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ABSTRACT 
One of the most commonly used parameters to describe seismic attenuation is the high-frequency spectral 
decay parameter Kappa (𝜅 ), yet the physics behind it remain little understood. A better understanding of 
potential factors that lead to large scatter in estimated values of 𝜅  constitutes a critical need for ground-
motion modeling and seismic hazard assessment at large. Most research efforts to date have focused on 
studying the site-to-site and model-to-model variability of 𝜅, but the uncertainties in individual 𝜅  estima-
tions associated with different events at a selected site (which we refer to as the within-station variability 
of 𝜅 ) remain uncharacterized. As a direct corollary, obtaining robust estimates of the site-specific compo-
nent 𝜅 , and their corresponding interpretation become a challenge. To understand the sources of the vari-
ability observed in 𝜅  (and 𝜅 ) at a single site, we select 10 Japanese Kiban–Kyoshin network (KiK-net) 
downhole arrays and investigate the systematic contributions from ground-motion directionality. We ob-
serve that 𝜅  estimated from a single horizontal component is orientation dependent. In addition, the influ-
ence of ground-motion directionality is a function of local site conditions. We propose an orientation-inde-
pendent 𝜅 -value, which is not affected either by ground-motion directionality or by the events’ azimuths. 
In addition, we find that focal depth of events used in 𝜅  calculations affects the estimation of the regional 
attenuation component 𝜅 , which, in turn, influences the within-station variability in the 𝜅  model. 
 
KEY POINTS 

• We study the within-station variability of kappa and the effects of record directionality and seismicity. 
• The within-station variability of site-specific kappa is affected by ground-motion orientation and focal 

depth. 
• Using the appropriate dataset and suggested orientation-independent kappa can help control kappa uncer-

tainty. 
 
Supplemental Material 

 
 
INTRODUCTION 
The characterization of attenuation at various 
scales (from regional to local) constitutes a crit-
ical component in the prediction of ground mo-
tions, site response analysis, and seismic hazard 
assessments. Thus, understanding ground-mo-
tion characteristics at high frequencies has be-
come a research focus in recent studies (e.g., 
Mayor et al., 2018; Parolai, 2018). The high-fre-
quency decay parameter 𝜅 was proposed by An-
derson and Hough (1984) to characterize linear 
decay of the shear waves (𝑆 wave) Fourier am-
plitude spectrum (FAS) in log–linear scale in the 
high-frequency range. In general, individual es-
timations of 𝜅 values, hereafter referred to as 𝜅 , 

are decomposed into a site-specific component 
𝜅 , a generalized distance-dependency compo-
nent �̃� , and a source component 𝜅  (Ktenidou 
et al., 2014). 

The site-specific component 𝜅  captures the 
attenuation taking place directly below the site 
of interest (Ktenidou et al., 2013), but further 
investigation is required to define the depth of 
the geologic profile that contributes toward the 
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𝜅  resulting at the ground surface. Ground-mo-
tion models (GMMs) and their adjustments from 
host to target regions have used estimates of 𝜅  
to characterize the effects of high-frequency at-
tenuation (e.g., Campbell, 2003; Van Houtte 
et al., 2011; Ktenidou et al., 2014). Moreover, 
knowledge of 𝜅  benefits the identification of 
epistemic uncertainties to remove the ergodic 
assumption in site-specific probabilistic seismic 
hazard analysis (PSHA), which is crucial for the 
seismic design of critical facilities such as nu-
clear power plants (Rodriguez-Marek et al., 
2014; Cabas and Rodriguez-Marek, 2017). Deci-
phering the physics behind empirical estimates 
of 𝜅  requires understanding the site’s contribu-
tion to the overall attenuation. Decoupling local 
and regional attenuation mechanisms will facil-
itate the development of physics-based ground-
motion simulations and nonergodic ground-mo-
tion prediction equations. 

Previous studies have investigated the corre-
lation between 𝜅  and other site parameters 
such as the time-averaged shearwave velocity of 
the top 30 m subsoil (𝑉 ) (e.g., Van Houtte 
et al., 2011, 2014; Ktenidou et al., 2015; Cabas 
et al., 2017), but large uncertainties in 𝜅  esti-
mations (which also affect the computation of 
𝜅 ) impose difficulties to unveil the physical 
meaning of 𝜅  (Perron et al., 2017). An under-
standing of the sources of variability affecting 𝜅  
and 𝜅  constitutes a crucial step toward robust 
and sustainable applications of 𝜅  in earthquake 
engineering practice. 

The variability of 𝜅 has been studied through 
different lenses in the last decade, from model-
to-model variability (e.g., Ktenidou et al., 2014; 
Edwards et al., 2015; Perron et al., 2017), user-
to-user variability (e.g., Douglas et al. 2010; Ed-
wards et al., 2015), to site-to-site variability 
(e.g., Van Houtte et al. 2011, 2014; Cabas et al. 
2017). Some have investigated the variability in 
𝜅  and 𝜅  estimates when utilizing a single 
methodology, but incorporating alternative as-
sumptions throughout the implementation (e.g., 
Ktenidou et al., 2013). Other efforts have 

focused on understanding the correlation (or 
lack thereof) among different methods to obtain 
𝜅  (e.g., Ktenidou et al., 2014; Perron et al., 
2017). Whereas the variability of 𝜅  as a func-
tion of site conditions have been extensively 
studied for multiple regions including Japan, 
Greece, France, and the United States (e.g., 
Douglas et al., 2010; Laurendeau et al., 2013; 
Ktenidou et al., 2015; Cabas et al., 2017; Parolai, 
2018). 

The objective of this study is to characterize 
the within-station variability of 𝜅 . Ten stations 
from the Japanese database, KiK-net, are inves-
tigated. Their corresponding National Earth-
quake Hazards Reduction Program (NEHRP) 
site class classification varies from B (rock) to D 
(stiff soils). First, we introduce a framework to 
evaluate aleatory variability and epistemic un-
certainty in 𝜅  and 𝜅 . Then, we focus on indi-
vidual values of 𝜅  calculated following the tra-
ditional approach by Anderson and Hough 
(1984) at the 10 study sites, and investigate how 
ground-motion directionality affects the estima-
tion of 𝜅 . Finally, we explore the influence of 
earthquake type and focal depth on the esti-
mates of 𝜅  and 𝜅 . Within one selected station, 
we find that the values of 𝜅  and 𝜅  are affected 
by repeatable contributions from the path, with 
these path effects being more significant for 𝜅 . 
 
UNCERTAINTY AND VARIABILITY IN KAPPA 
Empirical data from multiple seismic events and 
recording stations are used to construct GMMs 
that can describe the distribution of ground mo-
tion in terms of a median and a logarithmic 
standard deviation 𝜎 (Al Atik et al., 2010). The 
aleatory variability in the ground motion, repre-
sented by 𝜎 has proven to exert a strong influ-
ence on hazard estimates, especially at low an-
nual exceedance frequencies (Bommer and 
Abrahamson, 2006; Al Atik et al., 2010; Rodri-
guez-Marek et al., 2014). Defensible reductions 
in σ are desirable not only because of their ulti-
mate effect on PSHA, but also because they re-
sult from a clear separation of aleatory 



3 

variability (which is theoretically irreducible) 
and epistemic uncertainty (which can be re-
duced with the collection of new data; Rodri-
guez-Marek et al., 2014). In pursuit of defensible 
reductions in σ, repeatable source, path, and/or 
site contributions can be identified at a single 
site and invoke the nonergodic assumption. The 
ergodic assumption implies that the temporal 
distribution of ground motions at a given site is 
equivalent to the spatial distribution of ground 
motions across many sites (given the same 
causal parameters; Kuehn et al., 2019). 

In this study, we focus on identifying repeata-
ble site and path contributions to the observed 
variability in 𝜅 , 𝜅 , and 𝜅 . Drawing parallels to 
the residual analysis process in ground-motion 
modeling, this work aims to provide a character-
ization of the within-station variability in 𝜅  and 
𝜅  estimates, which can further support the de-
velopment of the site-term parameterization in 
nonergodic GMMs. Baltay et al. (2017) provided 
evidence of a correlation between 𝜅  values and 
the average site residual, using small-magnitude 
ground-motion data recorded at 10 stations from 
the ANZA network. Estimates of 𝜅  could inform 
predictions of station-specific site residuals in 
partially nonergodic GMMs “to improve our 
physical understanding of the site term at 

specific stations” (Baltay et al., 2017, p. 1767).We 
select a subset of recordings at selected stations 
from the KiK-net database to identify and quan-
tify systematic, repeatable contributions to 𝜅 , 
𝜅 , and 𝜅  estimates; hereafter referred to as 
within-station variability in 𝜅. 

Approaches to estimate 𝜅  can be classified 
into two types, namely direct estimates and em-
pirical estimates from statistical regressions. 
Factors that introduce variability in 𝜅  esti-
mates for each type are grouped into six catego-
ries with considerations of model selections, da-
tabase choices, and record processing protocols 
as shown in Figure 1. The latter provides a 
framework to investigate epistemic uncertain-
ties in 𝜅  estimates for the linear elastic regime 
only. Further research is required should soil 
nonlinearity be triggered. The description of 
each category depicted in Figure 1 is presented 
subsequently. 

Part 1 𝜅  model: The commonly used statisti-
cal regression approach is based on a linear dis-
tance-dependent model, in which 𝜅  represents 
the site-specific component, whereas 𝜅  refers 
to the regional attenuation. Values of 𝜅  and 𝜅  
are obtained via empirical linear regression of 
𝜅  following the Anderson and Hough (1984) 
method. Alternatively, direct estimates of 𝜅  can 

Figure 1. Logic tree for the estimation of κ0 values. The highlighted branches are explored in this work. FAS, Fourier amplitude spectrum.
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be obtained from the site properties (e.g., meas-
urements of 𝜅  in the high-frequency decay of a 
transfer function; Drouet et al., 2010) without 
the definition of the 𝜅 -linear regression model. 
The choice of a linear regression, as opposed to 
other possible functional forms, has been 
mostly based on the simplicity of the model and 
observed fit to the empirical data (Ktenidou 
et al., 2013). 

Part 2 depth dependency: The measured 𝜅  
values can be depth dependent or thickness de-
pendent, based on the approach selected for the 
respective calculations. Values of 𝜅  provide an 
estimate of attenuation directly below the depth 
at which the ground motions are recorded. Dif-
ferent 𝜅  values are typically obtained at differ-
ent depths within a site profile (e.g., Ktenidou 
et al., 2015). Values of site-specific 𝜅  have also 
been proposed to represent the contribution of 
a specific soil column with a given thickness 
(e.g., Campbell, 2009). 

Part 3 approach choice: Previous studies 
show that various kappa calculation approaches 
will result in different individual 𝜅  values (for 
the same ground motion), and ultimately differ-
ent 𝜅  estimates (e.g., Ktenidou et al., 2014). Un-
derstanding the suitability of each method in 
consideration of the available records and site 
conditions is relevant to reduce uncertainties in 
kappa estimations. In Figure 1, 𝜅 , 𝜅 , and 

𝜅  refer to individual values of kappa from the 

broadband method (Ktenidou 
et al., 2016), the displacement 
method (Biasi and Smith, 
2001), and the acceleration 
spectrum method (Anderson 
and Hough, 1984), respec-
tively. Direct measurement 
approaches, also shown in Fig-
ure 1, include estimations of 
𝜅  from the response spec-
trum (𝜅 ; Silva and Dar-

ragh, 1995), utilizing inverse 
random vibration theory 

(𝜅 ; Al Atik et al., 2014), and from the site’s 

transfer function (𝜅 ; Drouet et al., 2010). 

Part 4 dataset choice: Choosing an appropriate 
dataset can reduce the within-station variability 
in 𝜅  by constraining the uncertainties associ-
ated with individual 𝜅  values. In general, only 
magnitude, source-to-site distance, and type of 
seismicity are used to select appropriate ground 
motions for kappa calculations. However, we hy-
pothesize that considering the events’ azimuth 
and focal depths can provide insights on other 
sources of within-station variability. 

Part 5 record processing: The variability asso-
ciated with record processing refers to differ-
ences stemming from the usage of the 𝑆-wave 
window or the whole time series to calculate 𝜅  
values. Anderson and Hough (1984) originally 
introduced the calculation of 𝜅  as the linear 

decay of the 𝑆-wave FAS in the high-frequency 
range. However, varying selections of the 𝑆-
wave window can introduce additional scatter 
in 𝜅  for the same event (Douglas et al., 2010; 
Cabas et al., 2017; Xu et al., 2019). This addi-
tional variability may be caused by the assumed 
duration of the selected 𝑆-wave window, the ex-
plicit consideration of the direct 𝑆 wave only, or 
the potential mix of the direct 𝑆-wave window 
with coda or surface waves. Values of 𝜅  esti-

mated from the 𝑆-wave window could be signif-
icantly biased by scattering effects, except when 
intrinsic attenuation is dominant (Parolai et al., 

Figure 2. Locations of each selected Japanese station in this study. 
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2015; Pilz and Fäh, 2017; Parolai, 2018; Pilz 
et al., 2019). 

Part 6 spectrum processing: The estimation of 
𝜅  is significantly sensitive to the selection of 

frequency ranges, including: (1) the length of 
the frequency band, (2) local site conditions 
such as site-amplification peaks (Parolai and 
Bindi, 2004), and (3) the presence of multiple 
linear decay trends in the high-frequency range 
of the FAS. Using smoothen FAS instead of the 
original FAS also introduces differences for 𝜅  
estimates. In addition, there is a variability re-
sulting from different approaches to treat rec-
orded horizontal components. For instance, (1) 
treating orthogonal horizontal components in-
dependently (Dimitriu et al., 2001), (2) averag-
ing 𝜅  values estimated from as-recorded hor-

izontal components if differences in these 𝜅  

values are less than 20% (Ktenidou et al., 2013), 
and (3) averaging 𝜅  values estimated from 

as-recorded horizontal components without 
consideration of the corresponding differences 
in individual 𝜅 . 

We would like to emphasize that the ultimate 
influence of the aforementioned sources of var-
iability is usually station dependent, although 
the logic tree and framework described in Fig-
ure 1 can be implemented at any site. Thus, the 
significance of each branch is unique for a given 
site, which results in a better characterization of 
the within-station variability at the site. In this 
article, we only focus on the branches 

highlighted in Figure 1. The Anderson and 
Hough (1984) method is used to investigate sys-
tematic contributions to the variability in 𝜅  
(hereafter referred to as 𝜅 ) and 𝜅 . We inves-

tigate the within-station variability caused by 
(1) the dataset choice (part 4) based on earth-
quake types and focal depths and (2) spectrum 
processing (part 6) by understanding the contri-
butions of ground-motion directionality. 
 
DATABASE DESCRIPTION AND STUDY SITES 
We use the Japanese Kiban–Kyoshin network 
(KiK-net) database (see Data and Resources), 
which is a strong-motion seismograph network 
uniformly deployed at more than 600 locations 
in Japan and able to provide high-quality data at 
various site classes. KiK-net has a pair of seis-
mographs at each station, one located on the 
ground surface and the other one in a borehole 
together with high-sensitivity (Hi-net) seismo-
graphs. The depth of each borehole sensor is 
typically between 100 and 200 m. Instrumental 
sampling frequencies are 100 or 200 Hz. Wave 
velocity profiles (for both 𝑃 and 𝑆 wave) at each 
station are measured by downhole 𝑃𝑆 logging, 
and the corresponding files are available on the 
KiK-net website (see Data and Resources). The 
orientations of orthogonal ground surface sen-
sors are north–south and east–west. However, 
difficulties during installation and regular 
maintenance at some stations may have 
changed the orientations of borehole sensors 

TABLE 1 
Selected Station Information 

Station Name 
Station 
Latitude (°) 

Station 
Longitude (°) 𝑽𝑺𝟑𝟎 (m/s)* 

Hole 
Depth (m) 𝑯𝟖𝟎𝟎 (m)# 

Borehole Sensor 
Azimuth (°) 

NEHRP 
Site Class§ 

FKSH08 37,28 140,22 562,50 105 8 -3 C 

FKSH16 37,76 140,38 531,61 300 180 1 C 

FKSH19 37,47 140,73 338,06 100 20 -4 D 

IBRH11 36,37 140,14 242,49 103 30 0 D 

IBRH12 36,83 140,32 485,71 200 20 -3 C 

IBRH13 36,79 140,58 335,37 100 34 2 D 

IBRH14 36,69 140,55 829,12 100 10 -1 B 

IBRH18 36,36 140,62 558,56 504 30 0 C 

IBRH19 36,21 140,09 692,31 210 2 -1 C 

TCGH16 36,54 140,08 213,20 112 NaN -2 D 
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(Aoi et al., 2004; Aoi et al., 2011). The azimuths 
of borehole sensors at each KiK-net station are 
available on the Hi-net website (see Data and 
Resources). The entire dataset and flatfile used 
in this article is built and compiled with an au-
tomated protocol by Dawood et al. (2016). The 
seismic moment magnitude 𝑀 , focal depth, ep-
icenter location, and focal mechanism infor-
mation are obtained from the Natural Research 
Institute for Earth Science and Disaster Preven-
tion (NIED) moment tensor solution available at 
the broadband seismography network (F-net) 
catalog. 

In this article, recorded horizontal compo-
nents at the ground surface and at depth are 
used. The criteria for selection of ground mo-
tions and stations include: (1) epicentral dis-
tances less than 150 km, (2) 𝑀  larger than 4.0, 
(3) peak ground acceleration (PGA) values at 
the surface less than 0.01g (to avoid effects of 
soil nonlinearity), (4) at least 50 available rec-
ords complying with requirements (1–3) per 
study site, and (5) the signal-to-noise ratio 
larger 3.0 over the frequency ranges for 𝜅  es-

timation. Moreover, the ability of shear-wave 
velocity profiles measured by downhole logging 
at KiK-net stations to describe actual site condi-
tions has been questioned in the past (Wu et al., 
2017). 2D and 3D wave propagation could be 

significant at some KiK-net stations because of 
the edge-generated surface waves, topographic 
effects, and focusing effects. However, the po-
tential for site scattering effects can be reduced 
as we considered KiK-net sites with reliable 
shear-wave velocity (𝑉 ) profiles that meet the 
1D wave propagation assumptions based on the 
results from Pilz and Cotton (2019). Thus, 10 
stations corresponding to various site classes 
(NEHRP site class from B to D) are selected in 
this study. Key characteristics pertaining these 
study sites are provided in Figure 2 and Table 1. 
 
METHODS 
Estimation of 𝜿𝒓 and 𝜿𝟎 
We use the acceleration spectrum approach 
(Anderson and Hough, 1984) to estimate 𝜅 . 

The slope of the linear decay −𝜋𝜅  of the ac-

celeration FAS in the high-frequency range us-
ing log–linear coordinates is calculated for each 
horizontal component of the selected records. A 
weighted robust least-squares linear regression 
with bi-square function is applied over a manu-
ally selected high-frequency range ([𝑓 , 𝑓 ]) to fit 
the linear decay trend (see Fig. 3 as an example). 
The minimum difference between 𝑓  and 𝑓  is 
8 Hz. Following the recommendations of Kte-
nidou et al. (2013), 𝑓  is larger than the corre-
sponding earthquake source-corner frequency 
(𝑓 ), computed by equation (1) (Brune, 1970, 
1971): 
 

𝑓 = 4.9 × 10 𝛽
∆𝜎

𝑀
, (1)

 
in which 𝑓 is in hertz, 𝛽 is the shear-wave veloc-
ity near the source with units of kilometers per 
second, ∆𝜎 is the stress drop in MPa, and 𝑀  is 
the seismic moment in newton·meter. In this ar-
ticle, 𝛽 is assumed to be 3.6 km/s (Pei et al., 
2009). The value of ∆𝜎 is assumed to be 3MPa 
for crustal earthquakes and 5.5 MPa for subduc-
tion zone events (Nakano et al., 2015). Moreo-
ver, because the instrument’s response is 

Figure 3. Selection of 𝑓  and 𝑓  on the FAS corresponding to a sur-
face record at station IBRH20. 𝑓  refers to the corner frequency as 
estimated by the Brune (1970) model with stress drop of 3.0 MPa 
for active crustal events. 
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approximately flat below 30 Hz (which is close 
to the response of a three-pole Butterworth fil-
ter with a cutoff frequency of 30 Hz), we restrict 
𝑓  to be less than 30 Hz (Aoi et al., 2004; Fuji-
wara et al., 2004; Oth et al., 2011; Laurendeau 
et al., 2013; Cabas et al., 2017). 

The 𝑆-wave window is often used to estimate 
𝜅 . Previous studies have picked the direct 𝑆 

wave manually assuming a minimum duration 
of 5 s for small, nearby events and 20 s for large, 
far events (Ktenidou et al., 2013). Whereas oth-
ers have included the coda wave within the se-
lected 𝑆-wave window for records for which the 
coda wave cannot be separated clearly (Ander-
son and Hough, 1984). Differences in 𝜅  (com-

puted by the acceleration spectrum approach 
using the whole time series) and 𝜅  (com-

puted by the acceleration spectrum approach 
using manually selected 𝑆-wave windows, fol-
lowing Anderson and Hough, 1984) are com-
pared for records from shallow crustal earth-
quakes used in this study (see Fig. 4). The same 
frequency range 𝑓  and 𝑓  is applied to each rec-
ord to avoid bias from frequency range 

selections. The ratio 𝑟 = 𝜅 /𝜅  is com-

puted at each study site to represent the differ-
ences between 𝜅  and 𝜅  in Figure 4. Val-

ues of 𝜅  are generally larger than 𝜅  at 

the study sites (i.e., 𝑟  is generally less than 1.0). 
Scattering effects can help explain observed 
lower 𝜅  values from the whole time series. 

When intrinsic attenuation is strong at a given 
site, higher frequencies can be removed more 
efficiently, resulting in a steep slope in the 𝑆-
wave FAS (Parolai et al., 2015). The full time se-
ries is composed of the direct 𝑆 waves, but also 
scattered waves from the redistribution of the 
seismic waves’ energy. The latter can modify the 
slope in the FAS at high frequencies producing a 
biased 𝜅 , which generally is lower. Moreover, 

the 𝑆-wave window dominates the spectrum at 
surface, and the down-going waves could more 
affect the borehole time series. Thus, more vari-
ations between 𝜅  and 𝜅  at depth are ob-

served. Because the differences between 𝜅  

and 𝜅  are less than 20% for most of the se-

lected ground motions used in this study, we 
choose the full time series to estimate 𝜅  val-

ues. Further guidance in the selection of the 𝑆-
wave window for kappa calculations can pro-
vide meaningful insights to reduce the between-
station variability in kappa. 

We choose the linear 𝜅  model introduced by 
Anderson (1991) and follow the nomenclature 
proposed by Ktenidou et al. (2013) to estimate 
the site component 𝜅 : 
 

𝜅 = 𝜅 + 𝜅 × 𝑅 , (2)
 
in which the 𝜅  and 𝜅  are expressed in units 

of time (s), 𝜅  in units of kilometers per second, 
and 𝑅  is the epicentral distance in kilome-

ters. This 𝜅  model assumes a unique source-to-
site path for each record, and a homogeneous, 
frequency-independent, seismic quality factor 𝑄 
(Knopoff, 1964). Thus, we only select events 
with epicentral distances less than 150 km to 

Figure 4. Comparison between 𝜅  (from the whole FAS) and 
𝜅  (from the 𝑆-wave window FAS) corresponding to our 10 
study sites at (a) ground surface and (b) borehole. 𝑟  is the ratio 
computed by 𝜅 = 𝜅 . The dashed line represents a ratio of 
1.0. The circles depict the mean r1 of all observed records, and the 
error bars indicate the _ standard derivation of all observed ratios 
at each site of interest. 
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minimize the potential for multiple source-to-
site ray paths per record. The assumption of a 
unique 𝑄-value allows for the calculation of 𝜅  
(following the linear model in equation 2), 
which describes regional attenuation. Japan has 
varying 𝑄-values across the region, with lower 
𝑄-values in the central Japanese island and 
higher 𝑄-values on the east coast (Pei et al., 
2009; Nakano et al., 2015). The low 𝑄- and high 
𝑄-value regions are separated by Japan’s vol-
canic belt. Thus, we avoid using records that 
cross the volcanic belt during their propagation 
path from source-to-site based on the attenua-
tion classification map provided by Nakano 
et al. (2015). The 𝜅  model in equation (2) is 
also based on the assumption that the source 
contribution is negligible (Van Houtte et al., 
2011; Ktenidou et al., 2014). For the selected 
KiK-net stations, the path component 𝜅  is con-
strained to be the same for both surface and 
borehole records because the regional attenua-
tion contributions should be identical when an-
alyzing individual stations (Ktenidou et al., 
2013, 2015; Cabas et al., 2017). We use the max-
imum-likelihood method to model 𝜅  with the 

constrained 𝜅  based on equation (2). 

Ground-motion directional-
ity 
A recorded ground motion at a 
specific site can vary depend-
ing on sensor orientation 
(Boore et al., 2006). This lack 
of uniformity of ground mo-
tions in all possible orienta-
tions is known as ground-mo-
tion directionality. Two as-
recorded horizontal orthogo-
nal components of each se-
lected ground motion are ro-
tated to study the influence of 
ground-motion directionality 
on the estimation of 𝜅 . All 

records are rotated using the 
following equations (Boore 
et al., 2006; Boore, 2010): 

 
𝑎 (𝑡; 𝜃) = 𝑎 (𝑡) cos(𝜃) + 𝑎 (𝑡) sin(𝜃), (3)

 
𝑎 (𝑡; 𝜃) = 𝑎 (𝑡) sin(𝜃) + 𝑎 (𝑡) cos(𝜃), (4)

 
in which 𝑎 (𝑡) and 𝑎 (𝑡) are the as-recorded ac-
celeration time series, 𝑎 (𝑡; 𝜃) and 

𝑎 (𝑡; 𝜃) are the rotated motions with the 

corresponding rotation angle 𝜃. The 𝜅  values 

computed from the corresponding FAS of ro-
tated motions are referred to as 𝜅 . In this 

article, we use either equation (3) or (4) to ro-
tate the as-recorded horizontal components 
from 0° to 180° (i.e., nonredundant angles) with 
increments of 10° to investigate the influence of 
ground-motion directionality on 𝜅 . 

Considering that the frequency range 
([𝑓 , 𝑓 ]) to estimate 𝜅  is selected visually for 

each event, a large number of calculations is re-
quired for 𝜅  estimations. Thus, we pro-

pose a semiautomatic algorithm to compute 
𝜅 . First, we select the frequency range 

based on visual inspection of the as-recorded 
motion from a given event (at a given site). 
Then, a common frequency range is selected for 

Figure 5. Example of 𝜅  variations. (a) Shear-wave velocity profile at FKSH19, (b) com-
parison between 𝜅  and rotation angle at surface and borehole for one record, and (c) 
the FAS for rotated components with 𝜃 of 80° and 160°. The dark solid and dashed lines show 
the smoothen FAS to emphasize the differences between rotated FASs. The select ground mo-
tion was a shallow active crustal event recorded at FKSH19 (site class D) with seismic mo-
ment magnitude of 4.4, azimuth of 19°, and epicentral distance of 117 km (recorded on 26 
July 2003 UTC). 
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the pair of recorded horizontal components and 
applied to all the corresponding rotated mo-
tions from that same event at that station. The 
main advantage of the proposed procedure, be-
yond the optimization of the computational pro-
cess, is that it avoids the introduction of addi-
tional uncertainties stemming from the fre-
quency range selection. The performance of the 
proposed semiautomatic algorithm is evaluated 
by visually inspecting the rotated FAS plots and 
the corresponding frequency range. 

The influence of ground-motion directional-
ity on the attenuation contributed by the soil 
column, hereafter referred to as ∆𝜅(𝜃), is also 
investigated. ∆𝜅(𝜃) is calculated as follows, as-
suming the 𝜅 -value remains unchanged: 
 
∆𝜅(𝜃) = 𝜅 (𝜃) − 𝜅 (𝜃)

= 𝜅 (𝜃) + 𝜅 × 𝑅

− 𝜅 (𝜃) + 𝜅 × 𝑅

= ∆𝜅 (𝜃). 

(5)

 
It should be noted that errors in the azimuth of 
borehole sensors (i.e., sensors not oriented in 
the true north–south or east–west directions) 
could propagate through the estimation of 
∆𝜅(𝜃), which means that values of 𝜃 at the sur-
face and at depth may not be consistent. The er-
rors in the azimuth are observed at eight se-
lected sites, and the maximum borehole sensor 
deflection is 4° (shown in Table 1). Thus, we cor-
rect the borehole record orientation with the az-
imuth of borehole sensors provided by Hi-net 
before the borehole horizontal component is ro-
tated. 
 
RESULTS AND DISCUSSION 
Directionality effects on 𝜿𝒓 and 𝜿𝟎 estimations 
A variation of 𝜅  with rotation angle is ob-

served for both surface and borehole records at 
all stations. Figure 5 presents an example of the 
relationship between 𝜅  and rotation an-

gles at FKSH19. The corresponding FAS of the 
rotated components are also presented (i.e., 

with rotation angle of 80° and 160°) for compar-
ison purposes, depicting changes of the decay in 
the high-frequency range. The standard deriva-
tions corresponding to 𝜅  and 

𝜅  are 0. 0109 and 0.0041 s, respec-

tively. 
Figure 5 illustrates that the variation of 

𝜅  at the surface is more significant than at 

depth, which is also observed for the majority of 
records across all stations. We then investigate 
the influence of the event azimuth on the maxi-
mum 𝜅  observed and its corresponding 

rotation angle. The rotation angle associated 
with the maximum 𝜅  is hereafter referred 

to as 𝜃 . A correlation between 𝜃  and the 
azimuth of each record at the surface and at 
depth is not found. The corresponding compari-
son between event azimuth and 𝜃  for each 
study site is presented in Figure S1, available in 
the supplemental material to this article, which 
supports our hypothesis that the maximum 
𝜅  is affected by the local site condition ra-

ther than the event azimuth. 
The mean of all 𝜅  for each record 

𝜅  and the average of 𝜅  and 𝜅  

from the corresponding as-recorded horizontal 
components 𝜅  are compared in Figure 6 by 

means of the ratio 𝑟 = 𝜅 /𝜅 . Fig-

ure 6 demonstrates that the differences be-
tween 𝜅  and 𝜅  values at the ground 

surface are small; the maximum average of sur-
face 𝑟  across the 10 study sites is 1.04 (at 
IBRH13; 𝑉 = 335 m/s) and the minimum av-
erage is 0.96 (at FKSH16; 𝑉 = 532 m/s). 

However, at station IBRH14 (𝑉 = 829 
m/s), the differences of borehole 𝜅  and 

𝜅  values are relatively large, with an aver-

age 𝑟  of 0.85 and a standard derivation of 𝑟  
equal to 0.19. A closer inspection of the empiri-
cal transfer function (ETF) at this station reveals 
that 𝜅  estimates at IBRH14 could be affected 

by the site amplification in high frequencies, 
which can help explain observed differences 
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between 𝜅  and 𝜅 . The correspond-

ing ETFs at IBRH13, FKSH08, FKSH16, and 
FKSH19 also show varying site-amplification in 
the high-frequency range. Differences between 
𝜅  and 𝜅  for all study sites are also 

presented in Figure S2. In Figure S2, the differ-
ent colors indicate the differences between 
𝜅  and 𝜅 , which show that the discrep-

ancy between two horizontal components will 
not affect 𝜅  and 𝜅 . Considering the 

similarity observed between values of 𝜅  

and 𝜅  for multiple ground motions and 

across study sites, an orientation-independent 
𝜅 -value for one recorded event at a given sta-
tion can be estimated from the average of 𝜅  

and 𝜅  computed from as-recorded orthog-

onal horizontal components directly. In the fol-
lowing sections, we use 𝜅  (also denoted as 

𝜅  for simplicity) as the representative value 

for each pair of orthogonal horizontal compo-
nents. 

The effects of ground-motion directionality on 
∆𝜅(𝜃) (equation 5) are also explored to 

investigate how the orientation of ground mo-
tion can affect the seismic attenuation taking 
place throughout the soil column. Figure 7 and 
Table 2 show the variations of ∆𝜅(𝜃) at the sites 
of interest. First, we observe that the seismic at-
tenuation contributed by the soil column is af-
fected by ground-motion directionality. Second, 
there seems to be a systematic variation with di-
rectionality unique to each site, with the maxi-
mum ∆𝜅(𝜃) generally corresponding to the same 
rotation angle across different ground motions at 
each station. Kotha et al. (2019) proved that the 
contribution of radiation pattern to the ground-
shaking characteristics would be weak and ran-
dom in the high-frequency range. Thus, we hy-
pothesize that the influence of ground-motion di-
rectionality on the high-frequency parameter 𝜅 is 
station dependent and not affected by the earth-
quake source. Moreover, the maximum 𝜎 for 
∆𝜅(𝜃) is observed at FKSH16, which has a thick 
soil column (hole depth of 300 m and 𝐻 = 180 
m) and a 𝑉 = 532 m/s. The minimum 𝜎-value 
is found at IBRH19 with 𝐻  of 2 m, 𝑉  of 692 
m/s, and hole depth of 210 m. However, a strong 
correlation between 𝜎 and 𝐻 = or 𝑉  or hole 
depth is not evident across all study sites. Differ-
ent site parameters (or a combination of existing 
ones) with considerations of shallow and deeper 
geologic structures are required to further detect 
potential correlations between site conditions 
and variability in ∆𝜅  due to ground-motion di-
rectionality. 

Finally, we compare the mean of all ∆𝜅(𝜃) 
values with the difference between surface and 
borehole 𝜅  values (hereafter referred to as 
∆𝜅 ) from empirical linear regressions con-
ducted on as-recorded horizontal components 
(i.e., averaging as-recorded 𝜅  values for each 

pair) at each station (Fig. 8). Mean values of 
∆𝜅(𝜃) shown in Figure 8 are only slightly higher 
than the corresponding ∆𝜅  values, which indi-
cates that the mean of two as-recorded 𝜅  val-

ues can lead to an orientation-independent esti-
mation of ∆𝜅 . Figure 8 also provides a 

Figure 6. Comparison between mean 𝜅  of rotated motions (i.e., 
κ ) and mean κ  of two recorded horizontal component 
(i.e., κ ) at selected stations along with the corresponding 
standard derivation at (a) ground surface and (b) borehole. 𝑟
corresponds to the ratio κ /κ . The dashed line indi-
cates an 𝑟  equal to 1.0, and the circles depict the mean 𝑟  across 
all records considered per station. The error bars indicate the
standard deviation of all 𝑟  computed at each site of interest. 
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comparison of the within-station and between-
station variability of ∆𝜅(𝜃). For most stations 
considered in this study (i.e., FKSH08, IBRH14, 
IBRH12, FKSH19, IBRH18, IBRH13, FKSH16, 
and IBRH11), the within-station variability in 
∆𝜅(𝜃) is comparable and sometimes more sig-
nificant, which evidences the need for a more 
rigorous consideration of the within-station 
variability in 𝜅  estimates. We note that the ob-
served larger within-station variabilities in 
∆𝜅(𝜃) at IBRH13, IBRH14, FKSH08, FKSH16, 
and FKSH19 can be influenced by site-amplifica-
tion effects at these sites in the high frequency. 
The latter can induce bias in the resulting 𝜅 val-
ues. The quantification of the within-station var-
iability in 𝜅 will result in more reliable 𝜅  esti-
mates, which can inform empirical correlations 
with local site conditions. 
 
Earthquake type and focal depth effects on 𝜿𝒓, 
𝜿𝑹, and 𝜿𝟎 estimations 
In this section, we investigate the influence of 
earthquake type and focal depth on average 𝜅  

from as-recorded components, 
regional attenuation, as cap-
tured by 𝜅  and 𝜅  estimations. 
The algorithm proposed by 
Garcia et al. (2012) is used 
herein to classify earthquake 
types as: (1) shallow active 
crustal (ACRsh; if the hypocen-
tral depth is less than 35 km), 
(2) deep active crustal (ACRde; 
if the hypocentral depth is 
larger than 35 km), (3) subduc-
tion zone intraslab (SZintra; 
with minimum focal depth of 
15 km), and (4) subduction 
zone interface (SZinter) earth-
quakes (with minimum focal 
depth of 70 km). 

Values of ∆𝜅 , 𝜅 , 𝜅 , 

and 𝜅  at the selected 10 sta-
tions are computed for differ-
ent datasets categorized by 

earthquake type and shown in Figure 9. It 
should be noted that the limited number of 
ACRde events did not allow for the derivation of 
the corresponding 𝜅  and 𝜅  for this particular 
dataset. A few negative values of 𝜅  and 𝜅  val-
ues are obtained at some stations for some of 
the datasets, which could be caused by the lack 
of available events for each earthquake type at 
specific epicentral distance ranges. For example, 
ACRsh events recorded at IBRH11 only have ep-
icentral distances in the range of 50–150 km. 
Hence, those cases were not included in Figure 
9. The resulting 𝜅  and 𝜅  values demonstrate 
that different seismicity types lead to varying 
estimates of the 𝜅  component (i.e., the slope of 
𝜅  model), which, in turn, affects the estimated 
site-specific 𝜅  component (i.e., the intersect in 
the y axis at zero epicentral distance). Records 
from subduction and active crustal earthquakes 
will be affected by different wave propagation 
paths, which is reflected in the variability in the 
path-component 𝜅 . Variations in ∆𝜅  values at 
selected stations are relatively small for the 

Figure 7. Variability of ∆κ(θ) at the stations of interest and the corresponding site infor-
mation. The solid lines represent the mean of all ∆κ(θ) across all records per rotation angle, 
whereas the gray circles depict ∆κ(θ) obtained for each record and multiple rotation angles. 
H800 refers to depth to a horizon with velocity 𝑉  of 800 m/s or more. 
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different datasets considered, which supports 
previous research indicating the site-specific 
nature of ∆𝜅  values that is not affected by the 

earthquake type (i.e., the difference between 
𝜅  and 𝜅  represents the seismic attenua-

tion taking place throughout the local soil col-
umn, Cabas et al., 2017). 

The influence of focal depth on the estima-
tions of 𝜅  and 𝜅  is investigated by separating 
into three groups with focal depths of: (1) less 
than 35 km (which includes both ACRsh and 
SZintra events), (2) from 35 to 70 km (which in-
cludes the ACRde and SZintra events), and (3) 
more than 70 km (which includes the ACRde 
and SZinter events). A correlation between 𝜅  
values and focal depth is not observed, but 𝜅  
values show less variation when grouped by fo-
cal depth (regardless of earthquake type) than 
by earthquake type as seen in Figure 10. 

The influence of earthquake type and focal 
depth is further explored in Figure 11, in which 

TABLE 1 
Selected Station Information 

Station Name 
Hole 
Depth (m) 𝑯𝟖𝟎𝟎 (m)# 𝑽𝑺,𝒎𝒆𝒂𝒏 (m/s)* 𝝈 ∆𝜿(𝜽) (s) 𝐌𝐞𝐚𝐧 ∆𝜿(𝜽)  (s)# 

NEHRP 
Site Class§ 

IBRH14 100 10 1601,44 0,0172 0,0525 B 

IBRH19 210 2 1792,68 0,0103 0,0249 C 

FKSH08 105 8 936,59 0,0151 0,0310 C 

IBRH18 504 30 1522,67 0,0142 0,0279 C 

FKSH16 300 180 841,95 0,0201 0,0566 C 

IBRH12 200 20 967,53 0,0132 0,0341 C 

FKSH19 100 20 842,76 0,0170 0,0422 D 

IBRH13 100 34 793,95 0,0174 0,0620 D 

IBRH11 103 30 649,92 0,0143 0,0366 D 

TCGH16 112 NaN 369,34 0,0138 0,0369 D 

Figure 10. Comparison of mean ∆𝜅(𝜃)  and ∆κ  at each station. 
∆κ  is the difference between surface and borehole κ  estimated 
from empirical regressions on as-recorded horizontal compo-
nents. The error bar (within-station variability) represents ±1
standard derivation of ∆𝜅(𝜃) at each station. The horizontal solid 
line presents the mean of ∆𝜅(𝜃) across all stations, and the dashed 
lines indicate the±1 standard derivation of ∆𝜅(𝜃) across all con-
sidered stations (between-station variability). 

Figure 9. Comparisons of (a) κ  (at the ground surface and at 
depth), (b) κ , and (c) ∆κ  (the difference between surface and 
borehole κ ) values for different focal depth groups at each sta-
tion. Groups 1, 2, and 3 consider focal depths of less than 35 km, 
from 35 to 70 km, and more than 70 km, respectively. 

Figure 8. Comparisons of (a) κ  (at the ground surface and at 
depth), (b) κ , and (c) ∆κ  values for different earthquake types 
at each station. ACRsh, shallow active crustal; SZinter, subduction 
zone interface; SZintra, subduction zone intraslab. 
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𝜅 , 𝜅 , and ∆𝜅  values estimated only using 
ACRsh events and a dataset of records with focal 
depth less than 35 km (i.e., group 1) are com-
pared. It should be noted that a negative ∆𝜅 -
value is derived at IBRH11 for the ACRsh da-
tasets, which may be caused by the absence of 
events for epicentral distance less than 50 km. 
The average differences of ∆𝜅  estimations be-
tween these two data sets across the 10 stations 
are 28.43% (neglecting the values at IBRH11), 
whereas the corresponding average differences 
of 𝜅  and ∆𝜅  are 8.77% and 4.51%, respec-

tively. The differences in 𝜅 , 𝜅 , 𝜅 , and 

∆𝜅  estimates are acceptable, which supports 
the incorporation of shallow subduction zone 
events to a shallow crustal event dataset. Esti-
mates of 𝜅  and 𝜅  for each group and earth-
quake types at the selected stations are shown 
in Table S1. 
 
CONCLUSIONS 
Repeatable contributions from path and site 
terms to the within-station variability in indi-
vidual estimates of 𝜅  and site-specific 𝜅  were 
investigated using 10 stations from the KiK-net 
database. Our dataset consisted of linear ground 

motions with surface PGA less 
than 0.01g, 𝑀  larger than 4.0, 
and epicentral distance less 
than 150 km. Both active crus-
tal and subduction earth-
quakes were used in this work 
to investigate repeatable con-
tributions from the wave 
propagation path. Systematic 
variability on κr and 𝜅  values 
stemming from the dataset 
choice, namely the selection of 
events based on their focal 
depth and type of seismicity, 
was evaluated. Contributions 
to the within-station variabil-
ity associated with ground-
motion directionality were 
also investigated. 

The influence of ground-motion directional-
ity on the estimates of 𝜅  was studied, and 

findings from this work revealed that the orien-
tation of ground-motion affects estimates of 
𝜅  computed on single horizontal compo-

nents. However, this influence can be removed 
when calculating the average of two as-rec-
orded horizontal component 𝜅  values. Thus, 

using the mean of two horizontal 𝜅  values 

(without considerations of the difference be-
tween these two values) is recommended as the 
representative 𝜅-value for each ground-motion 
pair. This is different from previous recommen-
dations to only report 𝜅  values for which dif-

ferences between the recorded horizontal com-
ponents are less than 20%. It was also found 
that the within-station variability in ∆𝜅  values 
(i.e., the difference between 𝜅  values at the sur-
face and at depth) associated with directionality 
effects can be comparable to the between-sta-
tion variability. This observation highlights the 
importance of quantifying the within-station 
variability on 𝜅 estimates in a more robust man-
ner. Moreover, our findings support previous 
research efforts indicating that site 

Figure 11. Comparisons of (a) κ  (at the ground surface and at depth), (b) ∆κ  (the differ-
ence between surface and borehole κ ), and (c) κ  values estimated with ACRsh dataset and 
group 1. Group 1 includes the events with focal depth less than 35 km (which includes both 
ACRsh and SZintra events). 



14 

amplification effects on 𝜅 estimates should be 
minimized to obtain reliable estimates at sites of 
interest. Systematic contributions from event 
azimuths were not observed, whereas the vari-
ability in ∆𝜅(𝜃) estimates with rotation angle 
was found to be a function of local soil condi-
tions. The influence of ground-motion direction-
ality on the parameterization of near-surface at-
tenuation was found to be station dependent, 
but further investigation is required to identify 
relevant correlations between observed 
ground-motion directionality and site proper-
ties. Near-surface seismic attenuation anisot-
ropy could help explain observed variations of 
∆𝜅(𝜃) with ground-motion orientation. Anisot-
ropy in 𝑄 values has been observed from both 
laboratory experiments (Tao and King, 1990; 
Kern et al., 1997) and the analysis of earthquake 
ground motions (Liu et al., 2005). The random 
distributed cracks near surface could also cause 
seismic anisotropy (Liu et al., 1993; Boness and 
Zoback, 2004; Liu et al., 2004), which could then 
influence seismic-wave scattering and reflec-
tion. The specific geological condition and vol-
canic environment in Japan also lead to anisot-
ropy in 𝑄 (Pei et al., 2009; Nakano et al., 2015). 
More generally, a preferred direction of ground-
motion independent from the expected polari-
zation (based on focal mechanism and location 
of the events) has also been observed in rec-
orded data from the Whittier Narrows and 
Loma Prieta earthquakes (Bonamassa et al., 
1991; Bonamassa and Vidale, 1991). More re-
search on directionality effects is required to 
elucidate the physical basis for the observed 
variation of attenuation characteristics of 
ground motions with orientation. Different 
earthquake types were found to lead to different 
𝜅  values. However, it is important that the clas-
sification of seismicity type is also tied to the fo-
cal depth. Selecting a dataset with considera-
tions of systematic variations stemming from 
varying focal depths and earthquake types is 
recommended to resolved 𝜅’s path component, 
𝜅  more reliably. Deep earthquakes can 

produce multiwave propagation paths to the 
site of interest, which could have a more signifi-
cant influence on 𝜅 . On the other hand, the in-
cidence angle of seismic waves when the focal 
depth is shallow could introduce larger within-
station variability. Smaller differences in sur-
face and borehole 𝜅  values were observed 
across the datasets used (i.e., different focal 
depths or earthquake types). The lack of varia-
bility of ∆𝜅  values as a function of source and 
path effects evidences that ∆𝜅  is mainly a func-
tion of near-surface attenuation, which sup-
ports its site-specific nature also observed in 
previous research studies. 
 
DATA AND RESOURCES 
Accelerograms and geotechnical data are obtained from 
the KiK-net network at http://www.kyoshin.bosai.go.jp 
(last accessed December 2018), collected and distributed 
by National Research Institute for Earth Science and Dis-
aster Prevention (NIED). The orientations of borehole 
sensors are available at http://www.hinet.bosai.go.jp/ 
st_info/detail/?LANG=ja (last accessed December 2018). 
The earthquake information is available F-net network at 
http://www.fnet.bosai.go.jp/top.php (last accessed De-
cember 2018). The supplemental material to this article 
includes one table, which contains 𝜅 values of different 
datasets classified by earthquake type and focal depth, 
and two figures, which provide the additional compari-
sons to show the influence of ground-motion directional-
ity on 𝜅 estimations. 
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