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Abstract The 2010–2012 Canterbury earthquake sequence generated a large number of near-source earthquake recordings, with the vast majority of large events occurring within 30 km of Christchurch, New Zealand’s second largest city. We utilize the
dataset to estimate the site attenuation parameter, κ 0 , at seven rock and stiff-soil stations
in New Zealand’s GeoNet seismic network. As part of this study, an orientationindependent definition of κ is proposed to minimize the influence of observed highfrequency 2D site effects. Minimum magnitude limits for the traditional high-frequency
fitting method are proposed, based on the effect of the source corner frequency. A
dependence of κ 0 on ground-shaking level is also observed, in which events with large
peak ground accelerations (PGAs) have lower κ 0 values than events with small PGAs.
This observation is not fully understood, but if such a trend holds in future investigations, it may influence how κ 0 is used in hazard assessments for critical facilities.
κ 0 values calculated from Fourier amplitude spectra of acceleration (κ 0;AS ) are compared with the native κ 0 of local, empirical, ground-motion prediction equations
(GMPEs), calculated using the inverse random vibration theory method (κ 0;IRVT ).
κ 0;IRVT is found to be independent of magnitude and distance and agrees with the average κ 0;AS for the region. κ 0;IRVT does not scale strongly with V S30 , indicating that current
GMPEs may be capturing the average kappa effect through the V S30 scaling. The results
from this study are of particular interest for site-specific ground-motion prediction
studies as well as for GMPE adjustments between different regions or rock types.
Introduction
The Canterbury earthquake sequence began with the
Mw 7.1 Darfield earthquake on 3 September 2010, and, since
then, over 11,000 aftershocks have been recorded (Bannister
and Gledhill, 2012). The majority of the events were in close
proximity to Christchurch, New Zealand’s second largest
city (population ∼377;000), and as a result, an exceptionally
large dataset of near-source strong-motion recordings has
been collected. This study uses the available data to estimate
the spectral decay parameter, kappa (κ, Anderson and
Hough, 1984). κ controls the rate of high-frequency decay
of the Fourier amplitude spectrum (FAS) and can be modeled as
Af  A0 exp−πκf;

f > fe ;

1

in which fe is the frequency above which the decay is approximately linear on a plot of log Fourier amplitude versus
linear frequency. κ is typically considered to be a function of
epicentral distance (R) and a site variable (S), mathematically
formulated as
κR; S  κ0 S  κ~ R;

2

in which κ0 S represents the attenuation in the near-surface
geology and is specific to every site, and κ~ R is the distance
dependence of κ, constrained to equal zero at zero epicentral
distance (Anderson, 1991). Although the majority of recent κ
studies adopt the parameterization in equation (2), the physical interpretation of κ has been a contentious issue ever since
it was first observed. The pioneering studies that first modeled high-frequency attenuation (Hanks, 1982; Anderson and
Hough, 1984) interpreted the high-frequency decay as a site
effect (i.e., a sharp increase in attenuation in near-surface
layers), whereas others attributed the decay to source effects
(e.g., Papageorgiou and Aki, 1983; Aki, 1987). Some more
recent studies have suggested there may be both source and
site components contributing to the measured κ value (e.g.,
Tsai and Chen, 2000; Purvance and Anderson, 2003); current
understanding, however, is that κ primarily depends on path
and site attenuation.
Under the assumption that it represents site attenuation,
κ0 S, hereafter referred to as κ 0 , has become a widely used
parameter in a range of engineering and seismological applications. For some ground-motion simulation codes (e.g.,
Boore, 2003; Motazedian and Atkinson, 2005), κ0 is an input
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parameter to model the high-frequency shape of the simulated spectra, by controlling the rate of decay of an exponential low-pass filter applied across the entire frequency band.
In conjunction with V S30 (the time-averaged shear-wave
velocity in the first 30 m below ground surface), the κ0
parameter has recently been used to more accurately model
rock-site amplification functions and has been implemented
as a predictor variable in an empirical ground-motion prediction equation (GMPE) for rock sites (Laurendeau et al.,
2013). For the purposes of site-specific ground-motion prediction, κ0 is used as a GMPE adjustment parameter in the
host-to-target method of Campbell (2003), accounting for
regional differences in rock-site attenuation between the host
and target regions (Cotton et al., 2006; Douglas et al., 2006;
Van Houtte et al., 2011).
Recently, the question has been raised, how should κ 0 be
estimated for each of these applications? Several different
measurement methods exist, which are not necessarily equivalent to each other. Ktenidou et al. (2014) identified different
approaches to measure κ 0 and grouped them into families
based on consistency: (1) the high-frequency family, in
which κ is measured on the high-frequency part of the data,
then an extrapolation to zero distance is made to derive κ0
and (2) the broadband family, in which κ 0 is derived as one
of a set of parameters over the entire frequency band. These
authors also introduced the notion that these families may be
better suited to different applications. They suggest that a κ 0
value derived across the entire frequency band may be more
suitable to use as an input in stochastic simulations, whereas
a κ 0 measured only on the high-frequency part of the data
may be better suited for empirical ground-motion prediction.
This paper is concerned with GMPE adjustments and the
high-frequency family of κ estimation methods.
κ 0 scaling (i.e., applying adjustment factors to a GMPE
to account for site or regional differences in κ 0 effects) is
currently a challenging task (e.g., Biro and Renault, 2012).
Although a representative κ 0 value for the host GMPE’s dataset can be directly measured using an inverse random vibration theory (IRVT) approach (κ 0;IRVT , Al Atik et al., 2014),
this method is not applicable for a low-seismicity target region, where local, empirically derived GMPEs are typically
unavailable. Direct measurement of a representative κ0 value
in the target region is inherently difficult, given a general lack
of data. The typical alternative is inference of κ0 from correlations with V S30 (Silva et al., 1998; Chandler et al., 2006;
Edwards et al., 2011; Van Houtte et al., 2011; Edwards and
Fäh, 2013). The overall correlation of κ 0 with V S30 is poor,
with different studies yielding significantly different results,
especially for rock sites. This makes inferring a representative κ0 value for the target region difficult and unreliable. In
this study, we examine ways to improve the robustness of
target region κ0 estimates, particularly by measuring κ0
directly from local small magnitude data.
Aside from the uncertainties that stem from the different
methods used to estimate κ 0 across different studies, there is
also considerable uncertainty due to the variability of κ mea-
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surements within a single study. Most studies identify
significant scatter between their calculated κ results and the
parameterization in equation (2). This has facilitated the debate regarding the physical mechanism causing κ. Kilb et al.
(2012) speculate that the scatter is due to a combination of
physical parameters such as focal mechanism, near-source
path effects, and near-surface heterogeneities. Ktenidou et al.
(2013) examined the variability arising from different
assumptions in the computational process (e.g., choice of
distance metric, correction for site amplification, signal-tonoise ratio [SNR]) and offered guidelines for a more robust
computational process. Despite their standardized computation process, the variability in obtained κ measurements was
still substantial. This raises the question, what is causing the
scatter of κ measurements?
The first motivation of this study is to identify sources of
scatter in κ measurements from FAS of acceleration (i.e., κAS )
and provide recommendations for computing more stable
values in future studies. The second aim of the article is to
compare measured κ 0;AS estimates from Christchurch with
κ0;IRVT from local ground-motion prediction models and to
investigate whether these two methods for calculating κ 0 are
consistent. Both methods belong to the high-frequency
family of methods suitable for GMPE adjustments.

Data
The dataset used for this study comprises events recorded
at seven GeoNet rock and stiff-soil stations (AKSS, CRLZ,
D14C, GODS, HVSC, MQZ, and MTPS; see Data and
Resources) from the Canterbury region in the South Island
of New Zealand. All are free-field, surface stations, except for
CRLZ, which is located in a cavern approximately 30 m below
ground surface. The locations of these stations are shown in
Figure 1. The sites have been previously characterized in
terms of resonant site period using the horizontal-to-vertical
spectral ratio (HVSR) method for S-wave shaking (Van Houtte
et al., 2012). In addition, approximate shear-wave velocity
profiles were obtained via geophysical investigations as part
of this study. With only vertical geophones available, the geophysical investigation techniques were limited to P-wave and
Rayleigh-wave analyses. The Rayleigh-wave analysis was
limited to high frequencies (greater than 14 Hz), hence the
penetration depth typically reached only 10–20 m. Therefore,
it must be noted that the V S30 values used in this study are
partially inferred, based on the assumption that the V S of the
bedrock is constant down to 30 m. For the MQZ station, no V S
measurements were possible, hence the V S30 value of
1000 m=s is inferred based on correlations with geological
data in the region. HVSC has been previously characterized
by Wood et al. (2011), and we adopt their profile for this
study. Table 1 shows all site information available for each
station in this study, including resonant frequencies, newly assessed V S30 values, and NZS1170.5:2004 site classifications
(Standards New Zealand, 2004).
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Figure 1. Locations of the seismic stations analyzed in this
study. The color version of this figure is available only in the electronic edition.
Two stations (CRLZ and MQZ) comprise both a strongmotion accelerometer and a co-located broadband velocity
sensor, whereas AKSS, D14C, GODS, HVSC, and MTPS are
strong-motion accelerometers. The accelerometer at MQZ
samples at 50 Hz, whereas the remaining strong-motion instruments sample at 200 Hz. The large number of near-source
recordings from the Canterbury earthquake sequence enables
us to work with the subset of records at epicentral distance (R)
less than 30 km. This allows us to neglect any path dependence of κ, that is, the κ~ R term in equation (2), and assume
that each individual measured κ value from an event with epicentral distance less than 30 km corresponds to a zerodistance κ 0 value, similar to Rebollar (1990) and Kilb et al.

(2012). We justify using this assumption in the Distance
Dependence of κAS section. Therefore, we obtained a dataset
of 508 accelerograms recorded at the seven stations, of which
424 have R < 30 km.
Broadband velocity instruments tend to have a smaller
usable frequency range than modern accelerometers. Both
of the two stations with co-located broadband instruments
(CRLZ and MQZ) sample at 100 Hz, and after correction for
instrument response, the passband (i.e., unity gain) for these
instruments is approximately 1–40 Hz. However, the CRLZ
site exhibits strong high-frequency site amplification and
deamplification effects due to its location in a cavern (Van
Houtte et al., 2012), which renders measuring κ unreliable in
this passband. We therefore discard the velocity channel of
CRLZ and only consider the acceleration channel, which
has a higher maximum usable frequency (> 70 Hz). The
greater passband for the CRLZ accelerometer enables measurement of κ at frequencies higher than that of the site effects.
Thus, MQZ has the only available broadband instrument to
robustly measure κ for small magnitude events, and from this
station we obtain 1655 events, of which 1099 have epicentral
distances less than 30 km. Table 1 shows the total number of
recordings at each station, instrument types, and their sampling rates. A magnitude–distance plot of the dataset is shown
in Figure 2. The four largest events have published moment
magnitude (M w ) estimates, whereas the smaller events have
been converted from GeoNet local magnitudes (M L ; Haines,
1981) to Mw using the correlation of Ristau (2013). An issue
with using the Ristau (2013) ML –M w relationship is that only
events with M w > 3 were used to create the correlation,
whereas our dataset contains many events with M w < 3.
Although it is unclear whether the relationship will hold for
Mw < 3, we have no definitive evidence to the contrary, and
using it is unlikely to introduce significant bias to the results.
Therefore, we extrapolate and apply the M L –M w correlation
to all events in the dataset.
All earthquakes analyzed in this study have focal depths
less than 15 km. Metadata for the fine-scale relocations of
events are from Bannister et al. (2011). The key advantage
of the dataset is the good coverage of events across a widemagnitude range at near-source distances, which allows us to

Table 1
GeoNet Sites in This Study
Station

Sampling
Rate (Hz)

V S30 (m=s)

Fundamental
Frequency (Hz)

NZS1170.5: 2004
Site Class

Total
Recordings

Recordings with
Re < 30 km

AKSS
CRLZ
D14C
GODS
HVSC
MQZ
MTPS

200
200
200
200
200
100
200

1073
900
733
586
422
1000*
830

9
1
1
1
3.5
8
1

B
B
B
B
C
B
B

46
143
84
106
34
1655
95

11
124
70
99
33
1099
87

All instruments are strong-motion accelerometers, except MQZ, which is a broadband instrument.
*V S30 for this station is entirely inferred.
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instrument response). The site response for each station was
also considered in the selection of f e and fx , using the HVSRs
from recorded earthquake motions obtained in Van Houtte
et al. (2012), as any amplification or deamplification effects
in the chosen frequency band can adversely affect κ measurements (Parolai and Bindi, 2004). In the interest of robustness,
a minimum Δf (i.e., f x − fe ) of 10 Hz was applied.
Figure 3a,b,c shows an example of S-wave and noise
time windows, FAS, and picks of f c , fe , and fx , respectively,
for an event in the Canterbury sequence. In this study, only κ
measurements for horizontal shaking are analyzed, and the
vertical component is not considered.

Figure 2. Magnitude–epicentral distance distribution of events
analyzed in this study. Squares indicate events recorded by strongmotion stations and triangles indicate events recorded by a broadband sensor. The color version of this figure is available only in the
electronic edition.
empirically investigate the sensitivity of κ 0;AS estimates to
magnitude and distance.

Method
Data Processing and Calculation of κAS
For each recording in the dataset, the waveforms were
baseline corrected, the instrument response was removed, the
data were converted to units of acceleration (where applicable), and then time windows for S-wave shaking and preevent noise were selected. Signal windows were selected to
encapsulate the main portion of S-wave shaking, with a fixed
window duration of five seconds. Noise windows were selected either from pre-event noise or, if this was unavailable,
from the last part of the trace to minimize any wave reflections
in the noise window. Both signal and noise windows were 5%
cosine tapered at both edges and Fourier transformed. Only
amplitudes (i.e., FAS) were retained for the analysis.
We use the Anderson and Hough (1984) method to
estimate κ directly on the high-frequency part of FAS (κAS ).
This method was selected based on its relevance for the
host-to-target method for empirical GMPE adjustments. The
process we follow is based on the recommended procedure of
Ktenidou et al. (2013), in terms of accounting for source
corner frequency (fc ), SNR, and minimum usable frequency
range. As a first step, fc was manually picked from displacement spectra. The lower bound of the high-frequency slope,
fe , was selected to always be higher than fc , to avoid any
source effects on the frequency band used to estimate κ AS . The
upper bound, f x , was defined as the smallest of the following:
(1) the frequency at which three times the level of noise
exceeds the signal (i.e., SNR > 3), (2) the point at which the
high-frequency slope clearly plateaus, or (3) the maximum
usable frequency of data from the particular instrument (e.g.,
80% of the Nyquist frequency or maximum value of flat

Orientation-Independent κAS Definition
Thus far, we have detailed a method to compute κAS from
a single earthquake FAS, that is, one horizontal component of
motion. In several previous studies, κ AS is measured on each
of the two horizontal components using a similar method to
that described here, then averaged to obtain one κ AS value per
station per event (Douglas et al., 2010; Gentili and Franceschina, 2011; Van Houtte et al., 2011; Ktenidou et al., 2013).
Some of these studies also apply criteria that reject data the
κAS values of which differ greatly between the two components (Van Houtte et al., 2011; Ktenidou et al., 2013). Given
that such rejection criteria are somewhat arbitrary and may
bias results, we investigate whether the orientation of the two
horizontal components affects κ AS measurements, using the
accelometric data from events at less than 30 km epicentral
distance. For each triaxial recording, the two horizontal components are rotated at 5° increments through 90°, giving a total
of 36 individual time series per station per event. κ is then
calculated on each rotation increment of the 36 time series
using the method described in the Data Processing and Calculation of κAS section (with f e and fx fixed for all 36 spectra).
In Figure 4, each line of data points represents κAS results
for one station, as the horizontal components are rotated. Each
data point shows the average value of κAS , averaged over all
events at that station, for the specific orientation of the sensor.
Orientations are shown on the x axis in 5° increments, first for
the north component (from 0° to 85°) and then for the east
component (from 90° to 175°). As we are examining a mean
κAS value of all recordings, and the recordings at each station
have a wide range of event-to-station azimuths, we assume
that any variation in κAS with component orientation is a local
effect, rather than relating to event azimuth. Although the
AKSS, CRLZ, and MTPS stations show little variation in
κAS with component orientation, the D14C, GODS, HVSC,
and MQZ stations show large differences (approximately
20% and 25% between minimum and maximum at GODS
and MQZ, respectively). Particularly strong topographic site
effects have already been observed at the GODS station on the
N150° component (Van Houtte et al., 2012), and this orientation of the horizontal component corresponds to the maximum
average κAS measurement. This may be an indication that in the
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Figure 3. (a) Example S wave and pre-event noise windows from an event in the Canterbury earthquake sequence (indicated in black),
(b) their corresponding Fourier amplitude spectra, and (c) fc , f e , and f x picks for calculating κAS . Fourier amplitude units in (b) and (c) are
m=9:81 s.
frequency band of measurement (roughly 12–30 Hz), 2D site
effects may still interfere with κAS measurements.
This highlights the difficulty in separating the effects of
site attenuation and site amplification in κ AS measurements.
To average over 2D site effects in future κAS estimates and
derive a more robust value, we propose the following orientation-independent approach for measuring κAS :
1. Obtain the north and east horizontal (i.e., θ1  0 and
θ2  90°) time series for each recorded event and select
S-wave time windows.
2. Cosine-taper and Fourier transform time windows, then
pick f e and fx on the S-wave spectra to obtain κ θ .
3. Increment the rotation angle θ by Δθ, in which
Δθmin  5°.
4. Repeat steps 2 and 3, holding fe and fx constant for
each κθ measurement, until θ1  90° and θ2  180°,
respectively.
5. Calculate the mean of all the obtained κθ measurements.
The standard deviation of κθ is a measure of the scatter of
κ due to component orientation.
This suggested method is more robust than the current
practice of calculating κ AS as the average of κ AS measured on
two arbitrarily oriented components. We prefer this defini-

tion of an orientation-independent mean κ θ value over measuring κAS from a single orientation-independent FAS (e.g.,
the quadratic mean spectrum or the Gonella, 1972, rotary
spectrum), as our definition also offers a measure of the scatter in κ AS estimates due to component orientation, indicating
whether effects such as high-frequency 2D site response may
affect the obtained κ results. For this study, we adopt the previously discussed data processing techniques to calculate κAS
from the FAS of a single horizontal recording, then use this
orientation-independent approach to calculate one value for
horizontal κ AS per event per station.

Distance Dependence of κ AS
Using this method, including the orientation-independent definition, we evaluate the distance dependence of κAS
in the Canterbury region. Given that strong-motion stations
did not record a sufficient number of events at epicentral distances greater than 30 km to examine any trends with distance (see Fig. 2), only the velocity channel of the MQZ
station is used to assess distance dependence of κ AS in the
Canterbury region. Figure 5a plots κAS against epicentral distance, Re , with squares indicating the mean and standard
deviation of 5 km distance bins. κ AS here represents the mean
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Figure 4.

The sensitivity of κAS measurements to the orientation of the sensor. For every station (see legend), each data point
gives the average κAS for a single component over all events recorded at that station and for the particular orientation of the component. The north component is rotated in 5° increments from 0° to
85° and the east component from 90° to 175°. For station MTPS the
sensitivity of κAS to sensor orientation is negligible, whereas for
station GODS it is substantial.

κAS of the 36 different horizontal component orientations for
each event. Although the scatter is large (as is typical of most
κ studies), the mean-binned mean κ AS values are relatively
constant up to approximately 30–40 km epicentral distance,
above which there is a slight increase in κ AS with distance.
This justifies an approximation in which κ0;AS is calculated
as an average of all κ AS between 0 and 30 km epicentral
distance.
Figure 5b shows the standard deviation of κAS (i.e., the
standard deviation of κAS from the 36 different horizontal
component orientations per event, a measure of the scatter
due to component orientation), plotted against epicentral distance. We find the distribution of the standard deviation of
κAS to be lognormal, and the lognormally distributed mean
and standard deviation across 5 km distance bins are indicated as squares in Figure 5b. At epicentral distances less
than 20 km, there is a larger scatter for the κ AS estimates due
to component orientation. This indicates that, at short distances, finite-fault effects may affect the high-frequency slope,
even for small magnitude events. Despite the increased scatter in κ AS estimates, there is no corresponding change in the
mean κ AS at distances less than 20 km, hence it is considered
that this effect will have little influence on the obtained κ0
calculations.

Constraints on κ AS Estimation due to Magnitude
The broadband instrument at the MQZ station recorded
a large amount of near-source data across a wide range of
magnitudes from 0.5 to 5.5. This is an unusually wide range
and allows us to explore the limitations and applicability of
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the κAS approach, which is typically used for large magnitudes. The range of frequencies used to compute κAS may
depend on magnitude, as shown in Ktenidou et al. (2013;
see their fig. 4a): the lower the magnitude, the higher the
source corner frequency, fc , and the higher the frequency
band needed to measure κAS . This frequency band is constrained from below by fc and from above by the noise level
(SNR > 3), instrument sampling rate, and instrument response. Here, we investigate the lowest usable magnitude for
determining κAS given the existing instrument constraints.
First, we bin data according to magnitude. In Figure 6a, the
dotted lines indicate the boundaries of the magnitude bins,
with a similar number of events in each bin. The MQZ velocity channel has a sampling rate of 100 Hz (Nyquist frequency
of 50 Hz), and after correction for instrument response, we
consider the data to be reliable up to 40 Hz. Adopting this as
the upper usable frequency limit of the data, Figure 6b shows
the f c , fe , and fx values for the data. f c is only picked for
events smaller than magnitude 4, because it will not pose
problems for large magnitudes, for which the κ AS method is
well validated. As fc depends on magnitude, the fe pick
must also be magnitude dependent to avoid trade-off
between κAS and source parameters. The fx pick is made visually but is always limited by the maximum usable frequency
of 40 Hz, and therefore Δf tends to decrease with decreasing
magnitude but always remains above 10 Hz. Using these Δf
ranges, Figure 6c shows the corresponding κ0;AS values
against magnitude, along with the mean and 1 standard
deviation of κ0;AS per bin. There is no significant magnitude
dependence of κ 0;AS for magnitudes greater than 2.5 when
using these frequency picks. Below this magnitude threshold, the influence of fc becomes more pronounced, and there
is an increasing trade-off between fc and κ 0;AS , resulting in a
decrease in the mean κ 0;AS . This decrease indicates an erroneous measurement, as the measured slope no longer solely
represents the site attenuation effect.
We now perform a sensitivity analysis on the effect of
the maximum usable frequency of the data on κAS for small
magnitudes that is maximum possible f x . The maximum possible f x is decreased from 40 to 30 Hz and 23 Hz, simulating
lower sampling rates or different instrument responses.
Figure 6d compares obtained κ 0;AS values for the same dataset,
for the different maximum usable frequencies. Only the mean
κ0;AS values across the magnitude bins are shown for clarity.
When the maximum usable frequency decreases, the tradeoff between f c and κ AS becomes more evident at larger
magnitudes, manifesting as a decrease in measured κ 0;AS . If
the maximum usable frequency is 40 Hz, κ0;AS cannot be measured reliably for events with magnitude less than 2.5. When
the maximum usable frequency is 30 Hz, κ 0;AS measurements
should be kept to magnitudes greater than 3, and if the maximum is 23 Hz (which may be typical for instruments sampling
at 50 Hz), the minimum usable magnitude is 3.5. Above these
magnitude thresholds, the data can be used to get good estimates of the mean value of κ0;AS ; however, the standard
deviation of the estimates incrementally increases as the
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Figure 5. (a) κ AS against epicentral distance, Re , for recordings at the MQZ station. Squares indicate the mean of 5 km distance bins, with
error bars representing 1 standard deviation. (b) The standard deviation of κ AS (computed from the normal distribution of the 36 κθ values
per event recorded at MQZ), plotted against epicentral distance. Also indicated are lognormally distributed mean and standard deviation of
5 km distance bins. The color version of this figure is available only in the electronic edition.
maximum usable frequency decreases. To avoid such tradeoffs in future studies, we suggest some magnitude limits
for the κ AS method, based on the effects of f c and maximum
usable frequencies of available data. These limits are shown in
Table 2. Note that as κ AS increases, the Fourier amplitudes
decay more rapidly and may reach the noise level before
the maximum usable frequency of the data. The minimum
magnitudes indicated in Table 2 assume the S-wave Fourier
amplitudes are greater than three times the noise amplitudes
across the usable frequency band, as was generally the case in
this study. In reality, there may be a tendency for the minimum
usable magnitude to increase with κAS , and thus the minimum
magnitudes in Table 2 should be considered indicative only,
and applicable for κAS ≤ 0:03 s.
A further note from Figure 6d is that some error bars for
maximum fx  23 and 30 Hz extend to negative κ 0;AS values, indicating that many records have κAS < 0. This is not
observed for any of the data points in Figure 6c, in which the
maximum f x  40 Hz and highlights the adverse effects of
measuring κAS from data with lower sampling rates.

κ0;AS still varies significantly (roughly 0.025–0.039 s) among
the NZS 1170.5:2004 class B sites with similar V S30 values,
indicating that V S30 alone cannot be used to accurately
infer κ0;AS.
The average κ 0;AS value for rock sites in the region is approximately 0.03 s. However, the error bars indicate large
standard deviations ranging from 0.005 to 0.01 s, depending
on the station. The standard deviation decreases for harder
sites, but again V S30 is not sufficient to describe the variability.
Van Houtte et al. (2012) found that several of these sites are
located at sites with complex geology, for example, ridges,
tunnels, etc., that result in significant 2D response. Hence,
in Figure 7b, we plot the standard deviation of κ0;AS against
a simple binary measure of 2D site effects, in which a value of
1 corresponds to sites with complex 2D geological structures
that influence the site response, and a value of 0 is for stations
with site response that can be approximated as 1D. The scatter
in κ0;AS is significantly higher for stations with strong 2D site
effects, hence 2D site effects may explain some of the variability of κ 0;AS measurements, both in this study and in the
previous studies on κ.

Correlation with Site Parameters
κ 0 is commonly assumed to represent the attenuation of
seismic waves due to the geology in the upper few kilometers
of the Earth’s crust. κ0 is often correlated with V S30 , under
the assumption that V S30 is indicative of the deeper V S and Q
(seismic quality factor) profile that causes the site attenuation. There is considerable scatter in such correlations.
Figure 7a plots the mean κ0;AS values for the seven stations
analyzed in this study against V S30 . The standard deviation of
κ0;AS is also indicated. The range of V S30 values and number
of stations in the dataset are too small to offer a quantitative
correlation; however, it is reasonable to conclude that the
softer sites have higher κ 0;AS values than the harder sites.

Variation with Ground-Motion Amplitude
The Canterbury earthquake sequence resulted in several
rock and stiff-soil recordings with very large horizontal
ground-motion amplitudes. This section examines the
dependence of κ0;AS with the level of horizontal ground shaking. Figure 8a–f plots κ 0;AS against peak ground acceleration
(PGA) for the six strong-motion stations in this study. Events
with large PGAs have smaller values of κ0;AS than small PGA
events, particularly evident at the D14C, GODS, HVSC, and
MTPS stations. Although the AKSS and CRLZ stations do
not show a trend with PGA, all events recorded at these sites
had PGAs of less than 0:2g. PGA is used here to indicate the
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Figure 6. (a) The near-source events recorded by the velocity channel at the MQZ station, with dotted lines indicating the boundaries of
magnitude bins that the data are divided into. (b) The distribution of fc , fe , and fx picks with magnitude for the events. (c) κ0;AS against
magnitude, with mean of the magnitude bins indicated as circles, with 1 standard deviation indicated by error bars. (d) The effect of the
maximum usable frequency of the available data. Note that each bin contains exactly the same data. Only the maximum value for fx has
changed. The color version of this figure is available only in the electronic edition.
level of ground shaking (the signal energy), as we observe
similar behavior when plotting κ0;AS against all pseudospectral acceleration ordinates.
This is the first time that such a result is reported. To
our knowledge, there is only one previous κ study that examines dependence with PGA (Dimitriu et al., 2001), which
found an increase in κ0;AS with PGA on soft-soil sites. If we

Table 2
Suggested Limits of the Anderson and Hough (1984)
Manual-Fitting Method, for κAS ≤ 0:03 s
Maximum Usable Frequency
of Available Data (Hz)

Minimum Magnitude
to Calculate κ AS

40
30
23

2.5
3
3.5

consider that part of κ 0 can be seen as damping in the top
layers, then it would be expected to increase with the level
of shaking if it reached nonlinear soil behavior (as observed
in Dimitriu et al., 2001). However, we find the opposite effect
here for stiff-soil and soft-rock sites. As we were also unable to
attribute the observed variation to a distance effect (the highPGA events did not occur at shorter distances), one possible
alternative interpretation is that part of the site attenuation
described by κ 0;AS may be related to local heterogeneities
in the geological profile that cause high-frequency scattering
(Faccioli et al., 1989). Under very high-amplitude motion,
small-scale heterogeneities in the profile causing such scattering may be smoothed out, leading to a decrease in κ 0;AS .
Furthermore, the wavelengths associated with large amplitude
motion may be much longer compared with the dimension of
the scatterers. The effects of the decrease in scattering attenuation would need to be greater than the increase in material
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Figure 7. (a) κ 0;AS against V S30 for the seven stations in this study. (b) The standard deviation of κ0;AS against a binary measure of 2D site
effects. A value of one corresponds to a site with known strong 2D site effects, whereas a value of zero correponds to a site where the response
can be considered 1D.
damping for this interpretation to fit our observations.
Another possible explanation for κ0;AS decreasing with PGA
is that the correlation is physically representing a dependence
with the rate of shear strain, rather than the ground-motion
amplitude. Tatsuoka et al. (2008) performed laboratory
experiments on the effect of strain rate on damping and found
that very high strain rates can actually decrease material
damping, and therefore may cause κ 0 to decrease. Note that
PGA here is a proxy for strain rate rather than strain amplitude.
These interpretations are only speculative. There are too
few data at very high levels of ground shaking for the observation to be statistically significant, and there are no comparable κ studies that analyze such large PGAs (even the
Dimitriu et al., 2001, study only included one recording with
PGA > 0:3g). However, it might be prudent to consider the
possible decrease in κ 0;AS with increasing ground-motion
amplitude in hazard assessments for important structures,
particularly where large, nearby sources make significant
contributions to the hazard. Current practice assumes that κ 0
is independent of the level of ground shaking; however, these
results suggest that such an assumption may be unconservative. It is possible that these large, nearby events could produce lower values for κ0;AS and therefore increase the seismic
hazard at short periods.

Comparison with κ0;IRVT from Local GMPEs
To this point, we studied κ0 using the Anderson and
Hough (1984) approach (κ 0;AS ). This section compares these
results with the native κ0 of local empirical GMPEs, calculated
using IRVT (Gasparini and Vanmarcke, 1976). These two
approaches belong to the high-frequency family of methods,

defined by Ktenidou et al. (2014) as being compatible with
empirical GMPE adjustments, however, to date no published
study has compared the two approaches.
Background
Given that this is a nascent approach for calculating κ,
here we provide a background to the method. Al Atik et al.
(2014) first used IRVT to compute κ0 from response spectra
compatible FAS. The purpose of this approach is to allow a
value for κ 0 to be computed from an existing GMPE, representing an average value of κ 0 for the dataset that was used to create
the GMPE (hereafter referred to as κ 0;IRVT ). The IRVT process
is relatively complex and to date is yet to be widely implemented in this context. Although a detailed explanation can be
found in Rathje et al. (2005), a simplified summary of the
methodology is included here. Using random vibration theory
(RVT), the spectral acceleration (SA) is related to the root mean
square spectral acceleration (SArms ) by the peak factor (p):
SA2  p2 SArms 2 :

3

For a single degree-of-freedom (SDOF) system, SArms can
be determined using Parseval’s theorem, which states that
power is conserved in the time and frequency domains, and thus
the total power of a signal can be calculated in either domain:
Z
2 ∞
2
jAfj2 jHfn fj2 df;
4
SArms  
Td 0
in which T d is the signal duration, Af is the FAS, and
jH fn fj is the transfer function of an SDOF oscillator with
natural frequency fn and critical damping ratio ξ. The difficulty
with solving equation (4) is that a given spectral ordinate is
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Figure 8.

κ0;AS against peak ground acceleration for (a) AKSS, (b) CRLZ, (c) D14C, (d) GODS, (e) HVSC, and (f) MTPS strong-motion

stations.

influenced by a range of frequencies in the FAS and cannot be
used directly to calculate a value in the FAS. To address this
issue, the characteristics of lightly damped (e.g., 5%) SDOF
transfer functions are used, namely three important properties:
(1) they are equal to unity beneath the natural frequency of the
SDOF system, (2) they contain large amplification in a narrowband near the natural frequency, and (3) they quickly tend to
zero for frequencies greater than the fundamental frequency.
These properties allow the integral in equation (4) to be approximated in terms of the Fourier amplitude at the natural frequency of the oscillator, jAfn j, using a constant value of
jAfj2 equal to its value at the natural frequency. Using the
approximated integral, equation (4) is combined with equation (3) to solve for jAfn j2, giving


Zf
n
1
T d S2a
2
2
R
−
jAfj df :
jAf n j ≈ ∞
2
2p2
0
0 jH fn fj df − f n

5
The integral of the transfer function is constant for a
given natural frequency and damping ratio, which simplifies
equation (5) to


Zf
n
1
T d S2a
2
−
jAfj df :
jAfn j ≈
π
− 1 2p2
f n 4ξ
0
2

6

Before using equation (6) to invert from a response
spectrum to an FAS, an initial estimate of the peak factor p

is required. The peak factor depends on the statistical moments of the FAS and the duration of motion and is therefore
unknown. By assuming an initial value for p, an estimated
FAS can be determined and subsquently used for a second calculation of peak factors for the inversion. To calculate the response spectrum compatible FAS, equation (6) is first applied
at low frequencies, in which the integral term is approximately
equal to zero, then at incrementally higher frequencies. κ can
then be measured from the obtained FAS in the classic definition of linear high-frequency decay, following Anderson
and Hough (1984). To avoid path effects, the input response
spectra should be generated for near-source distances (i.e.,
less than 30 km), but not for very small distances (less than
5 km), where empirical GMPEs are not well constrained.

Application
We use the IRVT process to calculate κ IRVT for two New
Zealand crustal GMPEs (McVerry et al., 2006; Bradley, 2013).
Response spectra are derived using the two GMPEs for various
magnitude, distance, and site scenarios, in accordance with
Al Atik et al. (2014). For the distance parameter, the McVerry
et al. (2006) GMPE uses the closest distance to the rupture
plane, Rrup , whereas the Bradley (2013) GMPE uses Rrup
and the Joyner–Boore distance, RJB . For the site term, Bradley
(2013) uses V S30 and depth to bedrock, Z1:0 , whereas McVerry
et al. (2006) use NZS1170.5:2004 site classifications
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Figure 9.

(a) Response spectra for an M w 6, R  10 km, V S30  1000 m=s scenario using the Bradley (2013) and McVerry et al. (2006)

GMPEs and (b) the two compatible FAS calculated using IRVT, with κ IRVT measurements indicated. Note that PGA in the McVerry et al. (2006)
GMPE was assumed to represent T  0:04 s. The color version of this figure is available only in the electronic edition.

(Standards New Zealand, 2004). Both GMPEs are in terms of
moment magnitude, M w .
Here, response spectra are generated for vertical strikeslip scenarios with M w 5.5, 6, and 6.5, Rrup  5, 10, 15,
and 20 km, and a fixed hypocentral depth H  5 km. We infer
approximate RJB values from these parameters, guided by the
Rrup and RJB simulation results from Chiou and Youngs
(2006). To calculate the depth to the top of the rupture plane
ZTOR , the down-dip rupture width is estimated from H, Mw ,
and focal mechanism, using the relation of Wells and Coppersmith (1994), and ZTOR is approximated as half the down-dip
rupture width, following Scasserra et al. (2009) and Bradley
(2013). For these scenarios, we calculate response spectra for
each seismic station previously analyzed in this study, using
the site information given in Table 1. Where the depth to bedrock, Z1:0 , was not directly measured from the geophysical
investigations, the Z1:0 relationship with V S30 from Chiou
and Youngs (2008) was adopted.
Response spectra compatible FAS were then calculated
using the IRVT procedure. For the duration input, we use the
western United States point-source model (Campbell, 2003)
relations:
Td 

1
 0:05R;
fc

7

in which f c is the source corner frequency in hertz and R is
distance in kilometers. Our estimates of fc are based on the
findings of Oth and Kaiser (2013) for similarly large magnitude events in the Canterbury sequence.
Figure 9a shows the response spectra generated using
the Bradley (2013) and McVerry et al. (2006) GMPEs for an
Mw 6, Rrup  10 km, V S30  1000 m=s scenario. Figure 9b
shows the response spectra compatible FAS for this scenario,
with a linear slope fitted to the high-frequency decay of each
spectrum. As the smallest spectral ordinate in the McVerry

et al. (2006) model is at T  0:075 s, this study assumed that

PGA in the GMPE corresponded to T  0:04 s to better constrain the FAS at high frequencies. We judged 0.04 s to be

most appropriate, as the majority of the data used to develop
the McVerry et al. (2006) GMPE had a sampling rate of 50 Hz
and hence a Nyquist frequency of 25 Hz. fe and fx were
picked individually on each spectrum, with fx ≤ 20 Hz.
Figure 10a–g shows κ0;IRVT estimates from the Bradley
(2013) GMPE, for the seven sites in this study. Triangles,
circles, and crosses correspond to the M w 6.5, 6, and 5.5 scenarios, respectively. There is no apparent dependence with
distance or magnitude for the rock sites, whereas for the stiff
soil site, HVSC, κ 0;IRVT decreases slightly as magnitude increases. Figure 10h and 10i shows κ0;IRVT from the McVerry
et al. (2006) GMPE, for NZS 1170.5:2004 class B and class C
sites, respectively (Standards New Zealand, 2004), using the
same magnitude and distance scenarios. κ 0;IRVT is higher for
McVerry et al. (2006) than for Bradley (2013). However,
these values are likely to be influenced by our assumption that
PGA in the McVerry et al. (2006) model is equivalent to
T  0:04 s, as the choice of spectral period would significantly change the slope. There is also an increase in κ 0;IRVT
at small distances, especially for the smaller magnitude
scenarios. This may be because at the time of the development
of the McVerry et al. (2006) GMPE, there were a lack of New
Zealand data for distances less than 10 km, and the dataset was
therefore supplemented with foreign PGA data. The highfrequency range of the McVerry et al. (2006) model appears
to be too limited to obtain an accurate estimate of κ 0;IRVT ; however, it is unlikely that the GMPE was ever intended to be used
in this way. Given that we are pushing the McVerry et al.
(2006) model somewhat beyond its limits, the Bradley (2013)
GMPE may be a more reliable representation of the highfrequency characteristics of the Canterbury data.
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Figure 10. κIRVT for magnitude, distance, and site scenarios using (a–g) the Bradley (2013) and (h, i) the McVerry et al. (2006) GMPEs.
Triangles, circles, and crosses correspond to Mw 6.5, 6, and 5.5 scenarios, respectively. The Bradley (2013) GMPE uses V S30 and Z1:0 as the
site term predictor variables, whereas McVerry et al. (2006) uses NZS1170.5:2004 site classifications (see Table 1 for the site data of each of
the seven stations). Please note the different scale on (h) and (i). The color version of this figure is available only in the electronic edition.
Comparison of κ 0;AS and κ 0;IRVT
To compare the κ0;IRVT values with the κ0;AS estimates
from the previous sections, Figure 11 plots both against V S30
for the seven stations in this study. Table 3 shows the values for
each station. In general, κ0;IRVT from the Bradley (2013)
GMPE matches well with the κ 0;AS values, mostly within one
standard deviation of the mean κ0;AS . There appears to be a
slight correlation between κ 0;IRVT and V S30 ; however, the
trend of κ 0;IRVT with V S30 has a significantly shallower slope
than the general trend of κ 0;AS with V S30 . This suggests that
current GMPEs do not scale adequately with κ, possibly due to
their form. A small change in κ may significantly modify the
high-frequency shape of an FAS, however, GMPEs are typically fitted to response spectra (rather than FAS), in which
the high frequencies are smoothed and hence less sensitive
to κ. Therefore, to better model high frequencies in GMPEs,
it may be beneficial to empirically fit the FAS, then compute a
response spectrum using RVT (e.g., Bora et al., 2014).

Discussion
The most significant finding from our analysis is the
apparent decrease in κ 0;AS with large ground-motion amplitudes. Although the physical mechanism (or mechanisms)
causing this trend is currently unclear, the potential implications for hazard assessments at critical installations are large.
These facilities are often designed to resist events with very
low probabilities of occurance but high ground-motion intensities. Direct measurements of κ are predominantly obtained
from low-intensity earthquake records that are not of engineering interest, then applied to predict ground motion for
high-intensity events, either through host-to-target adjustments,
stochastic simulations, or GMPEs. This process is invalid if
high-intensity κ values are different from low-intensity κ values, as our findings may suggest. Given its importance for
the earthquake-resistant design of critical facilities, future research should focus on the variation of κ with ground-motion
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Table 3
κ0 Results for the Seven Sites in This Study

Figure 11. Comparison of κ0;AS (mean and standard deviation)
and κ0;IRVT from the Bradley (2013) GMPE, plotted against V S30 .
The color version of this figure is available only in the electronic
edition.
amplitude. The κ 0;AS –PGA correlation we present here is still
relatively weak and requires further analysis with a larger
dataset of high-intensity rock-site recordings.
The variation in κ0;AS with ground-motion amplitude
also means that the minimum magnitude recommendations
for estimating κ AS in Table 2 are guidelines for measuring
low-intensity κ AS only. The recommendations have been proposed to prevent trade-off between source parameters and κAS
in future studies. Events larger than our minimum magnitude
recommendations can still be used to calculate low-intensity
κAS ; however, they may overestimate high-intensity κ AS.
A further recommendation of this study is an orientation-independent definition of κ AS , to average over possible
high-frequency 2D site effects. Such effects may be significant at sites with strong 2D geological structures, with κ 0;AS
varying by up to 25% depending on the horizontal component orientation. Using an orientation-independent definition
for κAS is more robust than calculating κAS as the mean from
two arbitrarily orientated components, and therefore it can be
used to compute a more stable mean as well as an estimate of
uncertainty due to component orientation. Note, however,
that the variation due to component orientation is still less
than the standard deviation of κ0;AS at each station, that is,
despite our attempts to reduce and understand the scatter in
κAS , the observed variability is still very high at all stations.
Future research should focus on further understanding the
physical mechanisms behind κ and identifying other sources
of scatter contributing to the variation in κ.
In addition to analyzing the scatter in κ AS measurements,
this study also compares results from Christchurch with the
native κ0 values of local GMPEs. κ0;IRVT from the Bradley

Station

Mean
κ 0;AS (s)

Standard Deviation
of κ 0;AS (s)

κ 0;IRVT (s) from
Bradley (2013)

AKSS
CRLZ
D14C
GODS
HVSC
MQZ
MTPS

0.0334
0.0319
0.0251
0.0497
0.0437
0.0297
0.0393

0.0039
0.0059
0.0091
0.0096
0.0095
0.0089
0.0060

0.0341
0.0348
0.0355
0.0372
0.0377
0.0344
0.0351

(2013) GMPE is relatively independent of distance and V S30 ,
indicating that it is mostly decoupled from these effects.
Although this suggests that the GMPE is smoothing the highfrequency effect, it also means that the Bradley (2013)
model, and therefore the Chiou and Youngs (2008) model, on
which the Bradley (2013) model is based, are good candidate
GMPEs for κ adjustments. κ 0;AS from Christchurch rock sites
are similar to κ 0;IRVT from Bradley (2013), therefore this
model is likely to give relatively reliable predictions for
short-period rock motions in Christchurch.
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