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Abstract 

The results of seismic risk assessment of spatially distributed infrastructure systems are significantly influenced by 
spatial correlation of earthquake intensity measures (IM). The assumption of isotropy is a basis for most of the existing 
correlation models of earthquake IMs. In this study, the isotropy assumption of intra-event residuals of peak ground 
velocity (PGV) and peak ground displacement (PGD) is investigated by implementing a nonparametric statistical test. 
Using recorded IMs of 9 earthquakes, it is concluded that there is not sufficient evidence to support the assumption 
of isotropy in general, and the set of intra-event residuals of PGV and PGD should be considered as the realization of 
anisotropic random fields. Investigations show that the anisotropy properties of intra-event residuals of PGV and PGD 
are related to anisotropy properties of local soil characteristics indicated by average shear wave velocity of soil profile 
from the 30 m depth to the surface (Vs30). Finally, predictive models are proposed based on obtained results in order 
to simulate the correlated univariate random fields of PGV and PGD considering anisotropy.
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Introduction
In order to evaluate the seismic risk of spatially distrib-
uted systems, we need spatially correlated ground motion 
intensity measures (IMs). Previous research works show 
that neglecting the spatial correlation of IMs causes sig-
nificant miscalculations in seismic risk assessment of 
infrastructure systems or portfolio of buildings (Lee and 
Kiremidjian 2007; Park et al. 2007; Weatherill et al. 2015; 
Garakaninezhad and Bastami 2017). Park et  al. (2007) 
by considering two types of large and small portfolios of 
buildings, concluded that underestimating or neglecting 
spatial correlations of earthquake IMs result in overesti-
mating frequent losses and underestimating rare losses. 

In recent years, there has been a lot of interest in study-
ing the spatial correlations of IMs, and different mod-
els have been proposed in this regard that among them 
the models of Boore et al., (2003), Du and Wang (2013), 
Goda and Hong (2008), Goda and Atkinson (2009), 
Jayaram and Baker (2009), Wang and Du (2013), Wang 
and Takada (2005), Markhvida et al. (2018), Abbasnejad-
fard et al. (2020), Garakaninezhad et al. (2017), Garaka-
ninezhad and Bastami (2019), Zafarani et  al.(2021) can 
be mentioned. Boore et  al. (2003) proposed a spatial 
correlation function of peak ground acceleration (PGA) 
using the recorded PGA values of the 1994 Northridge 
earthquake. Using California and Chi-Chi ground motion 
records, K. Goda and Hong (2008) investigated the spa-
tial correlation of PGA and spectral accelerations (SAs) 
at three periods of 0.3, 1, and 3  s. The researchers con-
cluded in the mentioned study that the separation dis-
tance of interested locations and the ground motion 
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parameters are influential factors in the spatial correla-
tion of IMs’ intra-event residuals. Goda and Atkinson 
(2009) used the ground motion database of Japan and 
studied the spatial correlation of univariate random fields 
of intra-event residuals of different SAs with different 
periods. They proposed an exponential decay function of 
lag distance as the correlations model. Wang and Takada 
(2005), showed that the correlation range of PGV values 
of different earthquakes recorded in Japan and Taiwan is 
between 60 to 120 km. In addition, the spatial correlation 
characteristics of IMs’ intra-event residuals are found to 
be unaffected by various ground motion prediction equa-
tions (GMPE). Jayaram and Baker (2009) used geostatisti-
cal tools along with the records of seven earthquakes to 
assess the univariate spatial correlation of different SAs. 
The authors of the mentioned study also used the 1994 
Northridge and the 1999 Chi-Chi earthquakes to explore 
the isotropy of spatial correlations of IMs and concluded 
that the isotropy is a reasonable assumption for both 
earthquakes. Du and Wang (2013), using the recorded 
data of earthquakes in California, Taiwan, and Japan, 
investigated the effect of regional site condition on spa-
tial correlation of Arias intensity (Ia), cumulative absolute 
velocity (CAV), and SAs at different periods, and pro-
posed predictive models of spatial correlation range of 
the mentioned IMs. Wang and Du (2013) used the linear 
model of coregionalization (LMC) method to investigate 
the spatial cross-correlation of the vectors of IMs (PGA, 
PGV, and Ia as the first set and SAs at different periods as 
the second set of IMs). The results show that the spatial 
characteristics of the regional site condition significantly 
affect the spatial cross-correlation of IMs. To simulate 
the multivariate random field of SAs at different periods, 
Markhvida et  al. (2018) utilized principal component 
analysis (PCA) method and proposed a predictive model 
in this regard.

In all of the previously mentioned research works, 
the isotropy and stationarity assumptions are consid-
ered as the basis for spatial correlation investigations. 
Abbasnejadfard et  al. (2021) by utilizing different spa-
tial correlation models, including isotropic, anisotropic 
and uncorrelated models, depicted that “ignorance of 
anisotropy of spatial correlations of earthquake IMs 
causes unrealistic loss estimation and leads to inaccu-
rate resilience assessment of spatially distributed assets 
and systems”. Garakaninezhad and Bastami (2017) used 
the statistical test introduced by Bowman and Crujeiras 
(2013) to investigate the isotropy hypothesis of intra-
event residual of PGA and SAs and concluded that the 
hypothesis of isotropy is not valid in general. Besides, 
the properties of anisotropic spatial correlations of intra-
event residues of PGA and SAs are evaluated. In this con-
text, Abbasnejadfard et al. (2020) investigated the spatial 

correlations of the multivariate random field of intra-
event residuals of multiple earthquake IMs. The authors 
of the mentioned study considered two sets of IMs (PGA, 
PGV, and PGD as the first set, and SAs at three periods 
of 0.5, 1, and 2 s as the second set) and utilized the latent 
dimensions (LD) method proposed by Apanasovich and 
Genton (2010) to determine predictive models of multi-
variate random fields of IMs considering anisotropy.

Visual inference of the results of Abbasnejadfard et al., 
(2020) shows that the random field of intra-event residu-
als of PGV and PGD are anisotropic. Although the visual 
inference of spatial data is an acceptable approach, this 
method generally does not include the intrinsic uncer-
tainty of sample data and is open to interpretations and 
can be misleading (Weller et al. 2016). In this regard, the 
isotropy assumption of the PGV and PGD is examined 
in the current research work using a statistical test of 
isotropy. Moreover, the effect of regional site conditions 
and source-to-site distance of record stations on the spa-
tial correlation of the mentioned IMs are investigated. It 
should be noted that some of the infrastructure systems 
(specifically the burred networks) are influenced by only 
PGV or PGD. Although the results of Abbasnejadfard 
et  al., (2020) can be utilized to model multivariate ran-
dom fields of earthquake IMs, including PGV and PGD, 
it will be more helpful to use a simplified univariate ani-
sotropic model to estimate correlated IMs where a single 
IM is of interest. In this regard, predictive models that 
consider the anisotropy of spatial correlations are pro-
posed to simulate the univariate random field of intra-
event residual of PGV and PGD for practical use.

Methods
Selected ground motions
In this study, the recorded data of nine earthquakes listed 
in Table 1 are used to investigate the isotropy assumption 
of spatial correlations of intra-event residuals of PGV and 
PGD. It should be mentioned in this section that select-
ing earthquake data for use in spatial statistics investi-
gations is subject to various limitations, especially when 
anisotropy properties is of interest. Indeed, we require 
earthquake events recorded at a large number of record 
stations. Furthermore, the record stations should be 
appropriately distributed throughout the study region to 
comply with spatial statistics requirements. The reader is 
referred to Chiles and Delfiner (2012) for more informa-
tion. Most of the existing recorded earthquake events are 
unable to be chosen due to the mentioned restrictions.

The geological and seismological characteristics 
of the selected records are obtained from the Pacific 
Earthquake Engineering Research (PEER) ground 
motion database (PEER NGA Database 2019). The 
selected earthquakes have Mw greater than 5. Figure 1 
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shows the distribution of collected data in terms of 
magnitude and rupture distance. The rupture distance 
herein is defined as the closest distance between the 
interested location and rupture plane. The utilized 
intensity measures are the geometric averages of the 
two orthogonal horizontal components recorded in 
the record stations.

It is worth mentioning that the double-integration 
of pad-stripped accelerations may cause distortions in 
some of the PGD values acquired from the PEER-NGA 
database, making the estimation of PGD values inaccu-
rate in some situations. However, because the results 
derived from PGD values are consistent with those of 
PGA (Garakaninezhad and Bastami 2017) and PGV, 
the investigations of PGD values are also included in 
the current research work.

The Campbell and Bozorgnia (2014) (CB14) and 
Campbell and Bozorgnia (2008) (CB08) GMPEs are 
utilized to estimate the intra-event residuals of PGV 
and PGD, respectively. The selected earthquake events 
have been used in the development of CB14 GMPE 
and recorded in  the sufficient number of record sta-
tions so that they are proper to be used in the context 
of spatial statistics.

Modeling spatial correlations
Generally, ground motion IMs at distributed points 
constitute a two-dimensional random field that can be 
modeled as:

where Yij  is the median value of IM that is estimated 
by GMPE, δij is the small scale variation or residual and 
Yij is the IM at site i, given jth earthquake event that is 
composed of inter-event ( ηj ) and intra-event ( εij ) residu-
als (see Eq. (2)). ηj represents the event-to-event random 
variability of IM and consequently is constant for all sites 
in a single earthquake event j. The value of ηj is treated 
as a normal random variable with a mean of zero and a 
standard deviation of τ (Jayaram and Baker 2009; Wang 
and Du 2013). εij represents the site-to-site variability of 
IM. It is assumed that the vector of εj = (ε1j , ε2j , ..., εnj) 
for n sites follows a multivariate normal distribution with 
a mean of zero and a standard deviation of σ (Jayaram 
and Baker 2008).

According to the previous studies, the standard devi-
ation of intra-event residuals does not depend on the 
location of interested sites (Jayaram and Baker 2009; Du 
and Wang 2013; Garakaninezhad and Bastami 2017). 
Considering this assumption and substituting Eq. (2) 
into the Eq. (1), the normalized intra-event residual in 
an earthquake event j at site i can be calculated as:

In the current research work, geostatistical tools are 
used to investigate the spatial correlations of the set of 
normalized intra-event residuals of ε′ij at multiple sites. 
In this regard, the variogram function is defined as the 

(1)ln(Yij) = ln(Yij)+ δij ,

(2)δij = ηj + εij

(3)ε′ij =
εij

σ
=

ln(Yij)− ln(Yij)

σ
.

Table 1  List of earthquake events used in this study

Earthquake name Year Magnitude Location Number of selected 
records

Fault mechanism

Northridge 1994 6.7 California 146 Reverse

Chi-Chi 1999 7.6 Taiwan 391 Reverse-oblique

Tottori 2000 6.6 Japan 414 Strike-slip

Niigata 2004 6.6 Japan 530 Reverse

Parkfield 2004 6 California 135 Strike-slip

Anza 2005 5.2 California 152 Reverse-oblique

Chuetsu 2007 6.8 Japan 613 Reverse

Iwate 2008 6.9 Japan 367 Reverse

El Mayor-Cucapah 2010 7.2 Mexico 144 Strike-slip
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Fig. 1  Magnitude versus rupture distance of selected records
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variance of the difference of intra-event residuals of 
two points as presented in the Eq. (4) (Cressie 1993).

where ε′i and ε′k are the values of normalized intra-event 
residuals at two points i and k with coordinates of si and 
sk, respectively. The random field of intra-event residuals 
is assumed to be second-ordered stationary (Jayaram and 
Baker 2009), which implies that the random field’s mean 
value is constant at all points, and the covariance of ran-
dom field is only a function of the relative position vec-
tor (lag distance) of points (see Eqs. (5) and (6)) (Cressie 
1993).

Considering the assumption of second ordered-sta-
tionary, the Eq. (4) can be rewritten as:

where C(0) is the variance of the second-ordered station-
ary random field and γ (h) is known as semivariogram. In 
the case of normalized intra-event residuals, the m value 
of Eq. (5) equals zero, and C(0) in Eq. (7) equals to 1. 
Consequently, the Eq. (7) can be modified in the follow-
ing form:

In order to define the correlated values of ε′ij in n loca-
tions, a n× n correlation matrix should be defined as:

where ρ(hik) is the correlation coefficient (correlogram in 
terms of geostatistics) between values in points i and k 
which has the lag distance of hik . The correlogram can be 
calculated as (Chilès and Delfiner 2012):

Substituting the Eq. (7) into the Eq. (10), the correlo-
gram can be obtained as:

For a set of recorded data, the empirical semivario-
gram for lag vector (h) can be calculated as (Chilès and 
Delfiner 2012):

(4)2γ (si, sk) = var[ε′i − ε′k ],

(5)E[ε′i] = m, for all si ∈ R2

(6)
cov[ε′i, ε

′
k ] = E[(ε′i −m)(ε′k −m)] = C(h),

h = si − sk , for all si and sk ∈ R2.

(7)γ (h) = C(0)− C(h),

(8)γ (h) = 1− C(h).

(9)R =







ρ(0) · · · ρ(h1n)
...

. . .
...

ρ(hn1) · · · ρ(hnn)






,

(10)ρ(h) = C(h)/C(0).

(11)ρ(h) = 1− γ (h).

where Nh represents all pairs of points that have the rela-
tive separation vector of h. A random field is called iso-
tropic if its variogram is only a function of the norm of 
lag vector ( h = ||h|| ) and is independent of the direction 
of the lag vector. In the case of  an isotropic random field, 
the Eq. (12) can be represented as:

which Nh is the number of all pairs of points that have 
the relative separation distance of h. In order to minimize 
the unfavorable effects of outliers on estimating the vari-
ogram, Cressie and Hawkins (1980) introduced a robust 
estimator of variogram as provided in the Eq. (14). This 
estimator is utilized in the current study.

Different valid semivariogram models can be addressed 
in the literature to fit a set of empirical semivariogram 
values. A valid semivariogram model is a model that 
leads us to a positive-definite covariance matrix. The 
exponential model ((15)) is shown to be the best fitting 
model for empirical semivariograms of intra-event resid-
uals of ground motion IMs.

In the Eq. (15), a is the sill of the semivariogram model 
and shows the variance of data, b is the range of the semi-
variogram model. The ε′(sβ) and ε′(sα) are considered 
uncorrelated beyond the range value. For the random 
field of normalized intra-event residuals, the data vari-
ance and consequently the sill of semivariogram equal to 
1 and correlogram can be obtained as:

Isotropy of the semivariograms of the intra‑event residuals
If the semivariogram of a second-ordered stationary ran-
dom field does not vary with the direction, the random 
field is said isotropic (Chilès and Delfiner 2012). In con-
trast, when the semivariogram is the function of both 
direction and norm of lag distance h, the random field 

(12)γ̂ (h) =
1

2Nh

∑

sβ−sα∈h

[ε′(sβ)− ε′(sα)]
2,

(13)γ̂ (h) =
1

2Nh

∑

sβ−sα∈h

[ε′(sβ)− ε′(sα)]
2,

(14)γ̂ (h) =
1

2(0.457+ 0.494/Nh)





1

Nh

�

sβ−sα∈h

[ε′(sβ)− ε′(sα)]
1
2





4

.

(15)γ (h) = a

[

1− exp

(

−
3h

b

)]

.

(16)ρ(h) = exp

(

−
3h

b

)

.
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is anisotropic. Geometric and zonal anisotropy are two 
typical forms of anisotropy (Chilès and Delfiner 2012). 
In geometric anisotropy, the directional semivariograms 
in different directions have the same sill value while their 
ranges vary with direction. The ratio of maximum range 
to the minimum range in different directions is called 
anisotropy ratio (AR), and the orientation of the maxi-
mum range of the semivariogram is called anisotropy 
angle (AA). In the cases where both the sill and range of 
the semivariogram change by direction, the random field 
is called zonal anisotropic.

Generally, test methods of isotropy can be classi-
fied as graphical methods and statistical hypothesis test 
methods. Graphical methods are based on obtaining 
directional semivariograms in different directions and 
comparing their characteristic. This method is used by 
Jayaram and Baker (2009) to examine the assumption of 
isotropy of intra-event residuals of SAs using the 1994 
Northridge and the 1999 Chi-Chi earthquakes, and it 
is concluded that the semivariograms of selected earth-
quakes are isotropic. On the other hand, (Abbasnejad-
fard et al. 2020) utilized recorded data of ten earthquakes 
and presented the two-dimensional covariance and 
cross-covariance functions of different earthquake IMs 
(including PGV and PGD). Visually, it can be concluded 
from the findings of the mentioned study that the spatial 
correlations of earthquake IMs are anisotropic in some 
cases. Although the graphical investigation of isotropy 
is an acceptable approach (Goovaerts 1997), because of 
the visual constitute of this method, it generally does 
not include the intrinsic uncertainty of sample data and 
is open to interpretations and can be misleading (Weller 
et  al. 2016). To avoid these problems, methods that are 
based on the statistical test of the hypothesis have been 
developed. These methods are classified as parametric 
and nonparametric tests that are reviewed and discussed 
in Weller et  al. (2016). Based on the recommendations 
of Weller et  al. (2016), the nonparametric test, which is 
introduced by Bowman and Crujeiras (2013), is utilized 
in the current study. This method compares the vari-
ograms which are estimated incorporating distance and 
angle ( ̂γ ∗

1  ) and the variograms which are estimated incor-
porating distance only ( ̂γ ∗

0  ) in order to probe the assump-
tion of the isotropy. Considering a vector of mean values 
of distance bins (b) over a two-dimensional space (h, θ) , 
estimated values of variograms can be obtained using the 
B-splines method introduced by Eilers and Marx, (1996) 
(see Bowman and Crujeiras (2013) for more details). 
The variograms values at bin means of b derived from 
this smoothing technique are demonstrated as γ̂ ∗

1 = S1b 
and γ̂ ∗

0 = S0b where S1 is smoothing matrix consider-
ing the variability with both distance and angle and S0 
is smoothing matrix considering the variability with 

distance only. The difference between two smoothed var-
iograms,γ̂ ∗

1 − γ̂ ∗
0 = (S1 − S0)b , is a zero-mean variable 

under the assumption of isotropy. The test statistic for 
assessing the isotropy is:

where V0 is covariance matrix for the isotropic case and 
S = (S1 − S0) . Smoothed matrices imply that the test sta-
tistic (17) does not follow a simple χ2 distribution. How-
ever, single-shifted and scaled χ2 distribution is a good 
approximation of test statistics (Bowman and Azzalini 
1997), and the p-value of interest can be approximated 
accurately. The p-value is the measure that quantifies 
the strength of the evidence against the null hypothesis 
of isotropy. So the case of p < 0.05 provides sufficient evi-
dence that the null hypothesis is not correct. By imple-
menting the abovementioned nonparametric test of 
isotropy, Garakaninezhad and Bastami (2017) concluded 
that the hypothesis of isotropy is not valid in general for 
the intra-event residuals of PGA. and SAs.

The isotropy of intra-event residuals of PGV and PGD 
is investigated in the following sections using the isot-
ropy test of Bowman and Crujeiras (2013).

Results and discussion
Investigating the isotropy of intra‑event residuals of PGV
In the presented study, the package sm (Bowman and 
Azzalini 2014) for the R software (R Core Team 2014) is 
used to examine the isotropy assumption of intra-event 
residuals of the PGV that recorded in earthquakes pre-
sented in Table  1. The p-values of the isotropy test are 
less than 0.001 except for Northridge and Parkfield earth-
quakes which, are 0.307 and 0.028, respectively. It can 
be concluded from these values that the null hypoth-
esis (isotropy of the intra-event residuals of the PGV) is 
rejected at a significance level of 1% for all cases except 
for Northridge and Parkfield earthquakes.

The smoothed variogram of residuals of PGV in the 
fourth-root scale (concerning the distance and angle) for 
the Anza earthquake is shown in Fig. 2. In this figure, the 
distance can be measured as the length between each 
point and the center point in centimeter, and the angle 
can be measured as the azimuth of points’ radius from 
the center point. The relative distance between sampling 
points is a real positive number, and consequently, the 
smoothed variogram should be presented over (0, π], but 
because of simplicity, the smoothed variogram is showed 
over (0, 2π] by reflection (Bowman and Crujeiras 2013). 
The variable values of smoothed variogram relative to the 
angle near the origin represent the anisotropy. Contours 
in this figure represent the distance between the vario-
gram as a function of distance only and the variogram as 

(17)bTST V̂−1
0 Sb,
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a function of both angle and distance in units of standard 
error (see Bowman and Crujeiras 2013 for more details). 
The smoothed variograms of residuals of PGV at record 
stations of other earthquakes are shown in Fig. 3.

A predictive model for intra‑event residuals of PGV 
considering anisotropy
According to the previous section, it can be inferred 
that the set of intra-event residuals of PGV in an earth-
quake event should be considered as a realization of an 
anisotropic random field, which means that the correla-
tion between the residuals values of points s and s + h is 
a function of both norm and direction of vector h. The 
main objective of this section is to introduce a predic-
tive model of intra-event residuals of PGV considering 
anisotropy.

Anisotropy ratio (AR) (the ratio of widest to the short-
est range of semivariograms in different directions), ani-
sotropy angle (AA) (orientation of the widest range of 
semivariograms), and the value of the widest range of 
semivariograms (bmax) are the main parameters that are 
needed to model an anisotropic random field. In this 
study, the directional variogram method is used to deter-
mine the characteristics of variograms in different direc-
tions and obtain AR, AA, and bmax of selected earthquake 
events.

Directional variogram can be calculated based on Eqs. 
(13) or (14) except that the data which falls within the 
azimuth limits of interest will be considered in the cal-
culation of variograms. The azimuth of the direction of 
interest, azimuth tolerance, and sampling bin separation 
are the main parameters to determine the directional 
variogram. In this study, azimuth directions of 0°, 45°, 

90°, 135°, and azimuth tolerance of 45° are considered. 
Furthermore, a bin separation distance of 6 ~ 8  km is 
used. Figure 4 shows experimental and fitted directional 
semivariogram of residuals of PGV for the 2008 Iwate, 
2004 Niigata, and 2004 Parkfield earthquakes. The expo-
nential semivariogram model is fitted to the experimen-
tal data. This model is the most suitable model for data 
and is consistent with previous studies. Various methods 
are recommended to fit curves, such as the least square 
method, the weighted least square method, or the man-
ual fitting method. The choice of each of these methods 
depends on the configuration of the available data. If 
there is enough experimental data at different separation 
lags (h), and semivariogram data has no outliers, the least 
square method is the best suitable method. Generally, 
the values of semivariograms at short separation lags are 
obtained based on the limited number of data and may 
have considerable deviations. In the case which there is 
not enough experimental data at different separation lags 
(h) or semivariogram data has outliers, assigning equal 
weights to the semivariogram data at all separation lags 
will result in an inaccurate fitted model, and consequently 
using the weighted least square method is recommended 
in this case (Jayaram and Baker 2009). In this study, the 
value of N (j)/

(

h(j)
)2 is used as weighting factors for the 

semivariogram value of separation bin j where N (j) is the 
count of data pairs and h(j) is the separation distance cor-
responding to bin j.

As shown in Fig. 4, no semivariogram model can be fit-
ted to experimental directional semivariogram values of 
residuals of PGV at Parkfield earthquake due to the large 
scatter. This mode is also observed in the Northridge 
earthquake and implies that the data are uncorrelated or 
the correlation range is very short.

A summary of ranges of directional semivariograms 
of intra-event residuals of PGV of selected earthquakes 
is presented in the rose diagrams of Fig.  5. Further-
more, this figure shows the rose diagrams of the ranges 
of directional semivariograms of the normalized Vs30 
values at the record stations of these earthquakes. The 
term “normalized Vs30” refers to scaling the set of Vs30 
values so that the scaled values have the zero mean and 
unit standard deviation. As shown in Fig.  5 no diagram 
is presented for the PGV and the normalized Vs30 values 
of Parkfield and Northridge earthquakes because no valid 
directional semivariogram function can be fitted to data 
of these earthquakes. Figure 5 also presents the AR and 
bmax of the PGV residuals and normalized Vs30 values of 
each earthquake event.

According to Fig. 5, almost for all cases, the AA of the 
residuals of PGV and normalized Vs30 values are con-
sistent with each other. Thus, it can be inferred that if a 
directional correlation exists between the Vs30 values, 

Fig. 2  Smoothed variogram of intra-event residuals of PGV at record 
stations of Anza Earthquake
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there would be a directional correlation between the 
intra-event residuals of PGV. In addition, the AA of the 
random field of the PGV residuals would be compatible 
with the AA of the random field of the normalized Vs30 
values.

Figure  6 depicts the AR of residuals of PGV (ARPGV) 
versus AR of the normalized Vs30 values (ARVs30) of dif-
ferent earthquakes. As shown in this figure, there is a 
positive correlation between the ARPGV and ARVs30 with 
a correlation coefficient of 0.86. The linear relationship 

between ARPGV and ARVs30 is obtained by linear regres-
sion analysis as:

Investigations show that bmax has a good correlation 
with the average source-to-site distance of record sta-
tions. Various source-to-site distance definitions can be 
addressed in literature like epicentral distance (REPI), 
hypocentral distance (RHYP), Joiner-Boor distance (R.J.B.) 

(18)ARPGV = 0.456ARVs30 + 1.091 (R2 = 0.74)

Fig. 3  Smoothed variogram of residuals of PGV at record stations of different earthquakes; a Chi-Chi, b Chuetsu, c El Mayor, d Iwate, e Niigata, f 
Northridge, g Parkfield, h Tottori



Page 8 of 16Abbasnejadfard et al. Geoenviron Disasters            (2021) 8:24 

and minimum distance from recording site to rupture 
area (RRUP). Moreover, because of the spatial essence 
of the problem, different definitions of average value 
can be used, like arithmetic mean ((19)), geometric 
mean ((20)), harmonic mean ((21)), and quadratic mean 

((22)). The use of harmonic and quadratic mean values 
can represent the pattern of locations of points. Moreo-
ver, the harmonic mean can reduce the effect of outlier 
points on the total mean value.

Fig. 4  Experimental and fitted directional semivariogram of residuals of PGV at recording stations of 2008 Iwate, 2004 Niigata and 2004 Parkfield 
earthquakes
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Fig. 5  Rose diagrams of ranges of the directional semivariograms of the residuals of the PGV (solid lines) and normalized Vs30 (dashed lines) values 
at record stations of different earthquakes
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Table 2 presents the coefficient of determination (R2) 
and the p-value of F-test significance of linear regres-
sion model between bmax of intra-event residuals of 
PGV as the dependent variable and different definitions 
of the average source-to-site distance of record stations 
as the independent variable.

As shown in this table, the linear regression based on 
the harmonic mean of RRUP ( Rhr

RUP  ) fits the data better 
than other definitions of average distances. The rela-
tionship between bmax-PGV and Rhr

RUP  is shown in Fig. 7 
and Eq. (23). The regression model between bmax-PGV 
and Rhr

RUP  has a coefficient of determination of 0.57 and 
is statistically significant in the significance level of 5%.

In Eq. (23), bmax-PGV is the maximum range of direc-
tional semivariograms of intra-event residuals of PGV 
and Rhr

RUP  is the harmonic mean of RRUP of the set of 
interesting points.

Investigating the isotropy of intra‑event residuals of PGD
The assumption of isotropy of intra-event residuals of 
PGD is tested in this section. The CB08 GMPE is used 
to calculate the residuals of PGD. Since some earth-
quakes considered in the present study are not used 
in developing the CB08 GMPE, the residuals of PGD 
of these earthquakes have trend against the predictive 
parameters like Rrup and Vs30. This issue is also men-
tioned in Du and Wang (2013) and Wang and Du (2013) 
for other intensity measures. Wang and Du (2013) used 
the following equation to remove the trend in residuals.

(22)xqu =

√

√

√

√

1

n

n
∑

i=1

x2i

(23)bmax−PGV = 1.038Rhr
RUP + 44.781 (R2 = 0.57)

(24)εcorrij = εij − [ϕ1 + ϕ2 ln(Rrup)+ ln(VS30)]
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Fig. 6  AR of the residuals of the PGV versus AR of the normalized 
values of the Vs30 for different earthquakes

Table 2  The relationship between bmax-PGV and the different definition of average source-to-site distance

Bold values represent the mean value that fits well with the available data

Source-to-Site
Distance Definition

Arithmetic
Mean

Geometric
Mean

Harmonic
Mean

Quadratic
Mean

RRup R2 0.53 0.53 0.57 0.52

(p-value) (0.061) (0.061) (0.048) (0.067)

RJB R2 0.53 0.05 0.00 0.52

(p-value) (0.064) (0.642) (0.990) (0.068)

RHYP R2 0.33 0.29 0.22 0.30

(p-value) (0.180) (0.201) (0.281) (0.172)
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In Eq. (24), εcorrij  represents the detrended residual 
and ϕ1,ϕ2 and ϕ3 are coefficients that are obtained for 
the residuals of each event. This method is used in the 
present study for detrending the residuals of PGD. Fig-
ure 8 shows the residuals of PGD ( εPGD ), trend line, and 
detrended residuals ( εcorrPGD ) versus Rrup. Based on the 
reasons mentioned above, the detrended residuals are 
normalized to have zero mean and unit standard devia-
tion. The Bowman and Crujeiras (2013) test of isotropy 
is implemented on the normalized detrended intra-event 
residuals of the PGD ( εcorrPGD ) that resulted in p-values 
less than 0.01 for all earthquake events except Anza and 
Northridge earthquakes, which have the p-value of 0.195 
and 0.064, respectively. Based on these values, there is 
statistically significant evidence to reject the null hypoth-
esis of isotropy of intra-event residuals of PGD for all 
earthquake events except Anza and Northridge earth-
quakes. Figure  9 shows the smoothed estimate of semi-
variogram in the forth-root scale for εcorrPGD of Chuetsu, 
Niigata, Tottori, and Northridge earthquakes concern-
ing distance and angle. The direction of the slower rate 
of increase of semivariogram (AA) can be detected by the 
contours near the center point of graphs.

The directional semivariogram of εcorrPGD for selected 
earthquakes is obtained based on the method mentioned 
in the previous sections, and the rose diagrams of the 
normalized ranges of the directional semivariograms 
are presented in Fig.  10. Scattering in the experimental 

directional semivariograms of εcorrPGD for Parkfield and 
Northridge earthquakes makes it impossible to fit a reli-
able semivariograms model to these data. As shown in 
Fig. 10 the ranges of the directional semivariograms are 
not equal in different directions, and consequently, the 
assumption of isotropy can be rejected for the earth-
quakes presented in this figure. It should be noted that 
although the p-value of the statistical test of isotropy for 
the Anza earthquake is greater than 0.05, which means 
the hypothesis of isotropy of εcorrPGD is not rejected in sig-
nificance level of 5%, but based on the results of direc-
tional semivariograms, the εcorrPGD of Anza earthquakes 
cannot be considered as a realization of an isotropic ran-
dom field.

Predictive model for intra‑event residual of PGD 
considering anisotropy
The process used to develop a predictive model of intra-
event residuals of PGV considering anisotropy is used in 
this section to develop a predictive model of intra-event 
residuals of PGD. The directional semivariogram method 
is used, and the ranges of directional semivariograms of 
εcorrPGD of selected earthquakes are obtained. Figure 10 pre-
sents a summary of characteristics of directional semi-
variograms of εcorrPGD and normalized Vs30 values, including 
anisotropy angle, anisotropy ratio, and maximum range 
of directional semivariograms. As for intra-event residu-
als of PGV and normalized Vs30, no reliable directional 
semivariograms can be fitted on the experimental direc-
tional semivariograms of εcorrPGD for Northridge and Park-
field earthquakes.

As shown in Fig. 10 the AA of εcorrPGD is in good agree-
ment with the AA of normalized Vs30 values. Moreover, 
given a low correlation range of the normalized Vs30 val-
ues of the Northridge and Parkfield record stations, no 
correlation range is reported for the εcorrPGD of these two 
earthquakes.

Figure 11 depicts the plot of AR of εcorrPGD (ARPGD) ver-
sus AR of the normalized Vs30 (ARVs30) of different earth-
quakes. According to this figure, a positive correlation 
can be identified between ARPGD and ARVs30 with a corre-
lation coefficient of 0.96. The linear relationship between 
ARPGV and ARVs30 obtained by linear regression analysis 
as:

The maximum range of εcorrPGD(bmax-PGD) of different 
earthquake events have a mean value of 118  km and 
standard deviation of 23 km and are not correlated with 
the average source-to-site distance of recorded points 
(despite what is discussed in previous sections for 

(25)ARPGD = 0.945ARVs30 + 0.293 (R2 = 0.91)
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mean of RRUP of record stations of different earthquakes
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εPGV  ). More investigations about the anisotropy prop-
erties of random fields of earthquake IMs need more 
ground motion data recorded in sufficient and regular 
spatial locations. At the current level of available data, 
the authors propose to consider the bmax-PGD as a ran-
dom variable with a mean value of 118 km and a stand-
ard deviation of 23 km.

The procedure for using the proposed predictive models
In this section, a step-by-step procedure for using the 
proposed predictive models for PGV and PGD is pre-
sented. To estimate the spatially correlated values of PGV 
or PGD in an earthquake event i and n locations, the fol-
lowing steps can be utilized:

1.	 Obtain the median value of intensity measure (PGV 
or PGD) at n points of interest using GMPE. Accord-
ing to the Wang and Du (2013), “very similar results 

Fig. 8  Original and detrended residuals of PGD of selected earthquakes calculated by CB08 GMPE
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can be derived by using different GMPEs, indicating 
that spatial correlations are not dependent on spe-
cific GMPEs”.

2.	 Obtain the spatial correlation properties of Vs30 val-
ues in the site of interest. If it is possible to fit a reli-
able directional semivariogram model of Vs30 values, 
go to the next step. Otherwise, suppose that the cor-
relation range of IM values is approximately 0  km 
and simulate the intra-event residuals (εij) using a 
univariate normal distribution model with zero mean 
and standard deviation of σ and then go to step 8. The 
value of σ is determined in respective GMPE (Camp-
bell and Bozorgnia (2014) for PGV and Campbell and 
Bozorgnia (2008) for PGD).

3.	 In the case of reliable directional semivariogram 
models for Vs30 values, find the azimuth of direction 
with the maximum range of correlation (AAVs30) and 
calculate the anisotropy ratio of directional semivari-
ograms (ARVs30). The anisotropy angle of IM (AA) is 
aligned with the AAVs30.

4.	 Calculate the anisotropy ratio (AR) of IM using the 
ARVs30 and Eqs. (18) and (25) for PGV and PGD, 
respectively,

5.	 Calculate the harmonic mean of RRUP of interested 
points and determine the maximum range (bmax-

PGV) of PGV using the Eq. (23). The maximum range 
of PGD (bmax-PGD) can be considered as a random 
variable with a mean value of 118 km and a standard 
deviation of 23 km.

6.	 Construct an n × n correlation matrix R = [ρ(hik)] 
based on previously determined anisotropy param-
eters where ρ(hik) is the correlogram between values 
in points i and k.

7.	 Simulate the intra-event residuals (εij) using the cor-
relation matrix R and standard deviation value of σ, 
determined by respective GMPE.

8.	 Simulate the inter-event residuals (ηj) using a univari-
ate normal distribution with zero mean and standard 
deviation of τ, determined in respective GMPE.

9.	 Combine the median values of intensity measure 
(determined in step 1), intra-event residuals (deter-
mined in step 2 or 7 depending on the case), and 
inter-event residuals (determined in step 8) using 
Eqs. (1) and (2) to obtain spatially correlated values of 
intensity measures at n points.

Conclusion
A nonparametric test of isotropy has been implemented 
to examine the hypothesis of isotropy of spatial correla-
tions of PGV and PGD intra-event residuals. Using more 
than 2800 recorded ground motions from 9 earthquakes, 
it has been concluded that there is no sufficient evidence 
to support the assumption of isotropy. Consequently, the 
set of intra-event residuals of PGV and PGD should be 
considered as realizations of anisotropic random fields.

The Campbell and Bozorgnia (2014) and Campbell and 
Bozorgnia (2008) GMPEs were used for computing the 
intra-event residuals of PGV and PGD, respectively. The 
obtained residuals were normalized to have unit standard 
deviation and zero mean. The directional semivariogram 
method was employed in four azimuths of 0°, 45°, 90°, 
and 135° to quantify the anisotropic correlation proper-
ties of normalized intra-event residuals of PGV, PGD, 
and normalized Vs30 values as an indicator of regional site 
condition.

It is shown that the anisotropy properties of normalized 
intra-event residuals of intensity measures are consist-
ent with the anisotropy properties of regional site condi-
tions. In the case of the heterogeneous site where there 
is no spatial correlation of regional site conditions, intra-
event residuals of the IMs can be supposed uncorrelated. 

Fig. 9  Smoothed variogram of residuals of PGD at record stations of Chuetsu (a), Tottori (b), Northridge (c) earthquakes
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Fig. 10  Rose diagrams of normalized ranges of the directional semivariograms of the residuals of the PGD (solid lines) and normalized Vs30 (dashed 
lines) values at record stations of different earthquakes
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In contrast, in the case of the homogenous site, which 
implies more correlation range of Vs30 values, the aniso-
tropic angle of IMs is aligned with the anisotropic angle 
of normalized Vs30 values, and the anisotropic ratio of 
IMs have good linear correlations with the anisotropic 
ratio of normalized Vs30 values. Based on the conducted 
investigations, the maximum range of directional semi-
variograms of normalized intra-event residuals of PGV 
has a good correlation with the average source-to-site 
distance of interested points. A linear regression model 
is proposed to predict the maximum range of normalized 
intra-event residuals of PGV as a function of the har-
monic mean of the source-to-site distance of interested 
locations. However, it is identified that the effect of inde-
pendent factors like source-to-site distance, earthquake 
magnitude, and the focal mechanism is not significant 
on the maximum range of directional semivariograms of 
normalized intra-event residuals of PGD. Consequently, 
it is proposed that the maximum range of intra-event 
residuals of PGD is considered as a random variable 
with a mean value of 118 km and a standard deviation of 
23 km. By determining the anisotropic angle, anisotropic 
ratio, and maximum correlation range, predictive models 
are proposed to simulate the correlated values of intra-
event residuals of PGV and PGD considering anisotropy.

Finally, it should be noted that other predictive param-
eters, such as earthquake event magnitude or fault style, 
may have effects on the anisotropic spatial correlation 

properties of PGV and PGD; however, due to a lack of 
available earthquake data that can be used in the spatial 
statistics context, we are unable to establish a reliable 
relationship between the mentioned parameters. Using 
newly recorded data and earthquake simulation methods 
will aid in determining the relationship between predic-
tive parameters and anisotropic properties of earthquake 
IMs.
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