M7, with the assumption of 
the same magnitude scaling in the range of M > 5.5 as in the 
BSSA14 model. Furthermore, the magnitude scaling of the 
Saudi Arabian GMPEs is made to vary smoothly, instead of 
using a hinge magnitude, by introducing a cubic interpolation 
function. On the other hand, the applicable distance range of 
the Saudi Arabian GMPEs is between 1 and 400 kilometers. 
This new western Saudi Arabian GMPE may be useful for 
application to seismic hazard assessments in Saudi Arabia.

Data and Resources
The seismograms used in this study were recorded by 

the Saudi National Seismic Network (SNSN), operated by the 
Saudi Geological Survey (SGS). The seismic data used may 
be requested from the SGS (https://sgs.gov.sa/en/e-services). 
Earthquake locations and moment magnitudes were determined 
by the SGS. These seismograms and the earthquake catalog 
can be requested from the SGS. The authors used open-source 
software Python (https://python.org/) and R (https://www.r-
project.org/) to perform the analysis and create the figures. 
Figures 1.6 and 1.7 of appendix 1 were created using ArcGIS 
software (https://www.esri.com/).
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Appendix 1.  Supplemental Figures

This appendix includes eight figures. The four records of high-pass filtered displacement 
and velocity waveforms are plotted in figure 1.1. Distribution of the event residuals from the 
reference and modified ground-motion prediction equations (GMPEs) with respect to event 
depths is shown in figure 1.2. Figures 1.3 and 1.4 show the comparison between the Saudi 
Arabian GMPEs and observed data for unknown and strike-slip fault events. Figure 1.5 shows 
the Fourier spectra for all long-distance records (Joyner-Boore distance [RJB] ≥200 kilometers) 
for acceleration waveforms to examine the dominant frequencies used to calculate the seismic 
quality factor Q of anelastic attenuation. Figures 1.6 and 1.7 compare station residuals obtained 
through regression analysis with surface geology for peak ground acceleration (PGA) and 
peak ground velocity (PGV). Figure 1.8 shows an example of the horizontal-to-vertical (H/V) 
response spectral ratio estimated at stations QLBS and TBKS.
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Figure 1.1.  Plots of displacement (rows 1 and 2) and velocity (rows 3 and 4) versus time 
showing four examples of high-pass filtered displacement and velocity waveforms with 
cutoff frequencies (0.07 and 0.3 hertz [Hz]) for long-distance records of small events 
at stations TBKS and QLBS. Red and blue lines display the east-west and north-south 
components, respectively. M, magnitude; RJB, Joyner-Boore distance; km, kilometer.
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Figure 1.2.  Plots of event residuals for peak ground acceleration (PGA) (top) and peak ground velocity (PGV) 
(bottom) versus event depth. A and C, Event residuals from the BSSA14 model. B and D, Event residuals from the 
Saudi Arabian ground-motion prediction equations (GMPEs).
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Figure 1.3.  Plots of peak ground acceleration (PGA) (top) and peak ground velocity (PGV) (bottom) versus 
Joyner-Boore distance (RJB) comparing events from the Saudi Arabian ground-motion prediction equations 
(GMPEs) (black lines) with observed data (color of dots corresponds to magnitude [M]). Left, Events with 
unknown fault mechanisms. Center, Events with strike-slip fault mechanisms. Right, A comparison of the Saudi 
Arabian GMPEs using different focal mechanisms (unknown, strike-slip, and normal faulting) for M3.25, M4.25, 
M5.25, and M6.5 earthquakes. g, acceleration due to gravity.
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Figure 1.4.  Plots of peak ground acceleration (PGA) (top) and peak ground velocity (PGV) (bottom) 
versus magnitude comparing the Saudi Arabian ground-motion prediction equations (GMPEs) (black 
lines) with observed data (color of dots corresponds to magnitude). Left, Events with unknown fault 
mechanisms. Center, Events with strike-slip fault mechanisms. Right, A comparison of the Arabian 
GMPEs using different focal mechanisms (unknown, strike-slip, and normal faulting) for Joyner-
Boore distances (RJB) of 10, 30, 100, and 300 kilometers (km). g, acceleration due to gravity.
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Figure 1.5.  Plot of Fourier spectra for all long-distance records (Joyner-Boore 
distances [RJB] ≥200 kilometers) for acceleration waveforms. Gray lines show 
individual spectral peaks and red lines are the geometrical mean for two different 
horizontal components.
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Figure 1.6.  Geologic map of western Saudi Arabia (Nehlig and others, 2002) showing station residuals for peak 
ground acceleration (PGA). White circles are positive residuals and black circles are negative residuals. Size of circle 
corresponds to strength of ground-motion amplification at a site.
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Figure 1.7.  Geologic map of western Saudi Arabia (Nehlig and others, 2002) showing station residuals for peak ground velocity 
(PGV). White circles are positive residuals and black circles are negative residuals. Size of circle corresponds to strength of ground-
motion amplification at a site.
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Figure 1.8.  Plots showing examples of estimated mean horizontal-to-vertical response spectral 
ratio (H/V ratio) at stations QLBS (left) and TBKS (right). Red shaded area is the 1-standard-
deviation band of spectral ratios. For station QLBS, the mean H/V response spectral ratio shows 
a clear single peak (black dot) at 2.5 hertz, whereas station TBKS has multiple minor peaks with a 
maximum peak (red dot) at 15 hertz.
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