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ABSTRACT

The seismic hazard of an area is determined based on the ground motion observed at that
site. The intensity of the ground motion can be predicted using ground -motion models
(GMMs). GMMs typically use distance metrics such as the Joyner-Boore distance (R)z) and
the rupture distance (Rgyp)- However, apart from R;g and Ryyp, probabilistic seismic hazard
analysis (PSHA) also utilizes point-source-based distances like the epicentral distance (Rgp)
and the hypocentral distance (Ryyp). These distance metrics are used for point sources
when the fault geometry is unknown or is ignored. To obtain an accurate seismic hazard
of an area, we need to determine the relationship between the distance metrics. In this
study, we develop empirical relationships between Rz and various other distance metrics.
This method avoids conducting computationally intensive tasks such as computing finite-
fault-based distances for different fault geometry of a virtual rupture plane for each point
source. The empirical equations provide the relation between Rz and target distance met-
ric (Riarget) based on the magnitude of the earthquake and the dip angle of the fault. In
addition, we also require the depth to the top of the rupture to calculate Ryyp. We discuss
the steps to include the variability due to the conversion of the distance metrics in the
PSHA. We have compared the results of this study with other published studies for dis-
tance conversion. A simple PSHA study of a circular area of 100 km using Pezeshk et al.
(2011) as the GMM determined an increase in hazard using the proposed empirical equa-
tions and their uncertainties. The equations developed in this study can be directly applied
in PSHA and are independent of the GMMs used for seismic hazard calculations. The equa-
tions can also be used for different fault geometries with a range of dip angles varying
from 10° to 90°, for magnitudes 5.0-8.0, and distances up to 200 km. We have focused on
the central and eastern United States.

epicenter of an earthquake; and Ryyp measures the distance to
the hypocenter of an earthquake. Rjz and Rgyp are classified as
fault-based distances, whereas Rgp; and Ryyp are classified as
point-based distances. Many researchers have used point-based
distance metrics to develop their GMMs. However, there were
issues with large magnitudes at close distances for such models

KEY POINTS

® Probabilistic seismic hazard analysis (PSHA) must use con-
sistent distance metrics throughout the analysis to obtain
accurate seismic hazards.

® The empirical equations provide the relation between two
distance metrics based on the magnitude and dip angle.

® These equations are independent of the ground-motion
models (GMMs) and can be directly used in PSHA.
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resulting in unreliable seismic hazard calculations. Hence,
GMMs usually use either Ry or Rgyp to determine the ground
motions in an area. However, the seismicity of some areas can-
not be associated with known faults. In such cases, probabilistic
seismic hazard analysis (PSHA) uses point-source models to
describe the seismic hazard because such models can be used
for gridded seismicity (Tavakoli et al, 2018). Hence, it may
INTRODUCTION

Researchers use different distance metrics to determine the
source-to-site distance measure during an earthquake. The most
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used distance metrics are the Joyner-Boore distance (Rjp), the
rupture distance (Rpyp), the epicentral distance (Rgpy), and the
hypocentral distance (Ryyp). Rjp measures the closest distance
to the surface projection of the fault; Ryyp measures the closest
distance to the ruptured fault; Rgp; measures the distance to the
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be necessary to convert from one distance metric to another to
accurately determine an area’s seismic hazard in conducting
PSHA. Monelli et al. (2014) found differences of as much as
54% in a PSHA sensitivity study when using point-based and
fault-based distances, which resulted in a considerable underes-
timation of the hazard, especially for large earthquakes. Tavakoli
et al. (2018) also demonstrated that effective Rgp; distance devel-
oped higher seismic hazards than Rjp distance. There are a few
methods to avoid this problem. We have discussed three
approaches subsequently.

APPROACH 1
One approach would be to convert from one distance metric to
another. Scherbaum et al. (2004) used Ry as the primary dis-
tance metric to obtain Rgp;, Ryyyp, Rrup, and the distance to the
seismogenic part of the rupture plane. They simulated various
earthquake events based on the magnitude, dip angle, and loca-
tion of the hypocenter on the fault. The simulation was con-
ducted for different cases: strike-slip, dip-slip, and a general
case in which the style of faulting is unknown. A residual func-
tion based on the gamma distribution was used to describe
other distance metrics based on Ryp. The residual function, the
difference between the target distance metric and reference dis-
tance metric (Rjp), is always positive because the Ry distance is
always smaller than or equal to other target distance metrics.
The polynomial functions are applicable for shallow intercon-
tinental earthquake events for Rjp distances from 0 to 100 km
and moment magnitudes between 5.0 and 7.5. They also pro-
vided coefficients to calculate the standard deviation.
Electric Power Research Institute (EPRI, 2004) developed
empirical relationships between Rgpy, Ry, and Ryyp for the cen-
tral and eastern United States (CEUS). The ruptured area (RA)
was determined using the Somerville ef al. (2001) relation. The
length-to-width aspect ratio of 3 for the strike-slip fault and 2 for
the dip-slip fault were used. A dip angle of 40° was assumed for
the dip-slip fault. EPRI (2004) also constrained the maximum
depth to 25 km. Rgp; was chosen as the primary distance metric
to obtain Rjpand Ryyp. EPRI (2004) developed four ground-
motion models (GMMs) for the CEUS and provided distance
conversion relations for each GMM. EPRI (2004) also provided
equations to calculate the additional aleatory variability to deter-
mine the total variability in PSHA for each GMM.

APPROACH 2

As another approach, Bommer and Akkar (2012) suggested that
two different sets of coefficients for point-source-based models
and finite-source-based models should be developed for GMMs.
However, few researchers have provided coefficients for point-
source- and finite-source-based distances for their GMMs.
AKkkar et al. (2014) provided the coefficients for both point-based
and fault-based distances for their GMM for Europe and the
Middle East. Bommer et al. (2016) simulated many Rgp; and
Rjp distance combinations based on a range of fault orientations
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and fault dimensions to determine the variability in their GMMs
for induced seismicity. They used Wells and Coppersmith (1994)
to determine the rupture length because no appropriate magni-
tude-scaling relationship was available for induced seismicity.
They calculated a range of Ry values for a given Ryp; distance
and then used Akkar et al. (2014) to determine the median values
for spectral acceleration. Finally, they calculated the variability
due to Rgp; and its respective Ry values. They modeled sigma
as a Gaussian distribution. This approach can be directly applied
without converting the distances by including the sigma in the
total GMM variability for PSHA calculations. However, the
equation for variability cannot be used for other GMMs.

APPROACH 3

The third approach would be to simulate pseudoruptures for
each scenario based on dimensions obtained using different mag-
nitude-scaling relationships such as Wells and Coppersmith
(1994), Somerville (2014), or others. Kaklamanos et al. (2011)
developed the relationship between Rjz and Ryyp based on
the geometrical properties of the fault. For a given dip angle
(6), down-dip rupture width (W), depth to the top of rupture
(Z1or)> and Ry, they provided the relation to determine the
R, for different source-to-size azimuth (a). They have also sug-
gested different relationships for §, W, and Zqy if these values
are unknown. They compared their results to those obtained by
Scherbaum et al. (2004) and found them slightly different.

Thompson and Worden (2018) derived mean Ry and Rgyp
constrained on Rgp;, magnitude, and azimuth. They also
provided adjustment factors for GMM standard deviations
to include the uncertainty due to the conversion of different
distances. For simulation, they used different distance conversi
on equations provided in Somerville (2014) for the stable
continental region (SCR), Hanks and Bakun (2008) for
the active continental region (ACR), and Wells and
Coppersmith (1994) for both cases. The length-to-width aspect
ratio of 1 for SCR and 1.7 for ACR was assumed. They
observed the mean Ry decreased as the dip angle decreased.
The ratio of the mean Ry to Rgp; varied from 0 at small dis-
tances to 1 at larger distances, whereas the ratio of the mean
Rpyp to Rgpp is greater than 1 at smaller distances and
approaches 1 at very large distances. The variation of Ryyp
at small Rgp; distance is controlled by the distribution of depth
to top of rupture (Zrog)-

Tavakoli et al. (2018) proposed an analytical distance con-
version method to convert Ry distance to Rgpj, Ryyp, or Ryyp
distance based on the geometry of the fault and the distribution
of the hypocenter. The distance obtained can be combined
with other seismological constraints, such as geometric spread-
ing and attenuation parameters, to obtain effective distances
that can demonstrate the effect of extended fault sources at
small distances. Effective distances are based on equivalent
point-source modeling. In equivalent point-source modeling,
the rupture originated from a virtual point at an effective
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distance from the site such that there is no saturation effect at
close distances. The method developed can be employed for
different magnitudes, distances, and site-specific conditions
to obtain an accurate conversion between different distance
metrics for the specific region. A method to account for the
uncertainty has also been discussed. As the method is generic,
it can be applied to different cases of earthquake rupture, large,
small, or even induced earthquakes.

In current PSHA methodologies for U.S. Geological Survey
(USGS), Petersen et al. (2010) assume the seismic energy is
released from the epicenter rather than the crust of the rup-
tured fault. They use Rgpy as the reference distance to calculate
Ry for a vertical strike-slip fault for different azimuths ranging
from 0° to 360°. They assume the epicenter is at the center of
the fault, and they used Wells and Coppersmith (1994) for the
magnitude-scaling relationship.

The distance conversion equations developed by EPRI (2004)
depend on the GMMs and frequency. Scherbaum et al. (2004)
do not consider the effect of hanging wall and footwall.
Kaklamanos et al. (2011) do not include a conversion method
between point-source distance metrics and extended fault dis-
tance metrics. Calculating seismic hazard is a computationally
intensive process. The method developed by Thompson and
Worden (2018) and Tavakoli et al. (2018), which involves inte-
gration at different possible virtual faults or virtual sites, may not
be practical for large data sets. In addition, the current USGS
approach is only practical for vertical strike-slip fault and
may not be suitable for dip-slip faults. In this study, we develop
simple empirical relationships between Rjp and target distance
metrics (Rerger = Rrup»RepRuyp), Which are independent of
GMMs. We also consider the effect of hanging wall and
footwall.

ESTIMATION OF DISTANCE METRICS
PARAMETERS

Figure 1 shows the different distance metrics discussed in this
study. The equations to determine Ryyp based on the geometry
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Ground
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Figure 1. (a) lllustration of the plan view of the fault. The rectangle is the
surface projection of the fault, with the bold line as the surface projection of
the top edge of the fault. The triangles are locations of possible sites or
stations with their respective distance metrics. Site 1 is located at the
footwall of the fault and has a negative value for Ry, whereas site 2 is
located at the hanging-wall side of the fault and has a positive Ry value. Ry
is 0 for site 2. (b) lllustration of the vertical cross section of a fault. Also
shown are various distance metrics Ry, Joyner—Boore distance (Rjg), rupture
distance (Rgyp), epicentral distance (Rep), and hypocentral distance (Ryyp)
measured from the site (shown by a triangle) to the fault.

of the fault are derived from Kaklamanos et al. (2011). Similarly,
we have used equations for Rgp; and Ryyp provided by Tavakoli
et al. (2018). Apart from Rpyp, Rgpr, and Ryyp, we still need
additional distance metrics, such as Ry and Ry, which facilitate
the conversion from Rjp to the target distance measure. The
equations to determine these distances are discussed in this
section.

Ry is the closest perpendicular distance from the site to the
projection of the top edge of the ruptured fault. Beyond the
limits of the strike of the fault, it is calculated perpendicular
to the extension of the projection of the top edge of the fault
along the strike. This distance metric is used in GMMs such as
Abrahamson and Silva (2008), Chiou and Youngs (2008), and
Campbell and Bozorgnia (2014) to quantify hanging-wall
effects. Unlike other distance metrics, which always have pos-
itive values, Ry can be positive or negative—positive for sites
on the hanging-wall side of the fault and negative for sites on
the footwall side of the fault (Kaklamanos et al., 2011). Table 1
provides the equations for Ry developed in this study for differ-
ent cases based on the azimuth angle (0), which is the angle
from the center of the fault to the site.

Ry is the closest parallel distance from the site to the projec-
tion of the ruptured fault. The equations to calculate Ry devel-
oped in this study are presented in equation (1). Rpes is the
epicentral distance calculated from the center of the fault. The
equations for terms such as R, 6y, 6;, and the derivations
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TABLE 1

Equation to Calculate Ry Based on Joyner-Boore Distance
(R)g). Length (L), and Width (W) of the Fault, Dip Angle (5), and
Azimuth Angle ()

Azimuth Angle Case Equation

e (O, ”) 0<|0] <6, 0.5W cos(8) + tan(6) (0.5L + Ryg)
0e(-5.0 0.5W cos(8) —tan(|0]) (0.5L + Rjg)
0e (O, ”) 0, < 10| < 6 0.5W cos(8) + Repet SiN(H)

e (-5.0) —0.5W cos(8) + Reget SIN(|6])
0€(0,%) |60] = 69 W cos(d) + Rjg

0e(-3.0 Rig

for Ry and Ry have been provided in the supplemental material,
available to this article

0 0] = 6,
Ry = q Rpecos(|6])) —0.5L 6, <|0] < 6,. (1)
Rp 0] < 6,

The mean Rgp; distance (Tavakoli et al., 2018) can be deter-
mined for a given Ry, §, and magnitude as follows:

3 [(2n [‘W cos(d)
E[REP1|RJB>Mwa5] =/ / /
-3J0 0

x [ Rep ey B.p(@p()p(O)p(Odxdydbde,  (2)

in which Rgp(x,y,0,€) is the distance from the epicenter (x, )
of the fault to the site located at an azimuth angle (6) from the
fault. “€”
scaling relationship used to determine “L” and “W” from
the magnitude of the fault. We have used +3 standard
deviations, assuming a standard normal distribution for our
calculation.

Using this equation, we can obtain Rgp; from the fault to the
site at different Ry and 0. For the calculation, we determine the
mean value of Rgp; at all possible 6 € (0°,360°) for a given R
distance, magnitude, and dip angle. “x” and “y” are the vari-
ables along the length and the width of the fault. We can use
different distribution functions to define the spacing that can
describe the characteristics of the fault rupture. We have used
Mai et al. (2005) for our calculations to determine the hypo-
center distribution along the strike and down-dip direction.
After integration along the length and width of the fault,
all possible locations of the epicenter can be considered.
Instead of defining a complex function to express the distribu-
tion of 6, we used a small spacing for 8, which also provided
results with acceptable accuracy without hampering the com-
putational efficiency (Campbell and Gupta, 2018). For our
calculation, we have used a spacing of 1° with uniform distri-
bution (P(6) = 1/2m). For “€”, we used a spacing of 1.0. We
have calculated the mean values at different dip angles from
10° to 90° with a spacing of 10°.

is used to incorporate the uncertainties in the
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The mean Ryyp distance (Tavakoli et al., 2018) can be cal-
culated as follows:

Zror+ W sin(8) W cos(d)
HielRudtsl = [ 7 [ |
ZtoR

/_ Ruayp (x,2.0.0p()p(»)p(2)p(O)p(c)dxdydzdfde. (3)

In addition to all the parameters specified in equation (2),
we also have the depth term “2z”, which varies from the depth to
the bottom of the rupture (Zror + W sin(d)) to the depth to
the top of the rupture (Ztor). The hypocentral depth is deter-
mined by Scherbaum et al. (2004).

The mean Rpyp (Tavakoli et al., 2018) can be calculated as

follows:

3 2T
E[Ruus|Rys M.0] = / 3 / s (BOp(@)p(O)dbde.  (4)

Because Rpyp is a fault-based distance metric, we do not
need to discretize the fault. Instead, we calculate Ryyp values
at different azimuths for a given Ryp, dip angle, and magnitude.
The parameters have been defined previously.

FAULT MODEL ASSUMPTIONS
The data for this study are developed based on the centroid-cen-
tered virtual site model (Tavakoli et al., 2018; Campbell and
Gupta, 2018). In this approach, the fault is fixed, and the virtual
site moves around the fault. The location of the azimuth is
dependent on the azimuth of the site from the centroid of the
ruptured fault. The virtual sites are located at a constant Ry dis-
tance from the fault. For a constant Ry distance, a range of values
for other distance metrics (Rryp, Rgpp> and Ryyyp) can be obtained
based on the magnitude, dip angle, and azimuth of the fault. Ry
is chosen as the reference distance because there is only one pos-
sible station for a known fault at a given azimuth. For Rgpy, the
location of the station at a given azimuth can vary based on the
location of the epicenter at fault. The mean value of the reference
distance metric is obtained to develop the statistical relationship
between the different distance metrics. For computational effi-
ciency, instead of solving for the integral, we have discretized
the fault along the length, width, and depth of the fault, and
an azimuth increment of 1° for the virtual site. The length
and width are discretized such that the reference sites are densely
spaced closer to the fault and sparsely spaced away from the fault.
Different fault ruptures have been considered based on the
size of the rupture, the geometry of the rupture plane, and the
location of the hypocenter. The geometry of the rupture plane
is modeled as a rectangular plane with length (L), width (W),
dip angle (§), and depth to the top of the rupture (Zrgg), as
shown in Figure 1. The size of the rupture, based on magni-
tude, is used to model the length and width of the fault. We
have focused on the CEUS region. So, we used the equation
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provided in Somerville (2014), developed for the CEUS region,
to calculate the RA of the rupture plane for different magni-
tudes. We use a fixed length-to-width aspect ratio of 1. The
hypocentral depth values are based on Scherbaum et al.
(2004). If the calculated rupture plane is extended above the
surface, the width of the fault is adjusted such that the top
of the fault lies on the surface. The width is restricted to
the seismogenic zone (15 km, Shaw and Wesnousky, 2008).
Modification of Zrog also changes the dimensions for the
width of the fault (assuming a fixed hypocentral depth).
Consequently, the length is increased to maintain a constant
RA for a given M. The data are generated for M values between
5and 8, dip angles from 10° to 90° and Ry values up to 200 km.
The azimuth value is varied from 0° to 360°. We determine the
target distances, such as Rgpy, Ryyyp, and Ryyp, for each geomet-
rical scenario using the equations discussed previously.

This approach provides us with a range of target distance
values for a given Ry value. The target distances depend on
Ryp, length (L), width (W), and dip (6) of the rupture plane,
the azimuth angle (), the hypocentral depth, depth to the
top of the rupture (Z1og), and the style of faulting (strike-slip
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Figure 2. Histogram plots of the difference for (a,b) Rgyp, (c,d) Rep, and (e,
f) Ruyp for a vertical strike-slip fault at (a,c,e) magnitude 6 and (b,d,f) mag-
nitude 7 at an Ry of 10 km. The solid line represents the gamma distribution
fitted to the histogram. The mean and the standard deviation of the distri-
bution are used in regression analysis to determine the coefficients at different
M, Rjg, and dip angle (8) in the empirical equations for Rep;, Rryp, and Ruyp.

or dip-slip). Regression analysis based on the nonlinear least-
squares method is performed on the obtained data to develop
empirical relations for Rpyp and Rgp; based on the Ry, mag-
nitude of the fault and dip angle, and Ryyp based on Rz, M, 6,
and Zrog.

EMPIRICAL MODELS FOR DISTANCE METRICS
CONVERSION

Figures 2 and 3 show the histogram plots for the difference
between Ry, and Ryp at M,,6 (panels a,c,e) and M,,7 panels
b,d,f) at Rjp of 10 km for vertical strike-slip fault and 40° dip-
slip fault, respectively. The difference can be modeled as a
gamma distribution (shown as the solid line) to determine
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the mean and the standard deviation of the target distance met-
ric. For M6, the range of distributed values is small, varying
from 0 to 3 km for Ryyp, 0 to 10 km for Rgpy, and 0 to 16 km for
Ryyp for vertical strike-slip fault. The range of distributed val-
ues increases for M, 7, varying from 0 to 4 km for Ryyp, 0 to
40 km for Rgpp, and 0 to 40 km for Ryyp for vertical strike-slip
fault. Similar distributions can be developed for each target dis-
tance metric at different Ry, M, and 8. We conducted a non-
linear least-squares regression analysis for the data to develop a
suitable empirical relation between Rjp and the target distance.
For regression, we used the mean value of the target distances
at different azimuths for a given Ry distance. To determine the
correlation between the target distance metric and Ry, we
choose an appropriate functional form that best describes their
relationship. The functional form is dependent on the M, Zoy,
and § of the fault and can be presented as

Rtarget = f(RIB>M’6’ZTOR) + 0, (5)

in which o is the sigma, which measures the standard deviation
due to variation in different parameters such as the location of
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Figure 3. Histogram plots of the difference for (a,b) Rgyp, (c,d) Repy, and (e,
f) Ruyp for a 40° dip-slip fault at (a,c,e) magnitude 6 and (b,d,f) magnitude 7
atan Ryg of 10 km. The solid line represents the gamma distribution fitted to
the histogram. The mean and the standard deviation of the distribution are
used in regression analysis to determine the coefficients at different M, Ryg,
and & in the empirical equations for Repj, Rryp, and Ryyp.

the hypocenter, azimuth, and geometry of the fault. Separate
equations have been presented for dip-slip fault and vertical
strike-slip fault. For the vertical strike-slip fault, the width
of the fault does not impact the calculation of the target dis-
tance, but the width of the fault is an essential parameter for
the dip-slip fault. Because of this, the final values obtained for
both cases are different from each other and are better repre-
sented if we conduct separate regressions on these data sets.
For cases with more information, such as the location of
the hypocenter or azimuth, Approach 3 discussed earlier would
provide better results than the proposed empirical equations.
The proposed empirical equations would only provide mean
values considering random azimuth and hypocenter locations.
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MEAN MODELS FOR DISTANCE METRICS
CONVERSIONS

Joyner-Boore distance and rupture distance

Based on equation (4), we determine the mean Rpyp distance
for a given Rjp distance at different lengths, widths, and the dip
of the fault. Because of symmetry, only azimuth angles from
—90° to 90° are used for calculation. Separate regression analy-
sis was carried out for vertical strike-slip fault and dip-slip
fault. At different dip angles, the coefficients for the dip-slip
fault are different. The relationship between Rjp and Rgyp
for dip-slip fault can be represented as

E[Rpup|Ry,M,0] = Rjg + C; exp(=C,(M - 5)) exp(-C5Rjp)
+ C, exp(~=CsRjp) & CFuw + orups
CFuw = Cg exp(C7(M - 5)) exp(-CgRyp), (6)

in which parameters C; to Cg are the regression coefficients and
CFyw is the hanging-wall and footwall parameter. Coefficients
C, to Cy are obtained from regression analysis and are provided
in Table 2. The coefficients for dip angles not listed can be deter-
mined using interpolation. ogyp is the standard deviation dis-
cussed in the Sigma Model for Distance Metrics Conversions
section.
Similarly, for a vertical strike-slip fault:

E[Rrup|Ryp:M,0] = Ry + C; exp(=C,(M - 5)?) exp(~C;Ryp)
+ C4 exp(=CsRyp) + agup- (7)
The equations are valid only when Rjg~ = 0. When Ry = 0,

the mean Ryyp is also zero. As shown in Figure 4, the values
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Figure 4. Comparison of the ratio of Rgyp to Ry versus Ryg for dip-slip fault
with dip angles of (a) 30°, (b) 50°, and (c) 70°, and (d) vertical strike-slip
fault for moment magnitudes of 6 (solid line) and 7 (dashed line). The dots
represent the mean values for the distribution and the lines represent the
empirical equations fitted to the distribution. The color version of this figure
is available only in the electronic edition.

obtained from the empirical equation (represented as lines)
closely align with the mean data obtained from equation (4) (rep-
resented by dots). Ryyp is considerably larger than Ry, at shorter
distances (<10 km), but the values converge at larger Ry distan-
ces (>30 km). Rpyp varies with the dip angle of the fault and the
magnitude of the earthquake event, though the variation is
mainly observed below 20 km. At smaller distances, we observe
that Rpyp decreases as the magnitude increases, though this effect
is not observed for smaller dip angles (6 = 30°). For the dip-slip
fault, Rpyp distance is always measured from the top of the rup-
ture to the site on the footwall side of the fault. However, at the
hanging-wall side of the fault, Ryyp is also dependent on the
depth of the rupture and dip angle. So, Ryyp calculated on
the footwall side of the fault is always smaller than or equal
to Ryyp calculated on the hanging-wall side of the fault for a
constant Ry distance, as shown in Figure 1b. This effect is rep-
resented by the CFyyy term, which is positive on the hanging-
wall side of the fault and negative on the footwall side of the fault.
The effect can be observed in the contour plot for the ratio of
Rgup to Ry shown in Figure 5 for a dip-slip fault with a 50°
dip angle and M,, 7. We have a 60 km by 60 km plot varying
from —30 to 30 in both directions, as shown in Figure 5a. The
center of the fault is located at the center of the plot (0,0). We
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generate observation sites on the plot with a gridded density of
1 km (only a small sample of observation sites are shown in
Fig. 5a for clarity). For each observation point, we calculate
Rjp and Ryyp from the fault. We divide Ryjp by Rjp to determine
the ratio. We then use the calculated ratios to plot the contour
map shown in Figure 5b. On the footwall side of the fault, the
contours of the ratios are closer together, representing smaller
Rpyp values for the same Rjp values. The contours of the ratios
are farther apart at the hanging side of the fault. In addition, Ryyp
and Ry values are the same (representing the ratio of 1) for Ry
greater than 15 km for the footwall and 25 km for the hanging
wall. The effect of the footwall and hanging wall is not observed
for a vertical strike-slip fault.

Joyner-Boore distance and epicentral distance
The azimuth angles from 0° to 90° can model the entire range of

(b)

Hanging wall
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Figure 5. (a) A 60 km by 60 km plot showing the location of the fault and the
observation sites. The triangles represent the observation sites located at
every 1 km Rz distance from the center (0,0) (only a small sample of
observation sites are shown for clarity). The length and width of the fault are
based on the magnitude and dip angle. The center of the fault is (0,0).
(b) Contour plot for the ratio of Rgyp to Ry for M,, 7 and dip angle 50°. The
contour of the ratios is closer together at the footwall side of the fault than
the hanging-wall side of the fault because Rpyp for a given Ry is smaller at
the footwall compared to the hanging-wall side of the fault.

width, and dip angle of the fault. The regression analysis is per-
formed separately for the dip-slip fault (§ # 90°) and vertical
strike-slip fault (6 = 90°). The functional form that can fit
the mean values of Rgp at different Ry for dip-slip fault is

E[Rgpy|Rjp,M.0] = Ry + Cy exp(C, (M~ 5)?) (Rj - Cy)

. . . . C,

possible values for Rgp; for a given Ry distance at a given length, + CsRyg + Crexp(Cg(M—5)) + ogpr. (®)

TABLE 2

Coefficients for E[Rgyp|R)s.M,0] at Different Dip Angles () for a Given Magnitude (M) and Joyner-Boore Distance (R)g)

Mean Footwall Hanging Wall

5 C, C, C; C, Cs Cs c, Cs Cs c, G
10 2.921 0.0561 0.0193 7.230 0.1330 0.4552 0.4328 0.0378 0.2143 0.6287 0.0309
20 2.791 0.0379 0.0184 7.015 0.1265 0.7921 0.4583 0.0350 0.3910 0.6414 0.0291
30 2.694 0.0255 0.0175 6.516 0.1166 0.9846 0.4824 0.0309 0.5210 0.6486 0.0263
40 2.971 0.0329 0.0183 5.544 0.1126 1.0360 0.5036 0.0261 0.5995 0.6443 0.0226
50 4527 0.2602 0.2028 4.647 0.0281 0.9599 0.5208 0.0209 0.6166 0.6339 0.0183
60 5.795 0.6589 0.2502 4.378 0.0265 0.7832 0.5324 0.0152 0.5639 0.6144 0.0134
70 7.240 0.7457 0.1909 3.028 0.0185 0.5390 0.5383 0.0090 0.4366 0.5898 0.0080
80 8.616 0.7218 0.1365 1.481 0.0089 0.2631 0.5418 0.0024 0.2387 0.5641 0.0019
90 3.634 0.7624 0.0424 3.896 0.0262 - - - - - -
E[Rrup|Riz,M, 8] is the mean rupture distance (Rgyp) for a given Joyner-Boore distance (Rjg), magnitude (M), and dip angle (8). Azimuth angle (6) and hypocenter location are
randomized.
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: Similarly, for the vertical strike-slip fault (§ = 90°):
| Dip angle 30° |

ng— E[Rep1| Ry, M.8] = Ry + C; exp(C,(M - 5)) (R = Cy)
1O I N N TR + CsRji + C; exp(Cy(M = 5)) + 0, ©)

in which the coefficients C; to Cg are obtained from regression
analysis and presented in Table 3. ogp is the standard deviation
discussed later. The coefficients are different for different dip
angles. The coefficients for the dip angle not listed can be
determined using interpolation. The equations are valid only
. — — when Rjp~ = 0. When Rjp = 0, the mean Rgp; is also zero.
5 S Figure 6 shows the variation of Rgp; obtained from the empiri-

] A b o —, 6 cal equations (equation 8) with the mean for a dip-slip fault
! ) with dip angles of 30°, 50°, and 70°, respectively. Rgp; is always
greater than or equal to Ry at all magnitudes and dip angles.
The difference between the two distances is substantial for dip-
slip faults at higher magnitudes. At Rjp of 1 km, Rgpy is three
times greater for M6 and five times greater for M,,7 for a 30°
dip-slip fault. Because the rupture area increases with magni-
tude, the length and width of the fault are large for higher mag-
nitudes, resulting in higher mean Ryp; values for the same Ry

Dip angle 70° values. This effect of large magnitude is less prominent for the

E[R EPIlRJB’ M, BJ/RJB

—_
O

~—"

(o))

= -7

E[REPI|RJB’ M, 5]/RJB

—_
O
~—"
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vertical strike-slip fault because only one fault dimension, the
length of the fault, affects Rgp;.

Joyner-Boore distance and hypocentral distance
Because of symmetry, the azimuth angles from 0° to 90° are

E[REPI|RJB’ M, 5]/RJB

used to obtain Ryyp for a given Ryp distance at the fault’s differ-
ent magnitude and dip angle. As discussed, separate regres-
sions are carried out at different dip angles. Equation (10)
provides the equation for the dip-slip fault and equation (11)
for the vertical strike-slip fault:

1 10 100
Joyner-Boore distance (km)

Figure 6. Comparison of the ratio of Rgp to Rjg versus Ryg for dip-slip fault with

dip angles of (a) 30°, (b) 50°, and (c) 70° for moment magnitudes of 6 (solid _ I 2 _=\2
line) and 7 (dashed line). The dots represent the mean values for the dis- ElRityp| Ry, M.0.Zwor] = \/ Rip + Zror + C1exp(C,(M=5)%)

ibuti i i ions fi istri- C C
trlbgtlon and the I|ngs represlenF the Iemplr.|ca| equatlgns fitted to t.he dll_f,m % (R]B3 —~Cy)+ CsR +C; exp(Cy(M=5)) + 0pyp» (10)
bution. The color version of this figure is available only in the electronic edition.

TABLE 3
Coefficients for E[Rgp |R;g,M,5] at Different Dip Angles (5) for a Given Magnitude (M) and Joyner—-Boore Distance (R,g)

5 c, c, (o C, Cs Cs (o Cs
10 3.595 0.2506 0.24 0.8218 -0.9044 0.4764 1.267 0.5607
20 3.56 0.252 0.239 0.8151 -0.9039 0.4742 1.234 0.5588
30 3.52 0.2542 0.237 0.8044 -0.9142 0.4688 1.192 0.5495
40 3.46 0.2568 0.2345 0.7781 -0.9315 0.4609 1.107 0.5342
50 3.403 0.2601 0.2308 0.7478 -0.9674 0.443 1.023 0.5021
60 3377 0.2637 0.2253 0.713 -1.038 0.4296 0.947 0.4405
70 3.537 0.2653 0.2151 0.6761 -1.319 0.3846 1.064 0.2525
80 3.846 0.2646 0.2021 0.6551 -1.854 0.3269 1.483 0.0026
90 0.2211 1.74 0.188 0.7227 -0.00295 1.169 0.5337 0.4944

E[Repi|R18,M, 8] is the mean epicentral distance (Rep) for a given Joyner—Boore distance (Rjg), magnitude (M), and dip angle (8). Azimuth angle (6) and hypocenter location are
randomized.
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Figure 7. Comparison of the ratio of Ryyp to Rjg versus Ryg for dip-slip fault with
dip angles of (a) 30°, (b) 50°, and (c) 70° for moment magnitudes of 6 (solid
line) and 7 (dashed line). The dots represent the mean values for the dis-
tribution and the lines represent the empirical equations fitted to the distri-
bution. The color version of this figure is available only in the electronic edition.

E[Ryyp |Rjg,M,0,Z10r] = v RIZB +Zior + Crexp(C,(M-5))
X (R = Cy) + CsRy + Crexp(C(M=5)) + 0y, (11)

in which parameters C; to Cg are regression coefficients and are
provided in Table 4. “M” is the moment magnitude, § is the dip
angle, and Z oy, is the depth to the top of the rupture. oyyyp is the
standard deviation discussed later. The equations are valid only
when Rjg~ = 0. When Ry = 0, the mean Ryyp is equal to Zyog.

Apart from magnitude, dip angle, and Ry distance, Ryyp
also depends on the depth to the top of the rupture (Z1og).
A comparison of the fitting of the mean values with the empir-
ical equation (equation 10) is shown in Figure 7 for dip angles
of 30°, 50° and 70°, respectively. Ryyp increases slightly with
increasing magnitude at small distances and converges at large
Ryp distances.

SIGMA MODEL FOR DISTANCE METRICS
CONVERSIONS

Rupture distance and Joyner-Boore distance

The sigma for Ryyp is based on M, §, and Rjp and can be rep-
resented as follows:

0[Rrup|Rj,M,0] = C; exp (C,(M - 5)) x exp(-C5Ryp), (12)

in which regression coefficients C; to C; are provided in Table 5.
The coefficients are different for the mean, the hanging-wall
side, or the footwall side of the fault (for vertical strike-slip fault,
only coefficients for the mean are provided, as there is no hang-
ing-wall effect). They are also different for various dip angles. As
discussed previously, the coefficients for dip angles not listed can
be determined by interpolation. The sigma values increase with
increasing dip angles for smaller magnitudes (M,, < 6.0). Above
M,, 6.0, no specific trends between the sigma and dip angle
could be observed. The sigma also increases with increasing
magnitudes for all dip angles. However, there is a decrease in
sigma with increasing distance because there is less variation

TABLE 4

Coefficients for E[Ryyp|R;z,M,0,Z10r] at Different Dip Angles (6) for a Given Magnitude (M), Depth to the Top of the Rupture

(Z70r), and Joyner-Boore Distance (R,g)

5 c, [ C; C,
10 4.75 0.242 0.2242 0.9981
20 4.207 0.2556 0.2203 1.045
30 3.656 0.2706 0.2174 1.082
40 3.112 0.2864 0.2162 1.099
50 2.634 0.3028 0.2157 1.101
60 2.246 0.319 0.215 1.092
70 2.02 0.3321 0.2119 1.065
80 1.87 0.3429 0.2075 1.041
90 0.05753 2.328 0.1554 1.149

Cs Ce < Cs
-0.563 0.579 0.6626 0.7618
-0.5616 0.5622 1.25 0.6849
-0.608 0.5306 1.793 0.6471
-0.7109 0.4867 2.273 0.6175
-0.8945 0.4333 2.746 0.584
-1.135 0.3839 3.184 0.5505
-1.438 0.3429 3.601 0.511
-1.628 0.3243 3.828 0.4867
-0.3696 0.3681 2.449 0.6935

E[Ruvp|Rig.M,8,Z70r] is the mean hypocentral distance (Ryyp) for a given Joyner-Boore distance (R;g), magnitude (M), dip angle (8), and depth to top of the rupture (Z1or). Azimuth

angle (0) and hypocenter location are randomized.
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TABLE 5

Coefficients for Calculation of ojgrypirsem,s at Different Dip Angles (6) for a Given Magnitude (M) and Joyner-Boore Distance

(Ryg)
Mean Footwall Hanging Wall

Dip C, C, C3 C, C, C; C, C, C;

10 0.1807 0.4005 0.0385 0.2132 0.3418 0.04356 0.1886 0.3921 0.03496
20 0.346 0.4005 0.03749 0.4249 0.3353 0.04934 0.353 0.3982 0.03056
30 0.4837 0.3958 0.03597 0.6296 0.3264 0.05632 0.4771 0.3994 0.02592
40 0.591 0.3816 0.03438 0.8203 0.3138 0.06418 0.5559 0.3908 0.02145
50 0.6763 0.3507 0.0333 0.9861 0.295 0.07151 0.5961 0.3655 0.01749
60 0.7653 0.2982 0.03472 1.114 0.2704 0.07638 0.6219 0.3137 0.01495
70 0.9143 0.2416 0.04623 1.201 0.2477 0.07897 0.698 0.2435 0.01845
80 1.124 0.213 0.06916 1.251 0.2321 0.08013 0.9934 0.1898 0.05233
90 1.091 0.3018 0.07638 - - - - - -

Azimuth angle () and hypocenter location are randomized.

TABLE 6

Coefficients for Calculation of o5, z,,.m.5 at Different Dip Angles (6) for a Given Magnitude (M) and Joyner—Boore Distance (R)g)

B c, C, C;
10 0.07256 1.71 0.3498
20 0.07344 1.708 0.3493
30 0.07504 1.704 0.3483
40 0.07752 1.697 0.3467
50 0.08021 1.691 0.3451
60 0.08405 1.683 0.343
70 0.09132 1.668 0.3392
80 0.1031 1.646 0.332
90 0.1678 1.848 0.1752

C4 C5 CG

0.5909 0.7239 -0.2208
0.5906 0.7198 -0.2371
0.5921 0.7148 -0.2657
0.5918 0.7103 -0.3078
0.5899 0.7049 -0.3563
0.5895 0.7101 -0.4151
0.5999 0.7467 -0.4853
0.6298 0.8473 -0.5442
0.9409 1.494 -0.4161

Azimuth angle () and hypocenter location are randomized.

in values at larger distances (because Rjp and Rgyp are almost
the same at large distances).

Epicentral distance and Joyner-Boore distance
The standard deviation for Rgp; at a given Ry, M, and § for
dip-slip fault can be determined using the equation:

ORen Rpta] = C1€Xp(Co(M = 5)) (R — C,) + CsRfg.  (13)

The coefficients C; to Cy4 are determined using regression
and listed in Table 6. The coefficients are different for
different dip angles. The sigma value increases with increasing
magnitude and distance. Though sigma increases with dip
angles at a smaller magnitude and Ry, at large magnitudes,
there is no significant variation in sigma values for different
dip angles.

Hypocentral distance and Joyner—Boore distance

The standard deviation for Ryyp at a given Ry, M, and ¢ for
dip-slip fault can be determined using the following
equation:

Volume XX Number XX - 2023 www.bssaonline.org

OlReaes Rp0) = C1 €Xp(C2(M = 5)) (R — Cy) + CsRYs

+ C; exp(Cg(M - 5)). (14)
Similarly, for the vertical strike-slip fault (§ = 90°):
OlRps 0] = C1 €xP(Co(M = 51) (R — Cy) + CsRyg

The coefficients C; to Cy are determined using regression and
listed in Table 7. The coefficients differ for different dip angles,
and the sigma value increases with magnitude, dip angle, and
distance. For large magnitudes (M,, > 7.5), there is no consid-
erable variation in sigma values for different dip angles.

APPLICATION IN GMMs

In performing PSHA, one must consider whether the source
modeling approach is consistent with the distance metric used
in GMMs and can be included in PSHA by calculating an addi-
tional variability due to the conversion from Rjz to other
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TABLE 7

Coefficients for Calculation of oyguyp|rig,m,52,,, at Different Dip Angles (6) for a Given Magnitude (M), Depth to the Top of the

Rupture (Z;or). and Joyner-Boore Distance (Rg)

8 C, C, C; C, Cs Ce C; Cg
10 0.06713 1.735 0.3506 0.5713 0.4025 -0.3045 0 0
20 0.06924 1.737 0.346 0.6179 0.9081 -0.4381 0 0
30 0.07177 1.737 0.3418 0.6587 1.456 -0.4835 0 0
40 0.03256 1.897 0.4069 0.9976 -0.05961 0.7247 0.7838 0.6469
50 0.03361 1.897 0.4038 1.006 -0.2863 0.4537 1.32 0.4966
60 0.03339 1.904 0.4048 1.063 -0.4847 0.3859 1.72 0.4531
70 0.03449 1.898 0.4062 1.133 -0.5475 0.3862 1.903 0.4562
80 0.03582 1.89 0.408 1.242 -0.4631 0.4328 1.848 0.505
90 0.7622 0.3002 0.405 1.168 —-0.9389 0.4699 2.303 0.4218
Azimuth angle (6) and hypocenter location are randomized.

TABLE 8

Distance Conversion Assumptions from Different Published Studies Used for Comparison in This Study
Description Fault Type Magnitude-Scaling Relation Aspect Ratio (AR) Depth (km)
This study Strike-slip Somerville (2014) 1 0-15
This study Dip-slip Somerville (2014) 1 0-15
EPRI (2004) Strike-slip Somerville (2014) 3 0-25
EPRI (2004) Dip-slip Somerville (2014) 2 0-25
Scherbaum et al. (2004) Strike-slip, dip-slip Wells and Coppersmith (1994) - -
Thompson and Worden (2018) Strike-slip Somerville (2014) 1 0-15
Thompson and Worden (2018) Dip-slip Somerville (2014) 1 0-15

distance metrics. The total sigma can be calculated using the
law of propagation of error as follows:

_ |2 2
Ototal = 1/ Ocmm T+ A07,

dIn(Y))?2
2 = 2
Adt = (M) O 1R qpana | Rostza M. (16)

in which ogypy is the standard deviation for the GMM, In(Y) is
the natural logarithm of the ground motion, and o(g_,,,\,|Rys;4,M.0]
is the standard deviation for the conversion from GMM distan-
ces to PSHA distances. The GMMs can be based on Rjp or Ryyp.
If the GMM is based on Rjz and PSHA is based on Rgp;, then

dIn(Y)\?2
2 _ A2 _ 2
Ao® = AU[RIB\REPI,M’5] - ( aRJB ) U[RJB|REPLM>5]’ (17)
ORjg ]2
2 _ JB 2
Oy e M.8] = |:aREPI] Ry Ry M) (18)

1
OREp]

aRyp

We can directly calculate the aa}i’sl = @) (using the empir-

ical equation for Rgpy; aa}:zpjf: # 0), or we can use the Taylor series

expansion. If we use the Taylor series, we can consider only the
first-order approximation of the second moment obtained
from the Taylor expansion for simplicity. If there is no

12 o Bulletin of the Seismological Society of America

empirical relation between the distance metrics, we can use the
following approximation:

Ry 2ARy

= N (19)
ORgpr  (Repr)ry+ar, = (Rep)Ry-aRy,

in which (Rgpr)g, +ar,, is the mean Rgp; distance for a given
reference distance of Rjp + ARjp. Because we have the relation
between different distance metrics in our case, we can directly

calculate ;ﬁ’;, and O-[ZREPll RypM6] €A1 be calculated using equa-
tion (13) for different magnitudes and dip angles. Similarly,

for GMM based on Ryyp and PSHA based on Rgpy:

81n(Y))2 ,

2 __ 2 —
Ao = AU[RRUP|REPI>M>5] - (aRRUP G[RRUP\REPI>M>5]' (20)

We can also calculate similar values for Ryyp and Ryyp
using equations (14 and 15) and equation (12), respectively.

COMPARISON WITH OTHER MODELS

We compared our results with the equations provided by
Scherbaum et al. (2004), EPRI (2004), and Thompson and
Worden (2018). Scherbaum et al. (2004) provided a polynomial
equation with different coefficients for different distance conver-
sions. Different GMMs have been defined by EPRI (2004): three
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models (GMM-1, GMM-2, and GMM-4) based on Ry distance,
and one model (GMM-3) based on Ryyp distance. They have also
provided equations to convert these distance metrics to Rgpy dis-
tance for each GMM. The assumptions for each published study
we have used for comparison are listed in Table 8. Figure 8 shows
the variation of the ratio of Ry, to Ryp versus Ry for different
magnitude events and compares the values with those obtained
from other published studies. Because Scherbaum et al. (2004) is
limited to M,, 7.5, we have provided a comparison for M,, 6 and
7. For the ratio of Rgp; to Ry, Scherbaum et al. (2004) predict
higher values at smaller distances (<10 km), whereas EPRI pre-
dicts comparatively lower values. The values for the strike-slip
model developed in this study closely follow other studies for dis-
tances greater than 10 km at all magnitudes. The values obtained
from the proposed empirical equations and Thompson and
Worden (2018) differ from EPRI (2004) at smaller distances
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Figure 8. Comparison with other models for mean distance conversion at
(a,c,e) magnitude 6 and (b,d,f) magnitude 7 for Rpyp, Repi, @nd Ryye.

The mean results for Rgp; and Ryyp are based on the strike-slip fault, and the
mean results for Rgyp are based on the 60° dip-slip fault. The comparison is
made with other published studies that provide a relationship for the
conversion of each distance metric. For example, Scherbaum et al. (2004)
provide relationships for Ryg, Rrup, Repi, and Ryyp, whereas EPRI (2004) and
Thompson and Worden (2018) provide relationships only for Repy, Rjg, and
Rgup- For Ryyp, the Zyor value is fixed at 3 km. The color version of this
figure is available only in the electronic edition.

(<10 km) for M,, 7. The differences in values result from different
assumptions and methodologies. The calculations used in this
study and Thompson and Worden (2018) are also independent
of GMMs or the oscillator period. Overall, the values are consis-
tent with the other published studies.
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Figure 9. Compares the standard deviation for (a) Rrup, (b) Repi, and (c) Ruyp
versus Rjg obtained from this study and Scherbaum et al. (2004) for vertical
strike-slip fault for magnitude 6 and 7. The color version of this figure is
available only in the electronic edition.

The comparison of variation of the ratio of Ryyp to Rjp ver-
sus Ry is also presented in Figure 8 for M,, 6 and 7. The com-
parison is shown for the dip-slip fault. For the comparison, we
have used a dip angle of 60°, though other dip angles also pro-
vide similar results. EPRI (2004) does not provide a separate
equation to convert between Rjp and Rpp. The values obtained
from this study are slightly higher at a smaller distance
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(<10 km) compared to other published studies for M, 6.
The values are consistent at distances greater than 10 km
for all magnitudes. The variation in the values at distances less
than 10 km is the direct result of the choice of depth to the top
of the rupture (Zrog). At smaller distances, the calculated Ryyp
is directly affected by Zyor. Z1or does not have a significant
impact on Ryyp at large distances. For magnitude 7, the mean
Ryyp distance calculated in this study is similar to other pub-
lished studies. For all magnitudes, the calculated Ryyp distance
from all the studies falls between the Ryyp distance calculated
for the hanging wall and the footwall in this study.

Only Scherbaum et al. (2004) have provided an empirical
relationship between Ryyp and Rjg. The values are consistent
with this study for M 6 and 7. For calculation, we have assumed
the depth to the top of the rupture as 3 km. Similar to Ryyp,
Ryyp is also sensitive to Zpor value at small distances.

The sigma of the proposed model in this study is considerably
smaller than Scherbaum et al. (2004), as shown in Figure 9 for
Rgyps Repp> and Rypyp. The sigma obtained from Scherbaum et al.
(2004) for Rgpy is much larger for all magnitudes, and similar
trends can be observed for Ryyp. For Ryup, at smaller distances
(<10 km for M 6), the sigma values are slightly higher for this
study compared to Scherbaum et al. (2004). However, the differ-
ence is negligible (<0.5 km). The sigma has not been compared
with EPRI as it depends on GMMs, so a comparison would not
be valid. Similarly, Thompson and Worden (2018) use Rgpy as
reference distance, so a direct comparison of sigma is not
possible.

IMPLICATIONS FOR THE PSHA

In PSHA, the integral over various seismic sources, such as
faults and areal sources, is conducted for each site for different
magnitudes and distances. Areal sources are assigned when we
do not have enough information about the fault, such as in
some CEUS regions. They are generally used for low and mod-
erate seismicity. The areal source is subdivided into grids in
which each grid acts as a point source. The distance from each
point source to the site can be described using point-based dis-
tances such as Rgp; or Ryyp. Because we do not have enough
information about the fault in such cases, it is challenging to
use fault-based distances such as Rjz and Rpyp.

The total variation in the calculated seismic hazard due to
the conversion of distance and their associated uncertainties
can be demonstrated by considering a simple seismic source.
We have considered a circular seismic source with a radius of
100 km. The seismicity of the source follows a truncated expo-
nential model with A(M = 5) = 0.0395 and b-value of 0.9. The
magnitude is truncated from 5.0 to 7.5. We have conducted
PSHA calculations using the Pezeshk et al. (2011) GMM based
on Rpyp distance. The seismic source is divided into grids, in
which each grid acts like a point source. A site is assumed at the
center of the areal seismic source. We calculate the epicentral
distance by measuring the distance from each point source to
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Figure 10. Annual hazard curves for a circular seismic source with a radius of
100 km based on Rpyp-based ground-motion model (GMM; Pezeshk et al.,
2011) using distance conversion equations developed in this study. Annual
hazard curves without distance conversion and those based on U.S.
Geological Survey (USGS) National Seismic Hazard Mapping Project
(NSHMP-haz) are also shown for reference. The color version of this figure is
available only in the electronic edition.

the site. However, the GMM is based on Ryyp distance. Hence,
for consistency between PSHA and GMM, we need to convert
the distances.

At a sample Rgp; distance of 30 km for a vertical strike-slip
fault of magnitude 7.0, we obtain a Rjp distance of 21.1 km and
an Ryyp distance of 23.4 km. So, for a 30 km Rgp; distance used
in PSHA for an areal source, we need to use an Ryyp distance of
23.4 km in the GMM for consistency. Because the equivalent
Rpyp distance is smaller than the Rgp; distance in this example,
it increases the calculated seismic hazard. In this example,
there is no direct way to convert from Rgp; to Rjp because
the equations developed in this study are based on Rjg. So,
we determine Rgp; values for different Ry values for a given
magnitude using equation (9) and populate a table. We can
use this table to determine R values for the required Rgp; val-
ues. Then, we can use the Ry value to determine Ryyp distance
for a given magnitude and dip angle using equation (7). The
additional sigma due to distance conversion must also be
included in the PSHA to obtain accurate seismic hazard results.
The equation for the derivative of GMM, which is necessary to
determine the total sigma, is provided in the supplemental
material. Based on the mean and the total sigma, we determine
the mean exceedance at different magnitudes and distances to
calculate the seismic hazard. Figure 10 shows the mean annual
exceedance of hazard based on Pezeshk et al. (2011) using the
proposed empirical equations. The solid black lines represent
the hazard without any distance conversion. Below the peak
ground acceleration (PGA) of 1.0g, the values are comparable
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to results from USGS National Seismic Hazard Mapping
Project, NSHMP-haz, code for a similar seismic source (shown
with dotted-dashed red lines). The values are slightly higher
above the PGA of 1.0g. The green dashed lines show the result
after appropriate conversion and using total sigma, considering
the effects of distance conversion on estimating sigma using
equation (16). We can observe a significant variation in the
hazard estimation when we convert the distances for this study
above a PGA of 1.0g. Hence, one must convert to appropriate
distances and project their uncertainties in the PSHA calcula-
tions to obtain accurate seismic hazards.

CONCLUSIONS

This study provides empirical relations among different dis-
tance metrics. The equations were developed with an emphasis
on stable continental regions. As a result, we have used
Somerville (2014) to describe the relationship between the rup-
ture area and the magnitude of the earthquake. We have dem-
onstrated that Ry can be effectively used to determine other
source-to-site distance metrics based on the property of the
fault. We determine the difference between the various dis-
tance metrics and Ryp. These differences can be described using
a gamma distribution. The functional forms for Ry, are
based on the magnitude and the dip angle of the fault (also
Zrog for Ryyp) for a random azimuth and hypocenter location.
Because the empirical equations provide a mean estimate of the
required distance measure for a given magnitude and the dip
angle of the fault, these equations may not be effective when
the location of the hypocenter or the azimuth of the fault is
known. A method to determine the sigma of the obtained
results has also been discussed. These equations are also helpful
in PSHA to reliably convert from Ry to other rupture-based
distances (Rryp) and point-based distances (Rgp; and Ryyp).
The equations for variability can be used to obtain the total
sigma for use in PSHA. To use these equations, we only need
basic information on the type of faulting, applicable source-
scaling equations, and the dip angle of the fault based on avail-
able geologic and tectonic information. If the dip angle is
unknown, we can assume a dip angle of 40° (Kaklamanos
et al., 2011) and apply appropriate sigma values.

Though these distance metrics are closer to each other at
large distances, there are significant differences between them
at smaller distances. Ignoring these differences will result in
inaccurate seismic hazard calculations closer to the fault.
With interest high in developing accurate GMMs for the
near-fault areas, we should also consider the effect of different
distance metrics in PSHA to obtain accurate seismic hazard of
the area. Unlike previous models developed by EPRI (2004)
and Scherbaum et al. (2004), which are only dependent on
magnitude, the proposed models also depend on the effect
of the dip angle for estimating different distance measures.
Scherbaum et al. (2004) model is also highly unstable for larger
magnitudes (greater than 7.5) and distances greater than
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100 km. We also consider the effect of hanging wall and foot-
wall for the conversion of Ryyyp. The empirical equations devel-
oped in this study are purely based on the geometry of the fault
and are not dependent on GMMs. Hence, the equations can be
applied directly in seismic hazard applications for any pre-
ferred GMMs, which avoids complex integrations involved
in Thompson and Worden (2018) and Tavakoli et al. (2018).
Using the distance conversion equations and their respective
uncertainties, we can better estimate the seismic hazard for
the region of interest.

DATA AND RESOURCES

Most of the analyses were performed using MATLAB R2018a release
available at https://www.mathworks.com/products/matlab.html. Plots
were made using MATLAB. The data for Thomson and Worden were
available at https:/github.com/usgs/ps2ff/tree/master/ps2ff/tables. The
U.S. Geological Survey (USGS) National Seismic Hazard mapping code
is available at https://code.usgs.gov/ghsc/nshmp/nshmp-haz. The sup-
plemental material includes the methods to derive the equations for
the distance metrics and the derivative of Pezeshk et al. (2011). All web-
sites were last accessed in July 2022.
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