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Abstract

This thesis addresses empirical ground motion modelling in the context of seismic hazard

assessment. In particular, the work focuses on empirical modelling of high frequency ground

motions at rock sites. The first section uses data from the Canterbury earthquake sequence

to improve understanding of the physical mechanisms behind high frequency Fourier spectral

amplitudes and develop robust methods of estimating the high frequency spectral decay

parameter, κ. The improved estimation method is then used to calculate the site attenuation

parameter κ0, at GeoNet rock sites across New Zealand. This analysis reveals strong variation

in site attenuation between the high and low seismicity regions of New Zealand. Using the

geostatistical technique of ordinary kriging, a continuous κ0 map of New Zealand is developed.

The second half of the thesis utilises the κ0 map to derive an empirical model of the earthquake

Fourier amplitude spectrum, using κ0 as a site-specific predictor. The model is derived by

fitting previously-recorded New Zealand ground motion data. It is found that using κ0 as a

predictor in the empirical model is largely unsuccessful, and the model performs better if κ0

is excluded from the model. A model is instead derived without explicit specification of site

attenuation effects. To complement the Fourier amplitude spectrum model, a model for the

significant duration of ground motion is derived. These two models are used together in a

random vibration theory analysis, to predict response spectra. In deriving the duration model,

conceptual improvements are made to random vibration theory calculations in the context of

engineering seismology. It is shown that the subsequent empirical model of response spectra

is generally unbiased with respect to New Zealand response spectral data, for damping levels

of 5% and 20%.
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Chapter 1

Overview

1.1 Introduction

New Zealand is a seismically active country. Earthquakes are a significant natural hazard

in New Zealand, and many damaging events have been reported within its short history of

human occupation. The land mass is dissected by the boundary between the Australian

and Pacific tectonic plates, with relative movements between the plates in the order of 40

mm per year. Regions on or near the tectonic plate boundary tend to be regularly affected

by earthquakes, and from these earthquakes, the amplitudes of seismic waves at the ground

surface are recorded by nearby seismic instruments. Engineers and seismologists analyse the

recordings from these instruments to better understand how the earthquake source, the wave

propagation path, and the near-surface geological structure affect the level of ground motion

at the Earth’s surface.

For engineering purposes, it is necessary predict the expected level of ground motion at a

specific location, due to a future earthquake scenario. To formulate this prediction, it is

common for engineers to statistically analyse the previously-recorded earthquake data, and

derive an empirical model that both fits the earthquake data, and reflects our understanding

of the physics of earthquakes. This process, known as empirical ground motion modelling, is

a key part of assessing the seismic hazard for built environments. These empirical models are

often referred to as attenuation relationships, ground motion prediction equations (GMPEs),

or simply empirical ground motion models. The empirical modelling approach is based on

the assumption that future earthquake ground motions will behave similarly to those that

have been previously recorded.

1



CHAPTER 1. OVERVIEW

This approach has merit in seismically active regions, where a large amount of earthquake

ground motion data exists. If a model is derived from a rich regional earthquake dataset,

the model is likely to reflect the region-specific source, path and site effects, and hence the

subsequent predicted motions for future events in that region should be reasonably reliable.

However, there are many regions of New Zealand that are less seismically active, where no

damaging earthquakes have been reported since earthquake observations began. Little is

currently known about the source, path and near-surface properties of earthquakes in these

regions. Given New Zealand’s geological diversity, it is unlikely that the typical ground mo-

tion modelling methodology is appropriate for these locations. For these low-to-moderate

seismicity regions, improving our knowledge of the regional seismic characteristics will im-

prove the reliability of ground motion predictions, and subsequently will result in safer and

more economic earthquake-resistant design of engineered installations.

A pertinent example of regional source effects on ground-motion is from the Canterbury

earthquake sequence, where multiple events were shown to have higher-than-average appar-

ent stress (Fry & Gerstenberger, 2011), resulting in enhanced ground motion observations

compared to previous predictions. The stress release at the earthquake source is just one of

many quantities that can affect surface observations of ground motion. Other examples of

physical phenomena that influence the surface ground motion are the levels of amplification

and rates of attenuation of seismic waves between the source and the ground surface, which

are related to properties of the regional and local crustal geology.

To best model the regional effects on ground motion, it is common to separate the source,

path and rock-site effects from the effects of the sedimentary soils. The most appropriate

‘rock-site model’ is then merged with a soil response model as a second step. The overarching

objective of this thesis is to improve rock-site ground motion predictions in New Zealand,

by considering regional effects on ground motion. While there are many source and path

related seismological effects that can influence ground motion, this work focuses only on

quantifying the effect of the local crustal geology on rock-site ground motion around New

Zealand. The rock-site response, which constitutes both amplification and attenuation of

seismic waves, can greatly affect the surface ground motion. This is commonly exemplified

using the Western North America (WNA) and Eastern North America (ENA) paradigm. It

has long been understood that WNA is characterised by crustal rock with high amplification

and high attenuation of seismic waves, while the properties of rock sites in ENA result in much

lower amplification and attenuation (Boore & Joyner, 1997). However, little is known about

these crustal properties in New Zealand. This thesis addresses this gap in understanding,

specifically by quantifying the effect of the site attenuation parameter, κ0 (Anderson & Hough,

1984), on rock-site ground motion in New Zealand. The research covers the following topics:

2



1.2. Thesis outline

• Understanding of physical phenomena controlling the observed variability of κ0, and

creating new guidelines for estimation;

• Quantifying the regional variations of κ0 in New Zealand;

• Developing an empirical model of the earthquake Fourier amplitude spectrum using

previously-recorded New Zealand earthquakes, that attempts to specifically include κ0

as a predictor;

• Deriving a model for the ‘significant duration’ of earthquake ground motion in New

Zealand, specifically to enable earthquake response spectra to be approximated from

the Fourier amplitude spectrum model; and,

• Creating a new empirical response spectrum model for New Zealand.

The results are intended to be used as a first step towards improving regionalised New Zealand

ground-motion prediction, and provide more physically-justified predictions in regions of low-

to-moderate seismicity.

1.2 Thesis outline

Each chapter in this thesis represents a distinct stage in the overall research project. Given

that each chapter covers different sub-disciplines within engineering seismology, the literature

review involved with each research stage is included within its applicable chapter.

Sources of variability in κ0:

κ0 is a notoriously difficult parameter to model due to its large observed variability. This

variability is partially physics-driven and partially investigator-introduced. Chapter 2 of

this thesis uses rock and stiff-soil data from the Canterbury earthquake sequence to further

understand and reduce the variability in κ0 calculations, and proposes guidelines for future

κ0 calculations.

A continuous κ0 map for New Zealand:

Chapter 3 uses the results and recommendations from the Christchurch analyses to obtain the

first national κ0 model, and identifies regions of significantly different rock site response. In

this chapter, κ0 is calculated at individual station locations in New Zealand’s National Seis-

mograph Network, before a geostatistical model of the data is derived to obtain a continuous

κ0 map.

An empirical Fourier amplitude spectrum model:
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The continuous κ0 map is used to infer κ0 values at locations of strong motion instruments

throughout New Zealand. This data is then used to derive a partially-parametric empirical

model of the earthquake Fourier amplitude spectrum for New Zealand earthquakes. Two

models are compared, one with κ0 as a predictor, and one without. These models are derived

using a large compilation of New Zealand strong motion data.

On nonstationarity corrections and durations in engineering seismology applica-

tions of random vibration theory:

Random vibration theory is a method for approximating response spectra from the Fourier

amplitude spectrum model. This chapter provides an in-depth theoretical background to

the method and proposes some conceptual improvements. An empirical duration model is

developed, to be used in conjunction with the Fourier amplitude spectrum model.

Empirical predictions of response spectra for seismic hazard:

The final research chapter combines the Fourier amplitude spectrum and duration models to

provide empirical predictions of response spectra. These predictions are compared to New

Zealand response spectral data, for the models with and without κ0 as a predictor. The

modifications to the random vibration theory procedure enable spectra to be calculated for

5% and 20%-damped oscillator response.

Discussion and conclusions:

The final chapter of the thesis discusses the results obtained during the course of this inves-

tigation, and provides recommendations for future research.

In addition to the chapters described here, three separate first-author publications were ac-

cepted over the course of this thesis (Van Houtte et al., 2012; Van Houtte et al., 2017;

Van Houtte, 2017). These publications are not directly related to the topic at hand, but they

are occasionally referenced during the thesis. For convenience, they have been included in

the Appendices.
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Chapter 2

Sources of variability in κ0 and

mitigation measures for future

estimation

2.1 Background

The expected level of rock-site ground motion due to a given earthquake rupture is often

needed for use in site-specific hazard studies and to develop building codes. In many cases,

an empirical ground motion model is used to predict the behaviour of an intensity measure

from some source, path, and site response parameters. For the site response, the effect of

the soil column has been extensively studied, however the site response of a rock site can

also greatly affect surface ground motions (Steidl et al., 1996; Boore & Joyner, 1997). In

the case of soil sites, modern empirical ground motion models such as the Next Generation

Attenuation (NGA) West-1 and West-2 models characterise the site response using the time-

averaged shear-wave velocity in the first 30 m below ground surface (VS30) and the depth to

a shear-wave velocity horizon of 1 km/s (Z1.0) as the predictive parameters. For rock-site

response, empirical models typically use a single site factor for all rock sites (e.g. Abrahamson

& Silva, 1997; McVerry et al., 2006), or more recently, consider the rock and soil site response

as a continuous function of VS30 (Abrahamson et al., 2008; Gregor et al., 2014).

However, rock-site response is not currently well-constrained in empirical ground motion

models. Firstly, rock site VS30 measurements are often unavailable or unreliable, both for

model developers and for users. Secondly, research by Anderson et al. (1996), Douglas et al.
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CHAPTER 2. SOURCES OF VARIABILITY IN κ0

(2009) and Laurendeau et al. (2013) shows that rock-site response cannot be well-modelled

using VS30 alone, as it also depends on the site attenuation parameter, κ0, which models

the attenuation of approximately vertically-propagating seismic waves beneath the ground

surface. κ0 is often derived from the spectral decay parameter, κ (Anderson & Hough, 1984),

which controls the steepness of the decay of earthquake Fourier amplitudes in the commonly-

used high frequency filter model,

A(f) = A0 exp(−πκf) , f > fe (2.1)

where A0 is a source- and path-dependent Fourier amplitude of acceleration, f is the fre-

quency, fe is the frequency above which the decay is approximately linear on a plot of log(A)

against f , and κ controls the steepness of the spectral decay. General consensus in the seis-

mological community is that the predominant physical mechanism behind κ is attenuation

along the wave propagation path, and thus κ is typically modelled as a function of a distance

variable, r, and site variable, s (Anderson, 1991), i.e.

κ(r, s) = κ0(s) + κ̃(r) , (2.2)

where κ̃(r) is the distance-dependence of κ and represents attenuation along the ray path

before seismic waves enter the near-surface material, and κ0(s) is the site attenuation pa-

rameter. If it is assumed that the spectrum of frequencies released by the source, the seismic

quality factor Q, and the site amplification are frequency-independent for frequencies greater

than fe, that the observed high frequency decay is due to the direct wave, and that Q is

laterally homogenous, then equation 2.2 can be rewritten as,

κ(r, s) =

∫
path

dr

Q(z)V (z)
, (2.3)

(Hough & Anderson, 1988), where z is the depth and V is wave velocity. Conditioned on

these assumptions, κ(r, s), hereafter denoted as κ, can be interpreted in terms of site and

path attenuation alone.

The validity of these assumptions is rather contentious. Firstly, the assumption of frequency-

independent source spectra above fe may not be a good representation of reality. An ω-square

source model (e.g. Housner, 1947; Haskell, 1964; Aki, 1967; Brune, 1970), for which the

displacement amplitudes decay according to ω−2 for large ω, will result in flat amplitudes of

the source spectrum of acceleration at frequencies greater than the source corner frequency.

While analyses of the Canterbury earthquakes have found the ω-square model to be, on

average, an excellent representation of sources in that region (Oth & Kaiser, 2014), this may

not hold for all events and stations. It has been shown that the falloff rate of displacement
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spectra can vary strongly between events (Abercrombie, 1995), and with the source-to-site

takeoff angle and azimuth (Madariaga, 1976; Boatwright, 1980; Kaneko & Shearer, 2014,

2015). This means the assumptions of the κ model may not hold for all events or stations.

Despite the uncertain nature of the high frequency shape of source spectra, this study assumes

that an ω-square source model applies to all events and stations used to calculate κ values.

For the κ model to represent attenuation, it is also necessary to assume that site effects

above fe are negligible (Silva & Darragh, 1995; Anderson et al., 1996). Site effects can be

both narrow band, for example from a topographic effect or an impedance contrast in the

subsurface geology, or broad band amplification from an impedance gradient. Narrow band

amplification can to some extent be identified by spectral ratios, hence this study calculates

the horizontal-to-vertical spectral ratio from earthquake recordings (HVSR, Lermo & Chávez-

Garćıa, 1993) at each station before computing κ. If high frequency peaks in the HVSR are

observed, it was assumed that the model in equations 2.2 and 2.3 was not appropriate for

the particular site, and the site was subsequently discarded from the analysis. A broad band

amplification is much more difficult to detect, because it can typically only be inferred from

detailed, site-specific, subsurface data. To apply the κ model in New Zealand, where this

information is unavailable, it is therefore necessary to equivocally assume that broad band

amplification at New Zealand rock sites is insignificant at high frequencies.

Another assumption of the κ model is the frequency-independence of Q above fe. The belief

that Q does depend on frequency has a long history in seismology (Aki, 1980; Lay & Wallace,

1995). It is typically assumed that Q−1 (defined as the fractional loss of energy per cycle)

can be divided into two parts, an intrinsic component that is related to complex microscopic

processes known collectively as ‘internal friction’, and a component arising from scattering

of energy due to heterogeneities distributed within a medium (Dainty, 1981). It is not clear

whether the intrinsic component of Q depends on frequency, but it is reasonable to assume

that scattering is frequency-dependent, for two reasons. Firstly, the degree of scattering

is likely to depend on the wavelength relative to the dimension of the heterogeneity, and

secondly, it is reasonable to assume that heterogeneities within the crust follow a type of

fractal distribution (Frankel & Clayton, 1986). Anderson and Hough (1984) cite several

studies for which the intrinsic component of Q is assumed to be frequency-independent, and

assume that intrinsic attenuation is a larger effect than scattering attenuation. For hard

rock, this is generally supported by observations (Hough et al., 1988; Abercrombie, 1998)

and numerical modelling (Anderson et al., 1996), although scattering may have a greater role

for highly heterogeneous soil sites (Parolai et al., 2015). This research is primarily concerned

with calculating κ at rock sites, and in these cases it is considered reasonable to assume that

Q is frequency-independent along the wave propagation path.
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CHAPTER 2. SOURCES OF VARIABILITY IN κ0

Despite these seemingly limiting assumptions, the κ model has become a popular method for

calculating site attenuation for engineering applications. The κ value itself is not of primary

interest, because it is usually preferred to model path attenuation using Q directly with the

seismic wave velocity V , according to

P (f) = A0 exp(−πfR/QV ) , (2.4)

where P (f) is the attenuation function, A0 is a reference amplitude, f is the frequency

and R is the distance along the ray path. However, the site attenuation parameter κ0(s),

subsequently denoted as κ0, has become a widely used parameter for modelling near-surface

attenuation at rock sites. κ0 is used in ground motion simulations using the stochastic method

(e.g. Boore, 2003; Motazedian & Atkinson, 2005; Graves & Pitarka, 2010), and as a GMPE

adjustment parameter in the host-to-target method, to account for regional differences in

rock site attenuation between the host and target regions (Campbell, 2003; Cotton et al.,

2006; Douglas et al., 2006; Van Houtte et al., 2011). For simplicity, these applications almost

always assume that S-waves are the dominant wave phase for peak motions, hence κ0, as well

as Q and V , correspond to attenuation, quality factor and velocity for S-waves. Recently,

Douglas et al. (2009) and Laurendeau et al. (2013) corroborate the earlier work of Anderson

et al. (1996) and show that the rock site response is potentially modelled better using κ0

in conjunction with VS30. Therefore, including κ0 in empirical ground motion models may

improve rock site predictions.

Despite the prevailing thought that κ0 should be included in empirical ground motion models,

previous efforts along these lines have been hindered by the large uncertainties associated with

κ0 calculation, which have resulted in a poor quality global dataset. Van Houtte et al. (2011)

compiled global data in a κ0−VS30 correlation, but found a very weak correlation coefficient.

There are a number of reasons behind the poor correlation, and a detailed discussion on the

issue can be found in Ktenidou et al. (2014). These authors suggest that a key factor in the

discrepancies between studies may be that several different methods exist to calculate κ0,

which might not necessarily be equivalent to each other.

Aside from the uncertainties that stem from the different methods used to estimate κ0 across

different studies, there is also considerable uncertainty due to the variability of κ measure-

ments within a single study. Most studies identify significant scatter between their calculated

κ results and the parametrisation in equation 2.2. 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 aris-

ing from different assumptions in the computational process (e.g. choice of distance metric,

correction for site amplification, signal-to-noise ratio) and offered guidelines for a more ro-
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bust computational process. Despite their standardised computation process, the variability

in obtained κ measurements was still substantial. This raises the question, what is causing

the scatter of κ measurements?

Before κ0 can be effectively used in empirical ground motion modelling, this question must be

addressed. To attempt an answer, this chapter uses a large dataset of near-source recordings

from the Canterbury earthquake sequence to perform a detailed analysis of the variability.

The Anderson and Hough (1984) method is adopted throughout this thesis (rather than other

calculation methods), where the high frequency slope of the acceleration spectra for recorded

earthquake data is empirically fit with the low-pass filter model in equation 2.1 (taxonomised

by Ktenidou et al., 2014, as κ0,AS). The outputs of this chapter are 1) identification of sources

of variability in κ0, and 2) recommendations for future estimation.

2.2 Data

The Canterbury earthquake sequence began with theMw7.1 Darfield earthquake on 3 Septem-

ber 2010 and since then, over 11,000 aftershocks have been recorded (Bannister & Gledhill,

2012). The majority of the events were in close proximity to Christchurch, New Zealand’s

second largest city, and as a result, an exceptionally large dataset of near-source strong

motion recordings has been collected. The dataset used for this chapter comprises events

recorded at seven GeoNet rock and stiff soil stations (AKSS, CRLZ, D14C, GODS, HVSC,

MQZ and MTPS) from the Canterbury region in the South Island of New Zealand (see

www.geonet.org.nz for further information). All are free-field, surface stations, except for

CRLZ, which is located in a cavern approximately 30 meters below ground surface. The

locations of these stations are shown in Figure 2.1. The sites have been previously charac-

terised in terms of site period using the horizontal-to-vertical spectral ratio (HVSR) method

for S-wave shaking (Van Houtte et al., 2012). Additionally, approximate shear-wave velocity

profiles were obtained via geophysical investigations as part of this study. With only verti-

cal 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 only reached 10 to 20 meters. Therefore

it must be noted that the VS30 values used in this study are partially inferred, based on the

assumption that the VS of the bedrock is constant down to 30 m. For the MQZ station, no

VS measurements were possible, hence the VS30 value of 1000 m/s is inferred based on corre-

lations with geological data in the region. HVSC has been previously characterised by Wood

et al. (2011), and their profile is adopted for this study. Table 2.1 shows all site information

available for each station in this study, including resonant frequencies, newly assessed VS30
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Table 2.1: GeoNet sites in this study, and the number of recordings analysed. All instruments are
strong motion accelerometers, except MQZ, which is a broadband instrument. ‘Natural frequency’
represents the frequency of the strongest peak observed in the HVSR.

Station
Sampling
rate (Hz)

VS30
(m/s)

Natural
frequency

(Hz)

NZS1170.5:
2004

Site Class

Total
record-

ings

Recordings
with

Re < 30km

AKSS 200 1073 9 B 46 11
CRLZ 200 900 1 B 143 124
D14C 200 733 1 B 84 70
GODS 200 586 1 B 106 99
HVSC 200 422 3.5 C 34 33
MQZ 100 1000* 8 B 1655 1099

MTPS 200 830 1 B 95 87

* VS30 for this station is entirely inferred.

values and NZS1170.5:2004 site classifications (Standards New Zealand, 2004).

Two stations (CRLZ, MQZ) comprise both a strong motion accelerometer and a co-located

broadband velocity sensor, while AKSS, D14C, GODS, HVSC and MTPS are strong motion

accelerometers. The accelerometer at MQZ samples at 50 Hz, while the remaining strong

motion instruments sample at 200 Hz. The large number of near-source recordings from the

Canterbury earthquake sequence enable 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 i.e. the

κ̃(R) term in equation 2.2, and assume that each individual measured κ value from an event

with epicentral distance less than 30 km corresponds to a zero-distance κ0 value, similar to

Rebollar (1990) and Kilb et al. (2012). This assumption is justified in a later section entitled

‘Distance-dependence of κ’. Therefore, a dataset of 508 accelerograms recorded at the seven

stations was obtained, 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 pass-band

(i.e. unity gain) for these instruments is approximately 1 to 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

pass-band. The velocity channel of CRLZ is therefore discarded, and only the acceleration

channel is considered, which has a higher maximum usable frequency (>70 Hz). The greater

pass-band for the CRLZ accelerometer enables measurement of κ at frequencies higher than

that of the site effects. With the velocity channel of CRLZ removed from the analysis, MQZ
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Figure 2.1: Locations of the seismic stations analysed in this study. Topography map is courtesy of
GNS Science.
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Figure 2.2: Magnitude - epicentral distance distribution of events analysed in this study. Squares in-
dicate events recorded by strong motion stations and triangles indicate events recorded by a broadband
sensor.

has the only available broadband instrument to robustly measure κ for small magnitude

events. From this station, 1655 events are obtained, of which 1099 have epicentral distances

less than 30 km. Table 2.1 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

2.2. The four largest events have published moment magnitude (Mw) estimates, while the

smaller events have been converted from GeoNet local magnitudes (ML; Haines, 1981) to

Mw using the correlation of Ristau (2013). An issue with using the Ristau (2013) ML-Mw

relationship is that only events with Mw > 3 were used to create the correlation, while this

dataset contains many events with Mw < 3. While it is unclear whether the relationship will

hold for Mw < 3, there is no definitive evidence to the contrary, and using it is unlikely to

introduce significant bias to the results. Therefore, the ML-Mw correlation is extrapolated

to all events in the dataset.

All earthquakes analysed in this study have focal depths less than 15 km. Metadata for the

relocations of events are from Bannister et al. (2011). The key advantage of the dataset is

the good coverage of events across a wide magnitude range at near-source distances, which

allows an empirical investigation of the sensitivity of κ0 estimates to magnitude and distance.
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2.3 Method

Data processing and calculation of κ

For each recording in the dataset, the waveforms were baseline-corrected, the instrument

response was removed, the data was converted to units of acceleration (where applicable), and

then time windows for S-wave shaking and pre-event 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 minimise 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. Fourier amplitude spectra, FAS) were retained for the

analysis.

The Anderson and Hough (1984) method is adopted to estimate κ directly on the high

frequency part of FAS (κAS , according to Ktenidou et al., 2014). The method is based on

the recommended procedure of Ktenidou et al. (2013), in terms of accounting for source

corner frequency (fc), signal-to-noise ratio (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. The upper bound, fx, was defined as the smallest

of: the frequency at which three times the level of noise exceeds the signal (i.e. SNR > 3);

where the high frequency slope clearly plateaus; or the maximum usable frequency of data

from the particular instrument (e.g. 80% of the Nyquist frequency or maximum value of flat

instrument response). The site response for each station was also considered in the selection

of fe and fx, using the horizontal-to-vertical spectral ratios (HVSR) from recorded earthquake

motions obtained in Van Houtte et al. (2012), to identify any amplification or deamplification

effects in the chosen frequency band that can adversely affect κ measurements. To ensure a

stable fit of the κ slope to the spectrum, a minimum ∆f (i.e., fx − fe) of 10 Hz was applied.

Figures 2.3a, b and c show an example of S-wave and noise time windows, FAS, and picks of

fc, fe and fx respectively for an event in the Canterbury sequence. Note that in this study,

only κ measurements for horizontal shaking are analysed, and the vertical component is not

considered.
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CHAPTER 2. SOURCES OF VARIABILITY IN κ0

Figure 2.3: (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, fe and fx picks for calculating κ. Fourier amplitude units in (b) and (c) are m/(9.81· s)

Accounting for component orientation

Thus far, this chapter has detailed a method to compute κ from a single earthquake FAS, i.e.

one horizontal component of motion. In several previous studies, κ is measured on each of the

two horizontal components using a similar method to that described here, then averaged to

obtain one κ value per station per event (Douglas et al., 2010; Gentili & Franceschina, 2011;

Van Houtte et al., 2011; Ktenidou et al., 2013). Some of these studies also apply criteria that

reject data whose κ values 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, it is investigated whether the orientation of the two horizontal components

affects κ 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 five degree

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 previous section (with fe and fx fixed for all 36 spectra).

In Figure 2.4, each line of data points represents κ results for one station, as the horizontal

components are rotated. Each data point shows the average value of κ, averaged over all
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2.3. Method

Figure 2.4: The sensitivity of κ measurements to the orientation of the sensor. For every station (see
legend), each data point gives the average κ 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 κ to sensor orientation is negligible, while for station GODS it is substantial.
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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 this figure is showing a mean κ value of all

recordings, and the recordings at each station have a wide range of event-to-station azimuths,

it is assumed that any variation in κ with component orientation is a local effect, rather than

relating to event azimuth. While the AKSS, CRLZ and MTPS stations show little variation

in κ 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 κ measurement. This may

be an indication that in the frequency band of measurement (roughly 12 to 30 Hz), 2D site

effects may still interfere with κ measurements.

This highlights the difficulty in separating the effects of site attenuation and site amplification

in κ measurements. To average over 2D site effects in future κ estimates and derive a more

robust value, the following average-orientation approach for measuring κ is proposed:

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 fe and fx on the S-wave

spectra to obtain κθ.

3. Increment the rotation angle θ by ∆θ, where ∆θmin = 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 the aver-

age of κ measured on two arbitrarily-orientated components. This definition of an average-

orientation mean κθ value has an advantage over measuring κ from a single orientation-

independent FAS (e.g. the quadratic mean spectrum or the Gonella, 1972 rotary spectrum),

as the definition from this research also offers a measure of the scatter in κ estimates due to

component orientation, indicating whether effects such as high frequency, 2D, site response,

may affect the obtained κ results. For this study, the previously discussed data processing

techniques are adopted to calculate κ from the FAS of a single horizontal recording, then use

this rotational approach to calculate one value for horizontal κ per event per station.
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2.4 Distance-dependence of κ

Using this method, including the average-orientation definition, the distance dependence of κ

in the Canterbury region is evaluated. Given that the 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 Figure 2.2), only the velocity channel of the MQZ station is used to assess

distance-dependence of κ in the Canterbury region.

Figure 2.5a plots κ against epicentral distance, Re, with squares indicating the mean and

standard deviation of 5 km distance bins. Note that κ here represents the mean κ of the

36 different horizontal component orientations for each event. While the scatter is large (as

is typical of most κ studies), the mean binned mean κ values are relatively constant up to

approximately 30-40 km epicentral distance, above which there is a slight increase in κ with

distance. This justifies an approximation (such as the one made in the previous section)

where κ0 is calculated as an average of all κ from between 0 and 30 km epicentral distance.

Figure 2.5b shows the standard deviation of κ (i.e. the standard deviation of κ from the

36 different horizontal component orientations per event, a measure of the scatter due to

component orientation), plotted against epicentral distance. The distribution of the standard

deviation of κ is lognormal, and the lognormally distributed mean and standard deviation

across 5 km distance bins are indicated as squares in Figure 2.5b. At epicentral distances

less than 20 km, there is a larger scatter for the κ 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 estimates, there is no

corresponding change in the mean κ at distances less than 20 km, hence this effect will have

little effect on κ0 calculations.

2.5 Constraints on κ 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 to 5.5. This is an unusually wide range and allows

exploration of the limitations and applicability of the κ approach, which is typically used for

large magnitudes. The range of frequencies used to compute κ may depend on magnitude,

as shown in Ktenidou et al. (2013) (see their Figure 4a): the lower the magnitude, the higher

the source corner frequency, fc, and the higher the frequency band needed to measure κ.
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Figure 2.5: (a) κ 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) standard
deviation of κ (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.
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2.5. Constraints on κ estimation due to magnitude

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, it is investigated what

the lowest usable magnitude is for determining κ given the existing instrument constraints.

First, the data is binned according to magnitude. In Figure 2.6a, 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, the data is considered reliable up to 40 Hz.

Adopting this as the upper usable frequency limit of the data, Figure 2.6b shows the fc, fe

and fx values for the data. fc is only picked for events smaller than magnitude 4, since it

will not pose problems for large magnitudes, for which the κ method is well-validated. As

fc depends on magnitude, the fe pick must also be magnitude-dependent to avoid trade-off

between κ and source parameters. The fx pick is made visually but is always limited by the

maximum usable frequency of 40 Hz, and therefore ∆f tends to decrease with decreasing

magnitude, but always remains above 10 Hz. Using these ∆f ranges, Figure 2.6c shows the

corresponding κ0 values against magnitude, along with the mean and ±1 standard deviation

of κ0 per bin. There is no significant magnitude dependence of κ0 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 κ0, resulting

in a decrease in the mean κ0. This decrease indicates an erroneous measurement, as the

measured slope no longer solely represents the site attenuation effect.

A sensitivity analysis is now performed on the effect of the maximum usable frequency of

the data on κ for small magnitudes i.e. maximum possible fx. The maximum possible fx

is decreased from 40 Hz to 30 Hz and 23 Hz, simulating lower sampling rates or different

instrument responses. Figure 2.6d compares obtained κ0 values for the same dataset, for the

different maximum usable frequencies. Only the mean κ0 values across the magnitude bins

are shown for clarity. When the maximum usable frequency decreases, the trade-off between

fc and κ becomes more evident at increasingly large magnitudes, manifesting as a decrease

in measured κ0. If the maximum usable frequency is 40 Hz, κ0 cannot be measured reliably

for events with magnitude less than 2.5.

When the maximum usable frequency is 30 Hz, κ0 measurements should be kept to magni-

tudes 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, however the standard de-

viation of the estimates incrementally increases as the maximum usable frequency decreases.

In order to avoid such trade-offs in future studies, some magnitude limits for the κ method

are proposed, based on the effects of fc and maximum usable frequencies of available data.
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Figure 2.6: (a) The near-source events recorded by the velocity channel at the MQZ station, with
dotted lines indicating the boundries of magnitude bins that the data is divided into. (b) the distri-
bution of fc, fe and fx picks with magnitude for the events. (c) κ0 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.
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2.6. Correlation with site parameters

Table 2.2: Suggested limits of the Anderson and Hough (1984) manual fitting method, for κ ≤ 0.03
s.

Maximum usable frequency
of available data (Hz)

Minimum magnitude to
calculate κ

40 2.5
30 3
23 3.5

These limits are shown in Table 2.2. Note that as κ 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 2.2 assume the S-wave Fourier ampli-

tudes 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 κ, and thus the minimum magnitudes in Table 2.2 should

be considered indicative only, and applicable for κ ≤ 0.03 s.

A further note from Figure 2.6d is that some error bars for maximum fx = 23 and 30 Hz

extend to negative κ0 values, indicating that many records have κ < 0. This is not observed

for any of the data points in Figure 6c where the maximum fx = 40 Hz, and highlights the

adverse effects of measuring κ from data with lower sampling rates.

2.6 Correlation with site parameters

κ0 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 VS30, under the

assumption that VS30 is indicative of the deeper Vs and Q (seismic quality factor) profile that

causes the site attenuation. There is considerable scatter in such correlations. Figure 2.7a

plots the mean κ0 values for the seven stations analysed in this study against VS30, with the

standard deviation of κ0 also indicated. Values are shown in Table 2.3. The range of VS30

values and quantity 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 κ0 values than the harder

sites. κ0 still varies significantly (roughly 0.025-0.039 s) amongst the NZS 1170.5:2004 class

B sites with similar VS30 values, indicating that VS30 alone cannot be used to accurately infer

κ0.

The average κ0 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.
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Figure 2.7: (a) κ0 against VS30 for the seven stations in this study. (b) The standard deviation of
κ0 against a binary measure of 2D site effects. A value of one corresponds to a site with known strong
2D site effects, while a value of zero corresponds to a site where the response can be considered 1D.

Table 2.3: κ0 results for the seven sites in this chapter

Station Mean κ0 (s)
Standard deviation

of κ0 (s)

AKSS 0.0334 0.0039

CRLZ 0.0319 0.0059

D14C 0.0251 0.0091

GODS 0.0497 0.0096

HVSC 0.0437 0.0095

MQZ 0.0297 0.0089

MTPS 0.0393 0.0060
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2.7. Variation with ground motion amplitude

The standard deviation decreases for harder sites but again VS30 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 e.g. ridges, tunnels etc. that result in significant 2D response. Hence,

in Figure 2.7b, the standard deviation of κ0 is plotted against a simple binary measure of 2D

site effects, where a value of 1 corresponds to sites with complex 2D geological structures that

influence the site response, and 0 is for stations with site response that can be approximated

as 1D. The scatter in κ0 is significantly higher for stations with strong 2D site effects, hence

2D site effects may explain some of the variability of κ0 measurements, both in this study

and in previous studies on κ.

2.7 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

with the level of horizontal ground shaking. Figures 2.8a to 2.8f plot κ0 against peak ground

acceleration (PGA) for the six strong motion stations in this study. Events with large PGAs

have smaller values of κ0 than small PGA events, particularly evident at the D14C, GODS,

HVSC and MTPS stations. While the AKSS and CRLZ stations do not show a trend with

PGA, all events recorded at these sites had PGAs of less than 0.2 g. PGA is used here to

indicate the amplitude of ground motion, and similar behaviour is observed when plotting κ0

against other pseudo spectral acceleration ordinates.

This is the first time that such a result is reported. To the author’s knowledge, there is only

one previous κ study that examines dependence with PGA (Dimitriu et al., 2001), which

found an increase in κ0 with PGA on soft soil sites. If it is considered that part of κ0 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 behaviour (as observed in Dimitriu et al., 2001). However,

the opposite effect is found for stiff soil and soft rock sites. As the observed variation cannot

be attributed to a distance effect (the high PGA events did not occur at shorter distances),

one possible alternative interpretation is that part of the site attenuation described by κ0

may be related to local heterogeneities in the geological profile that cause high frequency

scattering (Faccioli et al., 1989). Under very high amplitude motion, the effects of small-

scale heterogeneities in the profile causing such scattering may be smoothed out, leading to

a decrease in κ0. Furthermore, the wavelengths associated with large amplitude motion may

be much longer compared to the dimension of the scatterers. The effects of the decrease in

scattering attenuation would need to be greater than the increase in material damping for

this interpretation to fit our observations. Another possible explanation for κ0 decreasing
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Figure 2.8: κ0 against peak ground acceleration for (a) AKSS, (b) CRLZ, (c) D14C, (d) GODS, (e)
HVSC and (f) MTPS strong motion stations.

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 κ0 to decrease.

Note that PGA here is a proxy for strain rate rather than strain amplitude.

Rather than applying a physical interpretation to the observations, the observation may

simply be an indication that the κ filter model from equation 2.1 is inappropriate for high

intensity, or near-source events. For example, the κ filter model fits well for the low-to-

moderate intensity event in Figure 2.9a (at least above the noise level). However, for the

FAS from the Mw6.3 Christchurch earthquake (Figure 2.9b), the high frequency decay is

approximately linear for frequencies less than 30 Hz, albeit with a lower rate of decay than

the low-intensity recording, but then shows significant curvature across a larger frequency

band, plateauing above the noise floor. In this case, the simple exponential form of the κ

filter may be unsuitable, and one or more of the assumptions that allow κ to be interpreted

as attenuation may be being violated.

These interpretations are only speculative, and there are no comparable κ studies that analyse

such large PGAs (even the Dimitriu et al., 2001 study only included one recording with PGA
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2.8. Discussion

Figure 2.9: Comparison of FAS recorded at HVSC for (a) an event with a low-to-moderate level of
ground shaking, and (b) an event with a very high level of ground shaking. Fourier amplitude units
are m/(9.81· s)

> 0.3 g). Regardless of whether there is a physical mechanism behind the observation, or

whether it is simply a limitation of the κ model, the possible decrease in κ0 with increasing

ground motion amplitude should be considered in site-specific probabilistic seismic hazard

assessment for important structures, where there are large, nearby sources. Current practice

assumes that κ0 is independent of the level of ground shaking, however these results suggest

that such an assumption might be unconservative. It is possible that these large, nearby

events could produce lower values for κ0 and therefore increase the seismic hazard at short

periods.

2.8 Discussion

The most significant finding from this analysis of data from the Canterbury earthquake

sequence is the apparent decrease in κ0 with large ground motion amplitudes. While the

physical mechanism (or mechanisms) causing this trend are 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 occurrence 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 empirical ground motion models. This process is invalid if ‘high intensity κ’ values are

different from ‘low intensity κ’ values, as these findings suggest. It is of particular concern

that high intensity κ values are smaller than low intensity κ measurements, as this will result

in an increase in the hazard for structures that are sensitive to high frequency ground motion.
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The variation in κ0 with ground motion amplitude also means that the minimum magnitude

recommendations for estimating κ in Table 2.2 are guidelines for measuring low intensity

κ only. The recommendations have been proposed to prevent trade-off between source pa-

rameters and κ in future studies. It may be that these small magnitude events cannot be

used to determine high intensity κ, however events larger than the minimum magnitude

recommendations can still be used to calculate low intensity κ.

It must be stressed that observed dependence between κ0 and the level of ground-shaking is

only qualitative, and more data is required to confirm whether it can be considered statisti-

cally significant. Should a similar trend be observed in other datasets, then in-depth research

efforts need to be directed either towards high intensity κ estimation methods for hazard

studies, or toward a more appropriate low-pass filter model for earthquakes FAS. The New

Zealand dataset is currently too limited to investigate this trend further, and given the lack

of statistical significance, this thesis is unable to give further attention to the issue. Until

the observation is verified in other studies, it would be impetuous to incorporate this effect

into empirical ground motion prediction for hazard assessment. As such, this thesis does not

address the issue further.

A further recommendation of this work is an average-orientation definition of κ, to average

over possible high frequency, 2D, site effects. Such effects may be significant at sites with

strong, 2D, geological structures, with κ0 varying by up to 25% depending on the horizontal

component orientation. While this variation is admittedly less than the standard deviation of

κ0 at each station, using an average-orientation definition for κ is more robust than calculating

κ as the mean from two arbitrarily-orientated components, and therefore could be used

to compute a more stable mean as well as an estimate of uncertainty due to component

orientation.

The first objective of the research that forms this chapter was to gain physical understanding

of the variability in κ. However, it appears that existing knowledge of the physical mechanism

relating to the κ model is not currently converging to an engineering solution. There was

greater success in the second objective of this chapter, to give guidelines for future estimation.

The following chapter, which proposes a κ0 model for New Zealand, utilises the average-

orientation definition of κ, and applies the minimum magnitude requirements from Table 2.2

to create a database.
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Chapter 3

Development of a site attenuation

map for New Zealand

3.1 Introduction

Although κ0 is a widely-used parameter in a multitude of ground-motion prediction appli-

cations, obtaining reliable data for forward prediction is often problematic. For site-specific

hazard studies, κ0 cannot typically be calculated from earthquake data due to the lack of

instrumentation, and hence is often inferred from unreliable global κ0 − VS30 correlations

(Van Houtte et al., 2011). While this method may have some benefit for ground motion

prediction compared to excluding κ0 altogether, the benefits are likely to be minimal. Before

κ0 can be widely implemented in empirical ground motion prediction for a given region, it

is essential that it is well-defined and understood in the intended area of application. It

is therefore the objective of this chapter to provide nationwide κ0 values for New Zealand,

to help facilitate the uptake of κ0 as a parameter in empirical ground motion models. κ0

values are calculated at individual stations in the New Zealand National Seismic Network

(NZNSN, www.geonet.org.nz), before kriging the data with a spatially-varying mean, to de-

rive a continuous κ0 map. The map can be used to infer κ0 values for any rock site in New

Zealand, which is likely to be a more reliable method of inference than the use of a κ0−VS30
correlation.

To calculate the station-specific κ0 values, the Anderson and Hough (1984) method is again

adopted here, where the high frequency slope of the acceleration spectra for recorded earth-

quake data is fit with the equation 2.1 low-pass filter model (κ0,AS , similar to the previous

27



CHAPTER 3. A SITE ATTENUATION MAP OF NEW ZEALAND

chapter). This choice of method is to retain consistency between how κ0 is calculated and

how it will be applied.

3.2 Data

The majority of the data for this study comes from GeoNet’s NZNSN (Petersen et al., 2011).

At the time of writing, the NZNSN consists of 52 sites with paired strong-motion and broad-

band instruments, located throughout New Zealand at approximately 100 km spacing. From

this network, there are many continuously recording stations on rock sites that have been op-

erational for up to ten years, providing a wealth of data from which κ0 can be calculated. The

dataset for this study is obtained from 33 rock sites in the NZNSN, the locations of which are

shown as triangles in Figure 3.1. To supplement the network in the North Island, where the

station spacing of the NZNSN was deemed insufficient, eight stations from regional networks

are also included in this study (shown as squares in Figure 3.1). The NZNSN sites in this

study comprise co-located continuous and strong-motion sensors, however for this study only

data from the continuous broadband seismometers are utilised. The regional networks use

continuously-recording short-period instruments. All stations in the dataset sample at 100

Hz. The only site information available is NZS1170.5:2004 site classifications (Standards New

Zealand, 2004), according to which some stations are classified either as hard rock (class A)

or soft rock (class B). No VS30 measurements exist for any sites in this study. In addition to

the 41 stations analysed here, the Christchurch κ0 results from the previous chapter are used

in the development of the continuous κ0 map.

In accordance with the minimum magnitude recommendations of the previous chapter, only

events with magnitudes greater than 2.5 are incorporated in the study. The purpose of this

limit is to provide sufficient bandwidth above the source corner frequency, fc, and below

the maximum usable frequency, to allow the calculated κ slope to be attributed solely to

the site and regional attenuation without contamination by source effects. Although fc also

depends on the stress parameter, which may exhibit systematic regional differences as well as

event-to-event variability, this minimum magnitude requirement is considered sufficient for

avoiding strong biases of fc on the calculated κ slope. The available data span a magnitude

range from Mw2.5 to Mw6.6. Only crustal events shallower than 15 km are analysed in this

study to ensure that the wave propagation paths from all events are sampling similar portions

of the seismogenic crust. With these criteria, a total of 1050 earthquakes form the dataset

for this study. The magnitudes and epicentral distances for these events are shown in Figure

3.2.
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3.2. Data

Figure 3.1: Map of continuous recording stations utilised from the New Zealand National Seismic
Network (triangles), and supplementary stations from volcanic or regional networks (squares) that
were also used in this study. Circles and lines indicate events and event-station paths respectively.
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Figure 3.2: Magnitude and distance distribution of earthquakes that form the dataset for this
chapter.

3.3 Method

The method adopted here is similar to the method detailed in Section 2.3, and is only briefly

repeated. S-wave windows of five second duration are used are used to calculate the FAS.

To identify narrow band site effects that may bias κ measurements, HVSRs are calculated

at each station. If high-frequency amplification was detected at a given station, it was

considered to violate the assumptions for calculating κ, and removed from the dataset. An

example κ calculation, for a recording with a relatively low κ value, is shown in Figure 3.3.

To obtain a single horizontal κ value per recording, the average-orientation measurement

method introduced in chapter 2 is adopted.

3.4 Consideration of distance and direction dependence

Once κ values are calculated for all events recorded at a station, the site attenuation pa-

rameter, κ0, is then calculated by extrapolating the trend of κ with epicentral distance to

zero distance (i.e. removing the κ̃(r) term from equation 2.2). The distance-dependence is

approximately related to the intrinsic Q for S-waves (QS) and VS structure along the hori-

zontal wave-propagation path from source to site, as shown in equation 2.3. For a medium
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Figure 3.3: Example calculation of a low κ value. (a) S-wave and noise windows from an earthquake
recorded by the OPZ station, (b) the HVSR for OPZ averaged over 23 events, where dashed lines
represent ±1 standard deviation from the median (solid line) and shaded area indicates the region
where the amplification can be considered insignificant, (c) the FAS for the noise and S-wave windows
in (a), and (d) fc, fe, and fx picks for calculating κ.

with constant QS and VS , κ will increase linearly with distance, and several previous studies

adopt this simple form for the distance-dependence (e.g. Hough et al., 1988; Douglas et al.,

2010; Van Houtte et al., 2011; Ktenidou et al., 2013). While many alternative forms for κ̃(r)

have also been proposed to better represent the geological structure in the region of interest,

this study uses a constant QS and VS model,

κ̃(r) =
R

QSVS
, (3.1)

where R is the epicentral distance. A more complex form for κ̃(r) was considered, but was lim-

ited by depth uncertainties for many recorded events, making it too difficult to reliably trace

the QS structure being sampled by the ray paths. Therefore, a linear distance-dependence

of κ is adopted for simplicity and consistency.

For three stations in the Otago region of New Zealand, Figure 3.4 shows the locations of

events used to calculate κ, and plots the κ results against epicentral distance. If the κ data

at each station are fitted using unconstrained linear least-squares regression (labelled as ‘free

Q’ in Figure 3.4), the QS values implied by the κ̃(r) slope range from 900-1600, assuming

constant VS of 3.5 km/s. These QS values can be compared to other Q values obtained in an
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independent study. The 3D South Island attenuation model of Eberhart-Phillips et al. (2008)

calculates the frequency-independent Q structure for P-waves, QP , in Otago. In the typical

frequency bandwidth for κ calculations, 10-40 Hz, and a similar depth range to the data in

this study, less than 10 km, Eberhart-Phillips et al. (2008) calculate QP values ranging from

900-1100. Given that Eberhart-Phillips et al. (2008) calculate QP and this study calculates

QS , it is not possible to directly compare the results. Lay and Wallace (1995) suggest QP /QS

is around 2, although it is not clear if this value should depend on frequency. Yoshimoto et

al. (1993) show that QP /QS does depend on frequency, and can range between 0.5-2.5 for

frequencies greater than 1 Hz. The variability in the ratio means that the absolute Q values

are not comparable, but qualitatively the QS results of this study compare well with the

general regional trends of the QP structure derived by Eberhart-Phillips et al. (2008).

The κ0 values in Otago inferred from the ‘free Q’ regression are also indicated in Figure 3.4.

However, the station-specific κ0 values may be sensitive to constraints associated with the

linear distance-dependence model (Edwards et al., 2015). With the assumption that the ray

paths sample similar underlying Q structure for all three Otago stations, their combined κ

data may be regressed together to calculate a better-constrained regional κ̃(r). In this case,

the combined regression yields an ‘average regional QS ’ of 1100. If the slope of the linear

trend is constrained at each station to fit this Q model (indicated in Figure 3.4 as ‘fixed

regional Q’), the obtained κ0 values may be different from those of the unconstrained, ‘free

Q’ case. For the example of the SYZ station, adopting either ‘free Q’ or ‘fixed regional Q’

distance-dependence models causes changes in κ0 that are nearly a factor of two, but for most

stations the difference is within a factor of two.

For groups of stations where sufficient data have propagation paths sampling similar areas

of the crust, such as the three Otago stations in Figure 3.4, the overall κ0 is taken as the

average between a ‘free Q’ and ‘fixed Q’ distance model. This accounts for some of the

epistemic uncertainty in κ0 due to the adopted distance-dependence model. In addition to

the three Otago stations, the following stations were also combined to calculate a regionally-

fixed distance-dependence:

• DCZ and PYZ, in Fiordland;

• WEL and BHW, two stations at the southern tip of the North Island; and,

• WAZ and VRZ, near the west coast of the North Island.

Plots for these three regions are shown in Figures 3.5, 3.6 and 3.7. The other regions in New

Zealand have insufficient spatial coverage of data and stations to allow the computation of

robust regionally-fixed Q models, and for stations in these regions, κ0 is calculated using only
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Figure 3.4: (a) Locations of three stations in Otago, with events and event-station paths indicated
by circles and lines respectively, and (b)-(d) their κ data. Dark lines in (b)-(d) indicate a ‘free Q’
distance-dependence model derived separately for each individual station, while lighter lines indicate
a regionally-fixed Q=1100 model, common for all stations. κ0 calculated based on free and fixed Q
assumptions are indicated on the plots.
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Figure 3.5: Same as Figure 3.4, but for the DCZ and PYZ stations in Fiordland

Figure 3.6: Same as Figure 3.4, but for the WEL and BHW stations in the Wellington/Wairarapa
regions.
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Figure 3.7: Same as Figure 3.4, but for the WAZ and URZ stations in the Wanganui/King Country
regions.

a ‘free Q’ linear-regression model.

To assist with identifying and interpreting strong Q contrasts that are affecting κ, the results

of this study are compared with available crustal Q models for New Zealand (Eberhart-

Phillips & Chadwick, 2002; Eberhart-Phillips et al., 2005, 2008; Eberhart-Phillips & Ban-

nister, 2010; Eberhart-Phillips et al., 2015). Linear regression of the κ data is only applied

to events where the wave propagation paths sample relatively constant Q, and events that

are likely to be affected by highly heterogeneous Q structures are not considered when cal-

culating κ0. For example, Eberhart-Phillips et al. (2008) observe a localised, shallow, low Q

region in the central South Island, which they believe is likely to be due to the high seismic

activity rate in this part of the brittle crust. Given that this Q anomaly greatly affects the

path-dependence of κ, events with ray paths passing through this region are omitted from

the κ0 calculations.

3.5 Calculation of κ0 at station locations

For 33 stations in the NZNSN, there were sufficient reliable data to furnish κ0 values. Ad-

ditionally, κ0 is calculated at eight stations from regional networks. Combined with five

rock-site κ0 values near the city of Christchurch, calculated in chapter 2, this gives a total
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of 46 rock-site κ0 values throughout the country. Table 3.1 lists the κ0 values correspond-

ing to each station, the gradient dκ/dR and the number of events used to calculate κ0. It

also indicates stations for which κ0 was calculated as the average of ‘free Q’ and ‘fixed re-

gional Q’ regressions. Figures 3.8 and 3.9 show the individual station κ data for the South

and North Islands respectively, along with the derived κ0 values and their 5-95% confidence

intervals. Figure 3.10 plots the residuals between the New Zealand κ data and the linear

distance-dependence model in equation 2.2. The residuals do not have a significant trend

with distance, which suggests the adopted constant Q assumption is a reasonable model for

this dataset. The histogram and normal Q-Q plots suggest that the residuals do not deviate

significantly from a normal distribution.

Table 3.1: Summary of κ data from New Zealand. Refer to Figure 3.1 for station locations.

Station κ0 (s) Slope dκ/dR
Number of

recordings

Fiordland

DCZ 0.013
3.62× 10−4

41
3.34× 10−4 *

3.11× 10−4

PYZ 0.014
3.34× 10−4 *

22

Otago

WHZ 0.009 1.79× 10−4 28

1.72× 10−4

SYZ 0.012
2.51× 10−4 *

18

TUZ 0.006
2.54× 10−4

50
2.51× 10−4 *

3.15× 10−4

OPZ 0.010
2.51× 10−4 *

24

Canterbury

EAZ 0.016 3.33× 10−4 50

JCZ 0.027 2.94× 10−4 45

LBZ 0.022 2.14× 10−5 37

RPZ 0.021 2.93× 10−4 26

LTZ 0.016 3.85× 10−4 22

KHZ 0.031 5.16× 10−4 44

Banks Peninsula†

CRLZ 0.032 - -

MQZ 0.030 - -

AKSS 0.033 - -

D14C 0.025 - -

MTPS 0.039 - -

West Coast

FOZ 0.019 1.63× 10−4 30

WVZ 0.009 4.08× 10−4 19

INZ 0.022 3.91× 10−4 16

DSZ 0.023 1.91× 10−4 28

THZ 0.012 4.18× 10−4 50
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Table 3.1: continued.

Station κ0 (s) Slope dκ/dr
Number of

recordings

NNZ 0.021 5.78× 10−4 21

Forearc / East Coast Ranges

PAWZ 0.052 5.93× 10−4 11

BFZ 0.050 5.27× 10−4 11

PXZ 0.044 3.87× 10−4 9

KNZ 0.042 9.67× 10−4 9

CKHZ 0.053 7.35× 10−4 15

PUZ 0.048 1.61× 10−3 39

MWZ 0.050 2.82× 10−4 18

MXZ 0.030 1.49× 10−3 15

Arc ranges

4.10× 10−4

WEL 0.032
3.73× 10−4 *

48

4.77× 10−4

BHW 0.034
3.73× 10−4 *

13

BKZ 0.029 3.38× 10−4 29

URZ 0.030 3.64× 10−4 25

Taupo Volcanic Zone

WHTZ 0.055 4.34× 10−4 12

UTU 0.053 4.46× 10−4 10

MARZ 0.052 6.59× 10−4 17

Northern Districts

WAZ 0.019
1.88× 10−4

76
2.10× 10−4 *

3.13× 10−4

VRZ 0.017
2.10× 10−4 *

14

HIZ 0.015 2.38× 10−4 19

TLZ 0.016 3.24× 10−4 14

TGRZ 0.024 2.80× 10−4 29

TOZ 0.027 1.63× 10−4 26

WIAZ 0.030 2.20× 10−4 13

WCZ 0.029 5.39× 10−4 7

* Regionally fixed path dependence.

† Values calculated in Chapter 2.

The calculated κ0 values are illustrated in Figure 3.11 over a map of New Zealand’s surface

geology, with the tectonic plate boundary between the Pacific and Australian plates also

included for reference. Dashed lines are the boundaries between regions with distinctly dif-

ferent site attenuation characteristics, which are to be discussed in detail. There appears to

be a strong regional dependence of κ0, the variation of which is likely due to near-surface

geology (i.e. depth less than 5 km) and the tectonic setting. Figure 3.12 shows the range

of κ0 values observed for each region that is delineated in Figure 3.11. These regions are

addressed individually hereafter.
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Figure 3.8: κ data for South Island stations in this study, ordered roughly south-to-north, and by
region (refer to Figure 3.1). Dark lines indicate an unconstrained regression per station (free Q),
while lighter lines indicate fixed regional Q slopes calculated using κ data from multiple neighbouring
stations. Calculated κ0 values are also indicated in the plots.
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3.5. Calculation of κ0 at station locations

Figure 3.9: κ data for North Island stations in this study. Refer to Figure 3.1 for station locations.
As with Figure Dark lines indicate an unconstrained regression (free Q), while light lines indicate
fixed regional Q slopes calculated using κ data from adjacent stations. Dashed lines represent 5-95%
confidence intervals from the unconstrained regression. Calculated κ0 values are indicated in the plots.
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Figure 3.9: continued.

Otago

The κ0 values in the southernmost regions of New Zealand are consistently lower than other

regions of the country. The Otago region is geologically characterised by hard rock (schist)

sites, and is identified by Eberhart-Phillips et al. (2008) as a region of high QP . κ0 values from

this region range from 0.006 to 0.012 s, similar to those observed in Eastern North America

(Silva & Darragh, 1995). This result might be significant for some engineering purposes,

as the low κ0 values are likely to result in stronger high-frequency ground motion in Otago

compared to other regions in New Zealand.

Fiordland

κ0 values are obtained at two stations in Fiordland, PYZ and DCZ, both of which are hard

rock sites. κ0 for PYZ and DCZ are 0.014 and 0.013 s respectively, which are slightly higher

than the values in Otago, but still lower than other regions around New Zealand. The implied

QS values of the dκ/dR slope are also slightly lower than in Otago, a trend that is similarly

observed by Eberhart-Phillips et al. (2008) in their 3D South Island QP model.

Canterbury / West Coast

For Canterbury and West Coast regions of the South Island, κ0 values range from 0.009

to 0.027 s. Three stations in Canterbury, to the east of the Alpine Fault, are located on
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3.5. Calculation of κ0 at station locations

Figure 3.10: (a) The residuals between the κ data and the model in equation 2.2, including mean
and standard deviation of 20 km distance bins, indicated as squares. (b) A histogram of the residuals,
with the solid line indicating the corresponding Gaussian function. (c) A comparison of the residuals
with theoretical normal quantiles.
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Figure 3.11: Calculated κ0 values for the stations analysed in this study, superimposed on a geolog-
ical map. The length of the bars is proportional to the κ0 values, with a scale included for reference.
Dashed lines indicate boundaries of regions with similar κ0 values (discussed in detail within the text),
while the solid black line is the boundary between the Australian and Pacific tectonic plates.
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3.5. Calculation of κ0 at station locations

Figure 3.12: Regional differences in κ0. Each point corresponds to an individual station κ0 value,
grouped into the regions indicated by Figure 3.11.

greywacke rock, and despite station separations of up to 250 km, have similar κ0 values

ranging from 0.016 to 0.022 s. The surface geology is more variable to the west of the Alpine

fault, and this is reflected in the larger range of κ values. The dκ/dR slopes are reasonably

consistent to the east of the Alpine Fault, but there appears to be more variable QS structure

near the Alpine Fault, and on the West Coast.

Banks Peninsula

There are several strong motion stations on the Banks Peninsula, which recorded many events

in the Canterbury earthquake sequence (Bannister & Gledhill, 2012) and have been assigned

κ0 values in chapter 2. Five of these stations are deemed to be good representations of rock

sites, and κ0 values from these stations are indicated in Figures 3.11, 3.12 and Table 3.1.

Observed κ0 values are larger than other locations in Canterbury, likely due to stations being

located on a highly-weathered volcanic outcrop.

East Coast of the North Island

Stations located on the North Island’s East Coast have some of the highest κ0 values in

the country. Rock sites located on the coastal ranges and in the forearc basin have κ0

values ranging from 0.030 to 0.053, similar to observations in Western North America (e.g.,
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Anderson & Hough, 1984; Silva & Darragh, 1995), although the confidence intervals in Figure

3.9 indicate that these values are poorly constrained in some places. This region was identified

in Eberhart-Phillips et al. (2005) as having very low QP in the upper crust, due to the high

fracture density of material adjacent to the nearby Hikurangi subduction interface. Further

west, stations located on the arc ranges have lower κ0 values than in the forearc, ranging from

0.029 to 0.036 s. A similar increase in shallow QP structure in the arc ranges is observed by

Eberhart-Phillips et al. (2005).

In general, the dκ/dR values are much higher on the North Island’s east coast compared to

those in the South Island. However, these values are highly variable. This observed variation

in dκ/dR may be due to strong QS variation, or it could be due to uncertainties in the depth

of seismicity, as events occurring within the subducting Pacific plate are likely to have much

higher κ values compared to events in the overlying Australian plate.

Taupo Volcanic Zone

The Taupo Volcanic Zone (TVZ), which forms the northern section of the backarc region,

has long been recognised as a region of very high attenuation (e.g., Mooney, 1970; Cousins

et al., 1999; Dowrick & Rhoades, 1999; Eberhart-Phillips & McVerry, 2003; McVerry et al.,

2006). While there are no NZNSN stations located in the TVZ, there are many short-period

instruments from volcanic networks. κ0 values could be estimated at three of these stations.

While the results are poorly constrained, particularly at the UTU station, the κ0 values

are all greater than 0.050 s and are the largest in the country. These observations have an

important influence on the derivation of the continuous κ0 map, which will be addressed in

the following section.

The TVZ κ0 results, along with those on the North Island’s east coast, compare well with

previous Q attenuation studies. The lower North Island QP model of Eberhart-Phillips et

al. (2005) suggests that either side of the high-QP arc ranges, the forearc and volcanic fronts

have very low QP values. This pattern has also been observed in subduction regions of Japan

(Pei et al., 2009).

Northern Districts

Calculating κ0 values for stations in the northern regions of New Zealand was more difficult

than in the South Island, as these regions typically have low seismicity and hence have fewer

data available. Four stations located on sedimentary rock sites, WAZ, VRZ, HIZ and TLZ,
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have very consistent attenuation properties, with κ0 values ranging from 0.015 to 0.019 s. The

four northernmost stations in this study, TGRZ, TOZ, WIAZ and WCZ, have very similar

κ0 values ranging from 0.024 to 0.030, however for WIAZ and WCZ in particular, these are

derived from few events and thus are not well constrained. The dκ/dR slopes are in general

lower than the rest of the North Island, and are similar to South Island values.

3.6 Development of a continuous κ0 map

It is often the case in seismic hazard assessment that ground motion estimates are required

at a site located away from a recording station where κ0 has been directly computed. To

facilitate the use of the New Zealand κ0 data in ground motion modelling, and subsequently

seismic hazard, a continuous map is developed. In this section, the discrete station-specific κ0

values are spatially smoothed and interpolated, to develop a continuous rock-site κ0 map for

New Zealand. A number of spatial interpolation regimes were considered as candidates for

developing the κ0 map and ultimately, Gaussian process regression, or ‘kriging’, was preferred

due to its flexibility for modelling the underlying process. Information on kriging is readily

available in the literature, and the texts of Cressie (1993) and Diggle and Ribeiro (2007) are

recommended.

The problem is initially formulated as follows. Each κ0 observation is assumed to be a

realisation of a random variable, which has a distribution that depends on the value of an

underlying spatially-continuous Gaussian process S(x) at the location xi, i.e.

K0,i = S(xi) + εi : i = 1, . . . , n , (3.2)

where K0,i is a vector of n observed κ0 values, and εi are normally distributed errors with

mean of 0 and variance of τ2. S(x), known as the ‘signal’, has mean µ, variance σ2 and a

correlation function ρ(u), where u is the distance between two locations x and x′ (Diggle

& Ribeiro, 2007). The objective of this study is to provide a model for S(x) based on the

New Zealand κ0 data in Table 3.1. Developing this model is a three step process. Firstly, the

empirical spatial relationship of the data is examined, secondly the parameters of a theoretical

spatial correlation model are estimated, and then finally the prediction of S(x).
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Figure 3.13: An example spatial correlation function (a), and its subsequent semi-variogram (b).
Explanation of functions and terms is included within the text.

Empirical spatial behaviour

A useful tool for investigating the behaviour of geospatial data is the semi-variogram, γ,

which describes the variance of the difference between two realisations of the signal S(x) at

locations x and x′,

γ(x, x′) =
1

2
Var[S(x)− S(x′)] . (3.3)

In the case of a stationary Gaussian process, the semi-variogram can also be expressed as

γ(x, x′) = γ(u) = τ2 + σ2[(1− ρ(u)] . (3.4)

A typical function for ρ(u) monotonically decreases as the distance u increases, hence γ(u)

usually monotonically increases with u. Semi-variograms tend to have the following features.

When u= 0, the intercept of the semi-variogram is τ2, which is known as the ‘nugget variance’,

or simply the ‘nugget’. Also, when ρ(u) = 0 (no correlation between observations beyond a

given distance), the semi-variance becomes τ2 + σ2, called the ‘sill’. The ‘range’ of the semi-

variogram is distance at which γ(u) equals the sill. Figure 3.13 shows a schematic example

of a semi-variogram with ρ(u) decreasing according to exp(−u), with a nugget variance of

0.1 and sill of 0.8. Note that, as the correlation function is exponential, it never reaches zero

and hence the range is undefined. It is typical to instead define a ‘practical range’ equal to

0.95 times the sill.

The solid line in Figure 3.14 is the empirical semi-variogram for the New Zealand κ0 data,

determined using equation 3.3, substituting the observations κ0 and κ′0 in place of S(x)

and S(x′). The data are assumed to be log-normally distributed, as it was found that a
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Figure 3.14: Empirical semi-variograms of the logarithm of the New Zealand κ0 data, in 50 km
distance bins. Solid line represents the semi-variances calculated based on inter-station distance
alone, while dashed line is calculated using a spatially-varying mean, using an indicator variable for
stations in the Taupo Volcanic Zone.

logarithmic transform of the samples brings the data much closer to Gaussian. Equation 3.2

is then rewritten as

logK0,i = S(xi) + εi : i = 1, · · · , n . (3.5)

Semi-variance samples are combined into 50 km bins. There are several points of interest in

this plot. Firstly, there appears to be a small, but non-zero, nugget variance. The nugget

variance has a dual interpretation as representing either the measurement error for each

observation, or the short-distance spatial variation. If the nugget parameter is calculated

from these κ0 semi-variance data, then its value will be primarily determined by data from

the Banks Peninsula, where inter-station distances are around 5-10 km. The rising trend

levels out at around 400 km, before significantly increasing beyond 800 km. The second

increase reflects the large differences between κ0 values at long inter-station distances, for

example between Otago and the TVZ. This indicates that S(x) is likely to have a mean

that depends on location, known as a trend surface, which is a departure from a stationary

Gaussian process.

Given that the spatially-varying mean is likely due to complex variation of crustal properties,

this trend surface is difficult to model geostatistically. To minimise the effect of this trend
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on the spatial prediction, particularly at short inter-station distances, a simple trend surface

is applied to the spatial κ0 data. The trend surface consists of a single indicator variable for

the Taupo Volcanic Zone, FTV Z , such that the mean function is

µ(x) = β0 + β1 · FTV Z (3.6)

where FTV Z is 1 for sites located within the TVZ, and 0 otherwise. The justification for this

trend is that the TVZ is well-known for having very high near-surface attenuation properties,

and its geographical extent is well-defined in Wilson et al. (1995). The dashed line in Figure

3.14 shows the new empirical semi-variogram with this trend surface applied. Not only does

this model lower the semi-variogram at large distances, but the semi-variances are also lower

at short distances. This is because the trend surface allows stronger correlations between κ0

from the TVZ sites and nearby stations outside the volcanic arc.

An additional departure from stationarity is that there are clear directional effects on the

κ0 data. As an example, Figures 3.11 and 3.12 show that the correlation between sites

located along the axis of the East Coast forearc ranges is much stronger than between sites

located perpendicular to the axis. To account for this in the kriging model, the following

transformation can be applied to the station co-ordinates x1 and x2

(x′1, x
′
2) = (x1, x2)

[
cos(ψA) − sin(ψA)

sin(ψA) cos(ψA)

][
1 0

0 ψ−1R

]
, (3.7)

where ψA and ψR are called the geometrical anisotropy angle and geometrical anisotropy ratio

respectively. In this study, ψA is defined based on tectonic structure, where the principal axis

(the direction at which correlation decays most slowly with distance) is parallel to the strike

of the Hikurangi subduction interface, modelled here as 210◦. ψR is estimated from the data,

as described in the following section.

Both the modelled trend surface and the transformed co-ordinates mitigate particular forms

of non-stationarity, such that the underlying process S(x) can be assumed to be stationary

in the transformed space.

Semi-variogram parameter estimation

Before spatial prediction can occur, a model for the empirical data in Figure 3.14 must

be developed. A first step is to choose a parametric function for ρ(u) that best models

the empirical κ0 semi-variances. There are many different correlation functions that can be

adopted to model different types of spatial correlation behaviour. In this study, a widely-used
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Figure 3.15: (a) The effect of θ on the Matérn correlation function, with a fixed value of φ = 0.2.
(b) The effect of φ, for a θ value of 1.5.

family of correlation functions is adopted, known as the Matérn (1960) family, which have

the general form

ρ(u) =
[
2θ−1Γ(θ)

]−1(u
φ

)θ
Kθ

(
u

φ

)
. (3.8)

Kθ denotes a modified Bessel function with non-negative order θ, φ is a non-negative scale

parameter with units of distance and Γ is the gamma function. As with previous notation,

u is the distance between two locations x and x′. The advantage of this form is that it is

very flexible, because θ dictates the behaviour of the correlation structure where the station

separation distance is small, while φ controls the degree of correlation between stations with

large separation distance. Figure 3.15 gives an example of the effect of different values of θ

and φ on ρ(u). Note that for θ = 0.5, ρ(u) reduces to the exponential function exp(u/φ).

The Matérn parametric form is used to model the spatial correlation of the κ0 data. Treating

the transformed spatial κ0 data as Gaussian, the model can be written as

lnK0 ∼ N(Y β, σ2B(θ, φ) + τ2I) , (3.9)

where K0 = (κ0,1, . . . , κ0,n), Y is a matrix of covariates and β the corresponding matrix of

coefficients, B is an n by n correlation matrix, which in this case depends on the Matérn

parameters θ and φ, and I is the identity matrix. The corresponding log-likelihood function

is

L(β, τ, σ, θ, φ) = −0.5
{

(n log(2π) + log
∣∣σ2B(θ, φ) + τ2I

∣∣+
(lnκ0 − Y β)T

[
σ2B(θ, φ) + τ2I

]−1
(lnκ0 − Y β)

}
.

(3.10)

Maximising equation 3.10 gives the model parameters. However, the Matérn parameters

θ and φ tend to be strongly correlated, so a common, alternative method for parameter
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estimation is to fix a discrete set of θ, then maximise equation 3.10 to determine β, τ2, σ2

and φ (Diggle & Ribeiro, 2007).

Using this method, Table 3.2 shows the maximum likelihood parameters for five candidate

models, and their corresponding log-likelihoods. The first model has a constant mean, the

second model applies the TVZ trend surface from equation 3.6, the third model assumes

constant mean but also solves for the geometrical anisotropy ratio parameter ψR, while the

fourth model incorporates both the trend surface and the geometrical anisotropy. For each

model, three values of the Matérn order are considered, 0.5, 1.5 and 2.5. These three values

are commonly adopted in geostatistical modelling to represent different smoothness of S(x).

Specifically, they represent processes that are mean-square continuous, once mean-square

differentiable and twice mean-square differentiable respectively. The fifth model is similar to

model 2, but with the nugget variance fixed to an indicative value of the station-specific κ0

uncertainty. Guided by the κ(r) regression results in Figures 3.8 and 3.9, an approximate

standard deviation value of 50% (0.18 log10 units) was assumed as the average uncertainty

of κ0, and hence τ2 was fixed to equal 0.03.

The first point from Table 3.2 is that φ usually decreases as θ increases, illustrating the

correlation between the parameters. However, the primary effect of the θ parameter is to

increase the nugget variance τ2. This has important implications in the spatial prediction

step, as a higher nugget corresponds to a smoother predicted surface. Both the TVZ indicator

variable and the geometrical anisotropy transformation improve the log-likelihood compared

to a constant mean model and isotropic model. The effect of the geometrical anisotropy (from

a variogram fitting perspective) is to reduce the sill and the range parameter φ. The best-fit

theoretical semi-variograms for Models 1, 2 and 5 are shown in Figure 3.16. Models 3 and

4 are difficult to plot, as the co-ordinate transforms for the geometrical anisotropy result in

different empirical semi-variograms for each value of θ. The best-fit models fit the empirical

semi-variances at small separation distances better than at large distances, which is expected

because equation 3.10 allows for less precise estimates as distance increases.

Spatial prediction

The final step for developing a continuous site attenuation model is to predict the underlying

signal S(x) from the observed κ0 realisations and the candidate covariance models. This

study uses the ordinary kriging algorithm, the theory behind which is well described in the

statistical literature and is only briefly repeated here. In short, ordinary kriging, involves
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Figure 3.16: The binned empirical variogram for the logarithm of the New Zealand κ0 data, corre-
sponding to (a) ‘Model 1’, (b) ‘Model 2’ and (c) ‘Model 5’. Solid, dashed and dotted lines correspond
to models with Matérn orders of 0.5, 1.5 and 2.5 respectively, and other parameters determined by
maximum likelihood estimation. Circles in (a) and (b) correspond to the solid and dashed lines in
Figure 3.14 respectively. The inset in (b) is a more detailed view of the short distance behaviour of
Model 2 for different values of the Matérn order.

51



CHAPTER 3. A SITE ATTENUATION MAP OF NEW ZEALAND

Table 3.2: Results for the five semi-variogram models described in the text. For models 3 and 4,
the principal axis for geometrical anisotropy is 30◦. LL represents the model log-likelihood and AIC
represents the Akaike Information Criterion.

Model 1 - constant mean
Order µ σ2 τ2 φ LL AIC
θ = 0.5 -1.640 0.053 0.011 312.8 14.48 -20.97
θ = 1.5 -1.634 0.050 0.017 145.4 14.59 -21.18
θ = 2.5 -1.636 0.053 0.017 99.2 14.65 -21.31

Model 2 - incorporating trend surface for TVZ
Order β0 β1 σ2 τ2 φ LL AIC
θ = 0.5 -1.630 0.355 0.055 0.003 274.2 21.81 -33.62
θ = 1.5 -1.624 0.350 0.045 0.008 105.5 21.80 -33.60
θ = 2.5 -1.622 0.344 0.044 0.009 76.5 21.82 -33.64

Model 3 - constant mean with geometrical anisotropy
Order µ σ2 τ2 φ ψR LL AIC
θ = 0.5 -1.639 0.041 0.005 102.0 6.07 16.64 -23.29
θ = 1.5 -1.638 0.037 0.009 31.5 10.80 15.47 -20.94
θ = 2.5 -1.633 0.042 0.016 77.4 2.13 15.35 -20.70

Model 4 - incorporating trend surface for TVZ and geometrical anisotropy
Order β0 β1 σ2 τ2 φ ψR LL AIC
θ = 0.5 -1.636 0.353 0.042 0.003 193.7 1.76 22.35 -32.70
θ = 1.5 -1.629 0.352 0.038 0.008 93.1 1.61 22.30 -32.61
θ = 2.5 -1.622 0.337 0.044 0.010 83.2 2.14 22.28 -32.57

Model 5 - trend surface and fixed τ2 = 0.03
Order β0 β1 σ2 φ LL AIC
θ = 0.5 -1.654 0.294 0.045 646.0 14.31 -20.62
θ = 1.5 -1.635 0.296 0.051 198.1 15.43 -22.85
θ = 2.5 -1.630 0.295 0.051 131.1 15.60 -23.19

minimising the mean square prediction error

MSPE[Ŝ(x)] =
1

n

n∑
i=1

[(Ŝ(x)− S(xi))]
2 , (3.11)

where Ŝ(x) is the prediction of S(x) at an unobserved location. The form of Ŝ(x) that

minimises MSPE[Ŝ(x)] is,

Ŝ(x) = µ+ b′V −1(K0 − µ) , (3.12)

where µ is a vector of mean values of S(x), b is a vector of length n with values corresponding

to the correlation between the unobserved location and the n observed locations, and V =

B+(τ2/σ2)I. In ordinary kriging, µ is assumed to be unknown and is estimated by generalised

least squares, given by

µ̂ = (1′V −11)−11′V −1K0 . (3.13)
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The prediction variance is given by

Var(S(x)|K0) = σ(1− b′V −1b) , (3.14)

Full derivations of these expressions are readily available in the literature. Figure 3.17 illus-

trates the predicted median model surfaces using ordinary kriging, for the semi-variogram

models 1, 2, 3 and 4 in Table 3.2, all with θ = 0.5. The purpose of this figure is to show that

the predicted κ0 surface can be significantly different depending on the semi-variogram model.

Model 1 (Figure 3.17a), determined using an unconstrained constant mean model results in

a smoothed predicted κ0 surface, rather than interpolated, due to the large nugget variance

of 0.011. The predicted κ0 values for this model range from 0.008 to 0.046 s, compared to

the observed data range of 0.006 to 0.055 s. As models 2 and 4 contain the FTV Z indicator

variable, it is necessary to define the boundaries of the TVZ in the prediction grid. Wilson et

al. (1995) define different boundaries for the TVZ based on its geological history, and their

model for the ‘whole TVZ’ was preferred by Cousins et al. (1999) to represent volcanic path

attenuation within empirical ground motion models. Like Cousins et al. (1999), the ‘whole

TVZ’ model is selected here as the boundary for the high attenuation volcanic region. The

difference between models 1 and 2 is significant in the North Island. The predicted κ0 in the

East coast forearc and TVZ are approximately 0.010 and 0.015 s larger in model 2 compared

to model 1. In the South Island, the difference between the two models is smaller, within

±0.005 s.

Model 3, which is a constant mean model with geometrical anisotropy at 30◦, appears strongly

inconsistent with the geological structure, primarily due to the large anisotropy ratio ψR

of 6.07. Examination of Table 2 shows that the estimation of parameters for model 3 is

rather unstable, and the τ , σ and ψR parameters are not well resolved. Model 4, which

also incorporates geometrical anisotropy in conjunction with the FTV Z term, has much more

stable behaviour. Models 2 and 4 are very similar, and all differences are within 0.004 s.

The greatest difference between the two models is in the lower half of the South Island,

particularly on the east coast, where model 2 predicts κ0 values around 0.004 s larger. Along

the principal axis of the geometrical anisotropy correction, this region has no stations between

OPZ in Otago and the Banks Peninsula, hence this part of model 4’s predicted surface is

controlled by the low observed κ0 values in Otago. Around the subduction zone forearc and

arc ranges regions, where the use of the geometrical anisotropy was expected to yield the

greatest benefits, the difference between the models is mostly less than 0.003 s.

Of these four models, model 2 is selected as the preferred predicted κ0 surface, for the

following reasons:
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Figure 3.17: Median κ0 maps of New Zealand, developed by ordinary kriging. (a) to (d) correspond
to models 1 through 4 of Table 3.2, where θ = 0.5. The adopted model for New Zealand is the map
shown in (b).
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1. incorporation of the FTV Z covariate is important for stable estimation of semi-variogram

parameters;

2. while this leads to a sharp boundary of the predicted κ0 surface at the edge of the TVZ,

the definition of this boundary is independently guided by well-understood geological

and geophysical observations, and would be difficult to define using κ0 data alone; and,

3. despite its slightly lower log-likelihood, model 2 has preferable behaviour to model 4 in

the South Island, and given the small differences between the two, the simpler model is

favoured. This is supported by the Akaike Information Criterion (AIC) values in Table

3.2, which are smaller for model 2 than model 4.

The above discussion has thus far only discussed models with an exponential correlation

function i.e. θ = 0.5. Table 3.2 and Figure 3.16b show that the Matérn order has a significant

impact on the nugget, but there is little difference in the model log-likelihood. This is due

to the paucity of data from station pairs with small separation distances, and hence the

estimated nugget variances are not well constrained.

Consideration of κ0 ‘measurement uncertainty’

While the seismograph network in New Zealand is insufficiently dense to derive the nugget

parameter from the kriging analysis alone, estimates of κ0 measurement uncertainty are

available from the linear regression of the κ(r) data with distance (Figures 3.8 and 3.9). This

is the purpose of model 5 in Table 3.2.

The fixed τ2 value of 0.03 for model 5 is only an indicative value of the κ0 uncertainty

across all stations. A limitation of this assumption is that some of the κ0 data are better

constrained than others, as evidenced by the confidence intervals in Figures 3.8 and 3.9.

Ideally, a fixed vector of τ2 with each station’s κ0 uncertainty could be propagated into the

maximum likelihood step. However, this calculation is complicated by the assumption of two

different distributions to derive the κ0 map. The station-specific κ0 are derived by regression

of κ data with distance on a linear scale, while a lognormal distribution was assumed to

derive the κ map. The combination of distributions prevents an elegant determination of

the spatially-varying nugget, hence the fixed nugget of 0.03 (± 50% of the median value) is

adopted for simplicity.

Figure 3.18 compares the predicted median and variance of κ0 for models 2 and 5, with θ

equal to 0.5 and 2.5 respectively. While the θ = 2.5 version of model 5 does not appear to
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Figure 3.18: (a) Median κ0 map for model 2 with θ = 0.5 and (b) its variance in log10(s). (c) The
median model for model 5 with θ = 2.5 and (d) its variance.
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be an ideal representation of the semi-variance data, particularly at large distances, it was

selected because it has a higher log-likelihood compared to the models with θ = 0.5 and

θ = 1.5. Due to the larger τ2, model 5 predicts a smoother median surface. The effect

of increasing τ2 is essentially to trade in data reproduction for variance, and hence Ŝ(x)

approaches κ̄0. The variances in Figure 3.18 are the uncertainties in the underlying signal

with τ2 added, which provides the prediction variance for an unobserved κ0 value. The choice

of the preferred model is likely a personal preference, however we are inclined to select model

5. While the AIC of model 5 is lower than models 2 and 4, the higher value of the nugget is

more representative of the data and its underlying uncertainty. Models 1-4 rely on spatially-

dense sampling of κ0 to constrain the nugget, which are mostly unavailable in New Zealand.

Model 5 does not appear to be a good representation of the semivariances in Figure 3.16c,

particularly at large distances, however the semivariances are only of practical interest for

the spatial prediction at relatively close distances, such as less than 250 km.

For model 2, the predicted standard deviation on κ0 is around 25%, while for model 5 it

is around 55%. Note that this 55% is only slightly larger than the value that was initially

assumed for the uncertainty in the station-specific κ0 values, which suggests that the un-

certainty in calculating κ0 at a given station location is much larger than the uncertainty

introduced by kriging.

3.7 Discussion

The overarching objective of this study is to provide the best available information on κ0 in

New Zealand, to aid efforts to include it in empirical ground-motion prediction, and subse-

quently in hazard calculations. Regions within New Zealand are shown to have significantly

different attenuation properties depending on local geology and tectonic setting, and rock

site κ0 can vary from 0.006 - 0.055 s. The general path attenuation trends observed in this

study are consistent with 3D QP attenuation models of New Zealand. Many stations have κ0

values that are poorly constrained, with 19 values being derived from fewer than 20 record-

ings each. While it is acknowledged that these poor constraints limit the level of confidence

in the interpretation of the κ0 map, the proposed model nevertheless represents the best

information currently available on κ0 in New Zealand. The model is a first attempt at a

nationwide mapping of the site attenuation parameter, and can be updated and improved as

more data becomes available.

Five geostatistical models of the κ0 data are used to derive continuous maps of κ0. The

purpose of presenting multiple models was to illustrate that very different κ0 maps can be
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obtained with different kriging assumptions. Our preferred model is model 5, with θ = 2.5.

This model accounts for the measurement uncertainty in κ0, albeit in a simplified manner. A

spatially-varying measurement uncertainty could not be easily applied, because the selection

of the best distribution to represent κ0 is still an unresolved issue. Hough et al. (1988), Oth

et al. (2011), Edwards et al. (2015), and the work in the previous chapter, suggest that κ0 is

normally distributed. However, the assumption of normality generates problems in forward

modelling, as it introduces the possibility of unphysical, negative κ0 values. As such, κ0 is

typically assumed to be either uniformly or lognormally distributed when it is applied in

seismic hazard assessments (e.g., EPRI, 1993; Silva & Darragh, 1995; Atkinson & Boore,

2006; Campbell et al., 2014), to prevent consideration of non-physical model parameters.

Edwards et al. (2015) suggest that negative κ0 values are likely to be a result of overly-

simplistic assumptions in the derivation of κ0, for example the assumption of ω2 decay of the

source displacement spectrum. Should regional earthquakes have displacement spectra that

consistently decay with ωn<2, combined with low site attenuation, it is conceivable that a

negative κ0 value can be observed, when deriving κ0 empirically from the FAS of acceleration

(the method used in this study). Such behaviour of source spectra may bias empirical κ

observations, like those derived in this study. However, it is our opinion that if negative

κ0 values are being observed in a given region, then the typical assumptions for deriving κ0

values are being violated, and it is necessary to re-examine the spectral behaviour of regional

seismic sources. If near-surface attenuation is to be modelled in seismic hazard analysis, it

is essential that the applied values have a physical interpretation. Rather than permitting

non-physical attenuation values, and propagating these into seismic hazard calculations, it is

preferable to develop a more appropriate physical model for the spectral characteristics.

It is therefore desirable to adopt a distribution for κ0 that prevents negative values. Unfor-

tunately, this is not a trivial task. A logarithmic transformation of the κ data seems to be

an obvious starting point. However, the results in Figure 3.10 suggest that a normal distri-

bution is a good representation of κ data. While beyond the scope of this work, resolving

this issue is a priority area for future research. When a satisfactory method for modelling

the distribution of κ0 is available, a more robust κ0 map and its uncertainty can be derived.

This will make the derived median and variance models more useful in the context of seismic

hazard assessment.

Lastly, this model is intended to represent rock site κ0 only. Should a κ0 estimate be required

for a soil site, the continuous κ0 model in Figure 3.17b can be used in conjunction with a

model for the dependence of κ0 with sediment depth. The effect of the sedimentary column

on κ0 has not yet been widely investigated, at least in terms of observed spectral amplitudes.

To the authors’ knowledge, the only available model is that of (Campbell, 2009). This model
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is derived using data from Eastern North America, and is intended for use in the Mississippi

Embayment and the Atlantic Coastal Plain. Given the very different tectonic environment

and sediment types in New Zealand, it is unlikely that this model is applicable to New

Zealand conditions. Therefore, the κ0 map in this chapter can only currently be applied to

rock sites, and further research is necessary to determine the effect of the soil column on the

site attenuation.
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Chapter 4

An empirical model of the Fourier

amplitude spectrum for New

Zealand earthquakes

4.1 Introduction

This chapter details the development of an empirical model of the earthquake Fourier am-

plitude spectrum (FAS), derived by statistically fitting previously-recorded New Zealand

earthquake data. The intended application of the model is in concert with an empirical du-

ration model, derived in the next chapter, to yield predicted earthquake response spectra

for seismic hazard analysis. The model presented here initially attempts to incorporate the

site attenuation parameter, κ0, as a predictor to be utilised on a site-specific basis. While

κ0 has formed part of empirical FAS models for many years (e.g. Luco, 1985; Singh et al.,

1989; Schneider et al., 1993; Silva & Darragh, 1995; Margaris & Boore, 1998; Atkinson &

Silva, 2000; Boore, 2003; Allen, 2012; Edwards & Fäh, 2013; Douglas et al., 2013; Yenier &

Atkinson, 2014; Bommer et al., 2016), it is not typical to model a site-specific value. Instead,

it is common to assign a characteristic average value for a large-scale region (Boore & Joyner,

1997; Poggi et al., 2013). Subsequent use of these FAS models to predict response spectra,

either through stochastic simulation or random vibration theory (RVT), will not be able to

consider the sensitivity of the response spectral predictions to site-specific κ0 values.

The primary barrier that has prevented κ0 being used as a site-specific predictor is that its

value is usually unknown in strong motion databases used for fitting ground motion models.
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The strong motion datasets themselves are usually far too sparse to reliably model site-specific

κ0 through inversion, hence the value of κ0 is usually constrained to an indicative regional

value. This issue was addressed in the previous chapter, where a database of small magnitude

earthquakes was used to quantify regional-scale variations in κ0 in a continuous fashion. The

use of the κ0 map enables κ0 to be reasonably inferred for each rock site in the New Zealand

Strong Motion Database (Van Houtte et al., 2017; Kaiser, Van Houtte, et al., 2017). With

κ0 characterised for each rock site, it is now possible to propagate this information into an

empirical FAS model for large earthquakes.

Given that the final goal of this model is to forward predict response spectra for seismic haz-

ard, it may seem more straight-forward to simply fit the response spectrum directly. However,

using the response spectrum as the dependent variable complicates the modelling consider-

ably, because high frequency response spectral ordinates scale nonlinearly with respect to κ0

(Molkenthin et al., 2014). This makes it very difficult to select an appropriate functional

form for the site attenuation term in the ground motion model. For example, the first em-

pirical response spectral model to adopt κ0 as a predictor (Laurendeau et al., 2013) used an

exponentially-decaying function to model the effect of κ0. While the exponential function

is consistent with the scaling of Fourier amplitudes with respect to κ0, it is unclear how to

physically interpret this function given the nonlinear scaling of response spectral amplitudes.

It is therefore more appropriate to model κ0 effects in the Fourier amplitude domain, where

the dependent variable is linear, before calculating response spectra as a second step.

This was acknowledged by Bora et al. (2015), who developed a non-parametric model of the

Fourier amplitude spectrum that incorporated κ0 as a predictor, then used an empirical model

for the ground motion duration to calculate response spectra using RVT. This study adopts

a conceptually similar framework to the Bora et al. (2015) study, but with an important

difference. Bora et al. (2015) calculate their κ0 values by inverting a European Fourier

spectral database of strong motion records. However, their derived κ0 values are difficult to

interpret from a physics perspective, as they allow the derived κ0 to have a different value for

each record, which assumes zero correlation between the recordings at a given station. This

prevents the modelled κ0 from being interpreted in terms of site attenuation. The model

in this study attempts to improve on the Bora et al. (2015) study by utilising the κ0 map

derived in chapter 3, which is a more robust characterisation of site attenuation effects. An

empirical FAS model that incorporates κ0 as a predictor is derived in this chapter, although

it is found that including κ0 does not improve the model performance. As such, this chapter

also derives an empirical FAS model for New Zealand earthquakes without utilising the κ0

data. The following chapter discusses the RVT calculations and an empirical duration model,

before finally comparing the response spectral predictions to observed data in chapter 6.
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4.2 Types of Fourier amplitude spectrum models

Generally speaking, there are two options for deriving an empirical model for the FAS. The

first option is to constrain the spectral shape of the modelled FAS to take a parametric

form, and the alternative is to allow the frequency-dependence to be non-parametric. There

are many published empirical models of the FAS that fit a parametric form to recorded

data, typically through a theoretical source spectrum, combined with parametric forms for

path attenuation and site effects. The model for the observed earthquake FAS Aijk from

earthquake i, recorded at station j and at frequency k is usually written as

Aijk = Ωik · Pijk · Sjk · C , (4.1)

where Ω is the amplitude of the source spectrum, P represents the path attenuation, S are

the site effects and C is a ‘constant’ that accounts for energy partitioning into two horizontal

components, and a free surface factor. For a parametric model, it is common to adopt the

far-field ω-square acceleration spectrum model for shear waves given by Brune (1970),

Ωik = (2πfk)
2 · M0,i

1 + (fk/fc,i)2
·
[

Rθψ

4πρV 3r0

]
, (4.2)

where M0,i is the seismic moment, fk is the frequency of interest and fc,i is the corner

frequency. fc,i is typically considered inversely proportional to the duration of the far-field

displacement pulse radiated by the source, hence is a function of the source radius, slip

velocity, rise time, source-to-site azimuth and takeoff angle. The frequency-independent term

in the square brackets includes the density ρ and velocity V of the geology in the vicinity of

the source, as well as a reference distance r0, and a unitless radiation pattern term R (e.g.

Boore & Boatwright, 1984) that depends on azimuth θ and takeoff angle ψ.

The form of the attenuation operator is usually

Pijk = R−γij exp

(
−πRijfk
QijkVS,ij

)
, (4.3)

where Q is the frequency-dependent effective seismic quality factor that accounts for both

intrinsic and scattering attenuation, often given the parametric form Qk = Q0f
α
k , Rij is

the source to site distance and γ models the decay of wave amplitudes due to geometrical

spreading of energy in a layered medium. Sjk in equation 4.1 is the frequency-dependent

site effects function, that is generally modelled as a combination of amplification due to

superposition of trapped waves, and the classical exp(−πκ0f) site attenuation model. In a

parametric FAS model, it is typical to fit the above forms to the observations, solving for
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fc, γ, Q(f) and κ0, with residuals being partitioned into a nonparametric site amplification

term.

However, given that the intention of this study is to use the FAS model to predict large

magnitude response spectra, there are some impracticalities in adopting the forms above. In

particular, the form of equation 4.2 is only considered a reasonable model in the far field, when

the source-to-site distance is much greater than the wavelength of interest. This ensures that

static displacements and fault geometry effects do not affect the spectral shape, and allows

near-field and intermediate-field wave propagation terms to be neglected. These conditions

will be violated for the large magnitude, short distance scenarios that are of primary interest

in seismic hazard analysis, which limits the utility of equation 4.2 in the context of this study.

Another limiting factor is that the above forms are intended to model body wave spectra,

and do not explicitly account for generation of surface waves. Response spectra represent

the peak motions from all seismic phases, and body waves do not always control the peak

response amplitudes. Surface waves can strongly affect oscillator response for records with

long source-to-site distance or records from sites overlying deep basins, particularly at low

oscillator frequencies, and therefore it is important to develop a model that can account for

both body waves and surface waves. While these surface-wave-dominated ground motions

tend to be of less interest for seismic hazard because they occur at larger source-to-site

distances, it is still important to adequately correct these recordings for the path effects, so

that they do not bias the short-distance behaviour of the median model.

Deriving parametric models for the FAS is unquestionably a useful endeavour, given that they

enable simplified physical interpretations for observed earthquake data. However, in the con-

text of predicting peak ground motions from large earthquakes, a non-parametric frequency

dependence is preferable. There are comparatively few FAS models in the literature that

are presented with a purely non-parametric frequency-dependence, some examples include

Trifunac (1976), McGuire (1978), Castro et al. (1988), Atkinson and Mereu (1992), Trifunac

(1989), Atkinson and Silva (1997), Jaimes et al. (2006), Bora et al. (2014) and Hollenback et

al. (2015).

However, rather than adopting a fully non-parametric frequency-dependence, the model in

this study can be thought of as being partially parametric. The New Zealand κ0 map in the

previous chapter was derived based on the parametric assumption of exp(−πκ0f), thus to

maintain consistency it is desirable to adopt the same form in the FAS model. A parametric

form for the geometrical spreading coefficient γ in equation 4.3 is also adopted, which is dis-

cussed in a later section. This is not the first partially-parametric FAS model in New Zealand,

and a similar method was adopted by Stafford (2006). For that model, the parametric form
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of equation 4.2 was propagated into the model, using an empirical relationship between fc

and Mw. The model in this chapter is conceptually similar to the Stafford (2006) model, but

adopts a different functional form for the median model, and utilises a larger dataset of New

Zealand earthquakes.

4.3 Data

The data used to derive the FAS model is a subset of the New Zealand Strong Motion

Database (Van Houtte et al., 2017; Kaiser, Van Houtte, et al., 2017). All crustal events in the

database are utilised for the model development, along with Fiordland subduction interface

events. The differences in ground motion from these two types of events are discussed later

in this chapter. The recent (at the time of writing) Mw7.8 Kaikoura earthquake is also

included in this dataset. The dataset is then refined by excluding three events with poorly-

constrained metadata and anomolous ground-motions, the event identification numbers for

which are 2326055, 731516 and 3125077.

Recordings are discarded if the closest distance between the site and the rupture plane (Rrup)

is more than 200 km. Additionally, a recording is only used if its associated event has a

minimum of three recordings, and its associated station has a minimum of three recordings.

The resultant dataset includes 2,012 recordings from 117 events. 2.7% of these recordings

are on hard rock sites (NZS1170.5:2004 class A, Standards New Zealand, 2004), 24.1% on

weathered rock sites (class B), 14.1% on stiff soil sites (class C) and 59.1% on soft soil sites

(classes D and E). The magnitude-distance distribution of the recordings is shown in Figure

4.1, along with the number of available recordings against frequency.

An important consideration in the development of a FAS model is the time-window from

which the FAS are calculated. Previous non-parametric models in the literature fit FAS cal-

culated using either the whole strong motion record (Trifunac, 1976; McGuire, 1978; Trifunac,

1989; Bora et al., 2014, 2015), or windows of S-waves (Atkinson & Mereu, 1992; Atkinson &

Silva, 1997; Stafford, 2006). For the Hollenback et al. (2015) study, the selected time window

is not clear from the current publication. The advantage of using S-wave windows is that

the model parameters can be more closely interpreted in terms of the theoretical spectral

shapes in equations 4.2 and 4.3. As this model attempts to represent peak motions from all

wave types, the FAS data are calculated using the whole ground motion recording. To ensure

that the dependent variable in the model fitting procedure is orientation-independent, and

to ensure compatibility with subsequent RVT analysis, the fitted spectrum is a smoothed,

quadratic mean spectrum of the two horizontal components. The reasons for selecting the
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quadratic mean spectrum are elaborated upon in chapter 5. The full details of the signal

processing can be found in Van Houtte et al. (2017).

4.4 Model formulation

A multilevel modelling approach (Gelman & Hill, 2006) is adopted to develop the FAS model.

The model is formulated as

ln(Yi) ∼ N(Se,j[i] + Ss,k[i] + Sr,i, σ
2
lnY ) , for i in 1, . . . , I recordings

Se,j ∼ N(µe,j , τ
2) , for j in 1, . . . , J events

Ss,k ∼ N(µs,k, φ
2
S2S) , for k in 1, . . . , K stations

Sr,i ∼ N(µr,i, φ
2) .

(4.4)

where Y is the observed FAS, Se is the earthquake-level effect with median µe and variance

τ2, Ss is the station-level effect with median µs and variance φ2S2S , Sr is the record-level

effect with median µr and variance φ2, and σ2lnY is the total variance. The notation of the

variance components is chosen for consistency with Al Atik et al. (2010). The formulation in

equation 4.4 is a linearisation of equation 4.1 by way of a logarithmic transformation. The

following forms are adopted for the median model

µe,j = β0 + β1(Mw − 6) + β2(Mw − 6)2 + β3FN + β4FR

µs,k = β5FA + β6κ0,rock + β7 ln

[
min(VS30, 1000)

1000

]
µr,i = β8a lnR+ β10R , for R < Rhinge

= β8a lnRhinge+

β8b

(
lnR− lnRhinge

)
+

β10R , for R ≥ Rhinge

where R =
√

(R2
JB + β29) and Rhinge =

√
(R2

JB,hinge + β29)

(4.5)

where Mw is the moment magnitude, FN and FR are normal and reverse faulting indicator

variables respectively, VS30 is the time-averaged shear-wave velocity in the top 30 m, FA is

an indicator variable for NZS1170.5 (Standards New Zealand, 2004) class A sites (hard rock),

κ0,rock is the rock-site κ0 value inferred at each station from the κ0 map in the previous
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Figure 4.1: Data used to derive the empirical FAS model, (a) is the Mw −Rrup distribution, where
Rrup represents the closest distance between the site and the rupture plane, and (b) is the number of
available recordings for each frequency.
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chapter, RJB is the Joyner-Boore distance (closest great-circle-path distance from the site

to a surface projection of the rupture plane) and Rhinge is the hinge distance of a bilinear

geometrical spreading function. β0 to β10 are the model parameters.

The earthquake-level median model, µe, contains a quadratic dependence of Fourier ampli-

tudes with Mw, which has been shown to be a reasonable representation of the saturation

of ground motion amplitude with increasing magnitude, and the FN and FR terms model

the lower amplitudes generated by normal faulting events, and larger amplitudes generated

by reverse faulting events respectively. The magnitudes in the earthquake-level model are

‘centred’ by using (Mw − 6), rather then Mw, as the independent variable. The purpose of

the centring is to reduce correlations in the fitted parameters, and to allow a more intuitive

interpretation of the fitted coefficients.

The station-level median model, µs, has a VS30-dependent term, a linear term of κ0, and an

indicator variable for class A sites. The VS30 term is normalised by 1000 m/s, which is the

default (unmeasured) VS30 assigned to class B rock sites in New Zealand. The purpose of

this normalisation is to ensure that the parameter β7 can be interpreted as the site response

relative to outcropping weathered rock. Using VS30 as a proxy for site response is common

in empirical ground motion models around the world. Given the somewhat arbitrary defini-

tion of VS30, this metric cannot be expected to model site-specific resonances, however the

intention of this term is merely to capture general site response characteristics (Borcherdt,

1994). By adopting κ0,rock as the predictive parameter, the implicit assumption is that the

site amplification is independent of the rock κ0. The final term of the station-level model is

FA. During the model development stage, it was found that class A sites were difficult to

model using VS30 and κ0. Most of these sites are located in Fiordland and are assigned a VS30

value of 1,500 m/s in the New Zealand Strong Motion Database (Kaiser, Van Houtte, et al.,

2017). However, this value is very poorly constrained, with few, if any, shear-wave velocity

measurements ever made for New Zealand class A sites. VS30 can therefore not be used as a

continuous predictor for these sites, and it is instead preferred to model the response of class

A sites using a simple indicator variable.

The record-level median model, µr, has a constant term, β0, a bilinear logarithmic distance

term to model geometrical spreading, and a linear distance term to model intrinsic and

scattering attenuation. Many empirical models of the earthquake response spectrum also

consider magnitude-dependent geometrical spreading, however it was found that increasing

the complexity of the model to account for this effect led to a less stable solution. As such,

the geometrical spreading in this model is magnitude-independent.

The forms of the event-level and station-level models are linear, with nonlinearity being
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introduced in the record-level model by the β9 parameter, often referred to as the ‘fictitious

depth’, and the Rhinge parameter. The purpose of the β9 parameter is to model the observed

saturation of ground motions at short distances, while the Rhinge parameter models the

intercept of a bilinear geometrical spreading model. The New Zealand dataset is too sparse

for the multilevel regression to uniquely determine β9 and Rhinge, hence values determined

by overseas studies have been adopted for the regression.

4.5 Inferred parameters

Short distance saturation

It is desirable to have a value for β9 that has a physically meaningful interpretation, at least to

a first approximation. The typical interpretation for the short distance saturation of ground

motion is that the majority of radiated energy originates from a location away from the edge

of the fault rupture area. While this interpretation would result in short distance saturation

that depends on azimuth, β9 is always modelled as an azimuth-independent function. An

azimuth-dependent short distance saturation model would be very difficult to constrain, and

would be impractical to apply in seismic hazard assessment. In the New Zealand Strong

Motion Database, this effect is already somewhat accounted for in the calculation of the

finite fault distance variables in the New Zealand Strong Motion Database. To calculate RJB

and Rrup for the New Zealand database, the inverted fault plane solutions were clipped to only

include parts of the fault plane with greater than 50 cm of slip (Van Houtte et al., 2017).

Hence, another interpretation for the short distance saturation may be necessary. Other

potential explanations for this effect are nonlinear response of surface material, fault zone

plasticity and the little seismic radiation at shallow depths. In reality, the short distance

saturation is likely to be a combination of all four of these effects, and potentially more.

Current empirical datasets are too sparse in the near-source region to isolate and uniquely

quantify each effect, hence β9 cannot be assigned a definitive physical interpretation in this

model. Instead β9 can be interpreted as a parameter that broadly models global observations

of short distance saturation of ground motion amplitudes.

Figure 4.2 shows how previous FAS models have accounted for the short distance saturation,

along with the short distance saturation model of Yenier and Atkinson (2014). Of the FAS

models, only the Atkinson and Silva (2000) model has a magnitude-dependent short distance

saturation term. The Atkinson and Silva (2000) short distance saturation model was also

adopted by Hollenback et al. (2015) in their empirical FAS model for Central and Eastern
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United States. The Yenier and Atkinson (2014) model is the product of a specific study

on short distance saturation, and is also magnitude-dependent. The Stafford (2006) model

adopts a frequency and magnitude independent value of 19 km to match the New Zealand

peak ground acceleration models of Zhao et al. (1997) and Cousins et al. (1999). The Bora et

al. (2014, 2015) models have a frequency-dependent, magnitude-independent short distance

saturation model calculated by a nonlinear regression procedure.

Given the complexity of the physical processes causing the short distance saturation, the

β9 parameter can only be expected to broadly represent the likely behaviour. However, it

is intuitive that for all of the hypothesised physical mechanisms, the parameter should be

magnitude dependent. Different magnitude-dependent short distance saturation models were

trialled for use in the New Zealand FAS model derived here. Despite being developed as part

of a specific study on short distance saturation, the Yenier and Atkinson (2014) model led to

an undesirably large oversaturation, such that near-source motions were significantly larger

for M6 earthquakes than for M8. It was found that the Atkinson and Silva (2000) model

provided reasonable fits to the New Zealand data at short distances, and hence this form was

adopted for use as β9 in the FAS model derived here. The model is given by

β9 = 10−0.05+0.15Mw . (4.6)

Geometrical spreading

The other inferred parameters in the model correspond to geometrical spreading. The geomet-

rical spreading terms β8a and β8b tend to correlate strongly with the intrinsic and scattering

attenuation term, β10, and the short distance saturation model. This makes them difficult

to determine uniquely in the regression. Similar to the short distance saturation, a set of

geometrical spreading models are trialled and fixed for the model fitting.

Simplified seismological theory can offer theoretical values for these parameters. For exam-

ple, a value of -1 for β8a corresponds to spherical geometrical spreading (1/R), which is the

theoretical behaviour of direct waves in a homogeneous whole space, while a value of -0.5 cor-

responds to cylindrical geometrical spreading in a homogeneous half space (1/
√
R). Spherical

and cylindrical spreading are often considered first order approximations for the geometrical

spreading of body and surface waves respectively.

However, the empirical behaviour of geometrical spreading in the crust often differs from these
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Figure 4.2: Short distance saturation models (β9 parameter) in the literature. The Atkinson and
Silva (2000) model is adopted in the New Zealand FAS model derived here.
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theoretical values. Simulations of seismograms in 1D layered media indicate that empirical

geometrical spreading of earthquakes is complex in the near-field, and it depends on source

depth, focal mechanism and crustal structure (e.g. Burger et al., 1987; Ou & Herrmann,

1990; Chapman & Godbee, 2012). It is typical to observe a value for β8a between around -1.1

and -1.5 at short distances. At longer distances (e.g. greater than 50-100 km), surface waves

tend to dominate waveforms, and the theoretical cylindrical spreading value of -0.5 is usually

a good approximation for the β8b parameter. Depending on the crustal structure and event

depth, the geometrical spreading parameter can be positive at mid-range distances (around

80 − 120 km), where post-critical reflections of S-waves from the Mohorovičić discontinuity

(known as the SmS phase) begin to dominate the waveforms. A well-known example of

this effect is the 1989 Loma Prieta earthquake, where strong shaking from SmS waves was

observed in San Francisco 90 km away (Somerville & Yoshimura, 1990; Catchings & Kohler,

1996). A similar example may have been observed in New Zealand in the 2003 Mw7.2

Fiordland earthquake (Eberhart-Phillips et al., 2010a). The effect of the SmS phase could

not be empirically constrained in this study, but could be better modelled with 2D or 3D

simulations in the future using the New Zealand 3D velocity model (Eberhart-Phillips et al.,

2010b).

Given the correlation with the short distance saturation model and other parameters, it is

desirable to adopt values that are broadly compatible. Guided by the analyses of Atkinson

and Silva (2000) and Yenier and Atkinson (2014), frequency-independent values for β8a, β8b

and Rhinge of -1.2, -0.5 and 50 km are adopted for this model, with the remaining parameters

determined by the multilevel regression.

4.6 Model fitting

Multilevel modelling, also known as hierarchical modelling, is a regression technique that

allows intercepts and model parameters to vary by group. The fitting procedure can be

thought of as an extension of the Abrahamson and Youngs (1992) random effects algorithm,

which has been widely used in ground motion model development. The Abrahamson and

Youngs (1992) algorithm treats each recording as being ‘nested’ within a given earthquake,

and weights the earthquake-level effects by the number of recordings for that earthquake,

using

ηi =

τ2
ni∑
i=1

(yij − µij)

niτ2 + φ2
(4.7)
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where ηi is the earthquake-level residual (also known as the between-event residual) for earth-

quake i, yij and µij are the observed and predicted amplitudes respectively for the jth record

of earthquake i, ni is the number of records associated with earthquake i, and τ2 and φ2

are the earthquake-level and record-level variances respectively. The weighting of residuals

in this way is known as ‘partial pooling’ of the data, and represents a compromise between

the two extremes of ‘complete pooling’ and ‘no pooling’. Complete pooling is where all data

are combined together regardless of group, thereby ignoring variation between events, while

no pooling of the data assumes that the earthquake-level effects are uncorrelated, effectively

deriving a separate model for each earthquake.

Similar to the Abrahamson and Youngs (1992) algorithm, the method in this study also

uses partial pooling to estimate the group-level effects. The primary difference between the

Abrahamson and Youngs (1992) algorithm and the multilevel formulation in this study, is

that a multilevel model allows both nested and ‘crossed’ group-level effects. In this case, the

correlation between recordings associated with a given station is also modelled, through the

station-level effect in equation 4.4. This level is often referred to as being ‘crossed’ because

it is not completely nested within the earthquake level.

While the Abrahamson and Youngs (1992) algorithm only allows the intercepts to vary by

group, the advantage of the multilevel model formulation is that, if desired, both intercepts

and model parameters are can be varied by group. However, for simplicity, only the intercepts

of the multilevel model in this study vary by group, with complete pooling adopted to derive

the other model parameters.

The model fitting was performed using the lmer function within the lme4 package in R (Bates

et al., 2015). To assess whether the κ0 data from the previous chapter improves the FAS

model, two models are trialled, one with β6 = −πf and one with β6 = 0.

4.7 Effect of κ0 as a site-specific predictor

Given that κ0 has not been widely included as a site-specific predictor in empirical FAS

models, it is useful to understand whether there are any benefits from its inclusion. In

this regard, Figure 4.3 plots the station-level residuals against κ0 for three high-frequency

abscissa, 10, 20 and 30 Hz, for the cases where β6 = −πf (left column) and β6 = 0 (right

column). In both columns, the light coloured squares correspond to soil sites, and darker

coloured cicles correspond to rock sites. Also indicated on Figure 4.3 are linear trends fit to

the residuals, with the t-values of their slopes (the coefficient divided by its standard error).
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Figure 4.3: Comparison of FAS station-residuals for the model that includes κ0 as a site-specific
predictor (left columns), and the model that doesn’t, for frequencies of 10, 20 and 30 Hz. Light
coloured squares correspond to soil sites, and darker coloured circles correspond to rock sites. Black
lines are a best-fit trend to the residuals determined from linear regression.

Roughly speaking, the slope can be considered significant if the t-value is greater than 2.

Figure 4.3 shows that fixing κ0 to equal its theoretical value of −πf introduces a bias to the

model, and the bias is smaller if κ0 is not included. To understand the differences in the

two models, Figure 4.4 compares the other site-effect parameters in the model, the hard rock

factor β5, and the VS30 term β7. As expected, when κ0 is excluded, the hard rock site term

absorbs the difference in site attenuation between class A and class B sites. However, the VS30

term is less sensitive to whether κ0 is included or excluded. This suggests that the earlier

assumption, where the soil site amplification was modelled to be independent of the rock κ0,

is reasonably valid. Figure 4.5a shows that the exponential decay gets primarily partitioned

into the source terms, which is because the effect of high-frequency near-surface attenuation

is common to all recordings in the dataset. The most striking result of this analysis is in

Figure 4.5b, which shows that including κ0 gives a lower log-likelihood at high frequencies,

and yields a larger Akaike Information Criterion (AIC) value. This suggests that κ0 should

not be included in the empirical FAS model. The result here can be interpreted in several

ways.

The first possible explanation is that the κ0 map from the previous chapter contains biases,
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4.8. Model residuals

however one would expect that the kriging analysis would smooth the effect of any outliers.

Without the smoothing effect of the kriging model, the bias in the residuals would be even

larger.

Another potential reason is the correlation of κ0 with VS30. There are no measured rock

site VS30 values in the New Zealand Strong Motion Database (Kaiser, Van Houtte, et al.,

2017), and hence rock sites are all modelled as having the same VS30, equal to 1,000 m/s.

It is expected that rock sites with higher κ0 will be more weathered and hence are likely to

have stronger site amplification at high frequencies. The two effects work against each other.

Hence, the difference in ground-motion at rock sites across New Zealand is likely to be more

mild than what the κ0 model alone would suggest. Unfortunately, this hypothesis cannot

currently be investigated further, due to the lack of availability of a continuous explanatory

variable for rock-site amplification effects. Measured VS30 values at rock sites in New Zealand

are unlikely to be available in the future, even in the long-term. Rock velocities tend to be

difficult to calculate using non-invasive site characterisation methods, and invasive methods

are cost prohibitive. However, until these high quality VS30 characterisations are undertaken

for rock sites in New Zealand, including κ0 as a site-specific predictor is unlikely to be

beneficial.

Related to the correlation of near-surface amplification and near-surface attenuation, there

are potentially issues with how the κ model is fit to high-frequency spectra, simply by fitting

equation 2.1 of this thesis, A(f) = A0 exp(−πκf). Only the κ value is retained for subsequent

analyses, however two equations are being solved for in these analyses, κ and A0. Sites with

low recorded κ values, and hence low κ0 values, may have systematically lower A0 values also.

This warrants further investigation, but is beyond the scope of this thesis. The remaining

discussion in this chapter pertains to the model with β6 = 0, and the question of whether

including κ0 improves response spectral predictions is briefly returned to in chapter 6.

4.8 Model residuals

The model parameters, determined from the multilevel regression with β6 = 0, are smoothed,

and the smooth values are presented Figure 4.6, as well as in Table A.1 of Appendix A. The

model becomes unstable above 35 Hz due to a lack of data, hence this is defined as the

maximum usable frequency of the model. Model residuals for frequencies of 0.33, 1, 10 and

25 Hz are shown in Figure 4.7, 4.8, 4.9 and 4.10 respectively, plotted against various source,

path and site parameters that are available in the New Zealand Strong Motion Database.

The residuals in these plots are relative to the model before smoothing. At 0.33 Hz, the
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Figure 4.6: The derived FAS model parameters (black circles) and the smoothed values (red lines).
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4.8. Model residuals

model is generally unbiased against all of the variables presented in Figure 4.7. The model

tends to underpredict sites located on deep soil deposits, for example where the depth to a

shear-wave velocity horizon of 1 km/s is more than 300 m. This is to be expected, given that

the model only considers site effects through VS30, which is not likely to capture deep basin

response.

For f = 1 Hz, the model still generally has little bias. Of note is the relatively poor repre-

sentation of the records with RJB < 1 km. The residuals in this region are very sensitive

to the β9 parameter, which in this study is inferred (Figure 4.2). There are six recordings

where the station is located on the hanging wall, which are plotted at RJB = 0.1 km to

enable visualisation on a logarithmic scale. Two of these recordings are from the 2011 June

Christchurch earthquake, located on rock sites with station codes GODS and PARS. These

two records are strongly underpredicted by the record level of the model. Both sites are

known to exhibit particularly strong topographic amplification at 1 Hz (Van Houtte et al.,

2012; Kaiser et al., 2014). Topographic amplification would typically manifest as residuals

in the station level of the model, rather than the record level. However, it has also been

demonstrated that the level of topographic amplification is a complex phenomenon that de-

pends strongly on the incidence angle of seismic waves and the back-azimuth (e.g., Bard, 1982;

Chávez-Garćıa et al., 1996). It is possible that the incoming body waves from this earthquake

had an angle of incidence and back-azimuth that leads to larger than average amplifications,

which appears as positive residuals in the record level of the model. Additionally, the 2011

June Christchurch earthquake was a complex source with two simultaneously-rupturing fault

planes (Holden & Beavan, 2012; Beavan et al., 2012). The GODS and PARS sites are located

on the hanging wall of both fault planes, which also may have contributed to the very strong

acceleration. While the FAS model intrinsically accounts for hanging wall effects through

the use of RJB as the distance metric, the effect of the two rupture planes may be another

possible cause of the significant discrepancy between the recorded data at GODS and PARS

compared to the model prediction. Either or both of these interpretations could explain to

the large underprediction of these recordings at 1 Hz. However, neither of these effects can

be modelled empirically. These recordings could be analysed in more detail in the future,

through numerical modelling.

Figure 4.9 shows that at 10 Hz, the residuals start to show more variability about the median

compared to the lower frequency regressions, at all levels of the model. The model appears

to over-predict the data for VS30 < 200 m/s, which is likely due to the lack of consideration

for nonlinear soil response. At a frequency of 10 Hz, this effect is likely to be significant.

In the literature, consideration of nonlinear soil response in empirical ground motion models

has largely been restricted to response spectral models thus far, however including nonlinear
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soil response in future iterations of the New Zealand FAS model will greatly improve model

performance at the high frequencies. There are two anomolous events from the Fiordland

interface that are strongly overpredicted by the model, but the reason for this overprediction

is not currently clear.

Of particular interest within Figure 4.9 is the plot of the station-level residuals against κ0.

Despite setting β6 (the κ0 term) to equal zero, there does not appear to be a discernible trend

in the residuals, nor is there a trend at 25 Hz in Figure 4.10. This suggests that the decision

to omit κ0 from the FAS model is appropriate.

4.9 Variance

The standard deviations for each level of the model are shown in Figure 4.11. The behaviour

of the standard deviations at low frequencies, where the site-level standard deviation (φS2S)

is small, is intuitive because site effects at very low frequencies tend to be negligible. The

standard deviations for all levels of the model are reasonably stable up to around 10 Hz.

φS2S , as well as the total standard deviation σlnY , significantly increase above 10 Hz. This

demonstrates that high frequency site effects are highly variable, and difficult to quantify

using simple proxies such as VS30 and κ0. However, correlations in the dataset and the model

parameters mean that φS2S probably contains variability from source and path effects that

are not being partitioned into the correct levels of the model. Above 30-40 Hz, the model

contains few data, and the sharp increase in standard deviations indicates the model is poorly

constrained. The high frequencies in general are very difficult to model, and further research

is necessary to understand the best method for reducing the uncertainty at high frequencies.

4.10 Comparison of crustal and Fiordland interface motions

While it was not discussed in the previous section, an important question is whether there

are discernible differences in the magnitude scaling for Fiordland subduction interface events

compared to crustal earthquakes. If there is no significant difference, then the Mw7.6 Dusky

Sound earthquake and Mw7.2 Fiordland earthquakes, which until the recent Mw7.8 Kaik-

oura earthquake were the largest magnitude earthquakes in New Zealand where time-series

recordings are available, can be used to constrain the large magnitude scaling of the FAS

model. If the opposite is true, then the Fiordland interface data should be treated differently,
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Figure 4.7: f = 0.33 Hz residuals for the derived FAS model against predictors, and other variables,
available in the New Zealand Strong Motion Database. Dark blue circles represent ‘crustal’ events
and associated recordings, with red squares corresponding to Fiordland subduction interface events.
Joyner-Boore distances and site periods of zero are plotted at 0.1 km and 0.01 s respectively, to enable
visualisation on a log scale. Synthetic t* values are calculated from the New Zealand 3D attenuation
model (Eberhart-Phillips et al., 2015).
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Figure 4.8: f = 1 Hz residuals for the derived FAS model against predictors, and other variables,
available in the New Zealand strong motion database.
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Figure 4.9: f = 10 Hz residuals for the derived FAS model against predictors, and other variables,
available in the New Zealand strong motion database.
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Figure 4.10: f = 25 Hz residuals for the derived FAS model against predictors, and other variables,
available in the New Zealand strong motion database.
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for example by applying an additional indicator variable for tectonic classification.

A reasonable hypothesis is that ground motions from the Fiordland interface would generally

have lower ground motions at high frequencies, because subduction interfaces are more mature

faults that tend to radiate lower energy than corresponding immature crustal faults (Choy

et al., 2006). However, this is not observed in the derived FAS model, and there is no clear

bias in the earthquake-level residuals for Fiordland events in Figures 4.7 to 4.10. In fact,

the model suggests that at high frequencies, the Fiordland events radiate more energy than

crustal earthquakes.

One must be cautious while interpreting this result. Fiordland interface events are poorly

recorded compared to the corresponding crustal events, because the remote terrain has re-

sulted in a sparse seismic network. This means that the data is subject to strong trade-offs,

particularly at high frequencies. Neither the Dusky Sound or Fiordland earthquakes com-

bined have any recordings with source-to-site distances less than 30 km, and there are only

a total of seven recordings with source-to-site distance less than 100 km. From these record-

ings, it is difficult for the regression to resolve potential differences in radiated energy, the

expected lower intrinsic attenuation along the propagation path (Eberhart-Phillips et al.,

2010a; Eberhart-Phillips et al., 2015), the low κ0, and the site response of class A sites. Con-

sider the event terms of the Mw7.8 Dusky Sound and Mw7.8 Kaikoura earthquakes shown

in the top left frames of Figures 4.7 to 4.10. For all frequencies, the event terms from the

Dusky Sound earthquake suggest that this earthquake generated much strong motion than

the Kaikoura earthquake. This is more likely to be an effect of attenuation, rather than a

source effect, but the Fiordland dataset is too limited in the near-source region for the model

to identify this. This portion of the model could be significantly improved if more near-source

recordings on class A sites in Fiordland become available in the New Zealand Strong Motion

Database.

4.11 Comparison to other models in the literature

Figures 4.12, 4.13 and 4.14 compare the magnitude scaling, distance scaling, and predicted

rock site spectra of the derived FAS model to previous FAS models in the literature (Trifunac,

1989; Stafford, 2006; Bora et al., 2015). These three models are derived from Western United

States, New Zealand and European datasets respectively. The Bora et al. (2015) model

includes the stress parameter ∆σ as a predictor, and to enable comparison to the New

Zealand model, a value of 5 MPa was adopted, which is an average value for Canterbury

earthquakes determined by Oth and Kaiser (2014).
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The general trends of the magnitude scaling for the two New Zealand models, the Stafford

(2006) model and the model in this study, are quite similar, albeit with a fixed offset. The

origin of this discrepancy is likely to be a combination of a different fft computation, and

different time windows for the Fourier transform. Recall that the Stafford (2006) model

is derived from S-wave windows, while this model is derived from the entire strong mo-

tion recording. Additionally, the Stafford (2006) dataset contained significantly fewer local

recordings (496 New Zealand recordings, compared to the 2,012 in this study), and was de-

rived before the largest magnitude events in this dataset had occurred (i.e. the 2016 Mw7.8

Kaikoura, 2009 Mw7.8 Dusky Sound, 2010 Mw7.2 Darfield and the two 2013 Mw6.6 Cook

Strait earthquakes). Stafford (2006) also supplemented the New Zealand dataset with 18 for-

eign earthquakes, with magnitudes between Mw5.2 and Mw7.6. The different datasets and

modelling assumptions could be the reasons behind the slight differences in the magnitude

scaling between the two models. There are also large differences in the magnitude scaling be-

tween this model and Trifunac (1989), although this model was derived using a much smaller

dataset. The more recent Bora et al. (2015) model generally predicts lower amplitudes for

large magnitude earthquakes than the model derived in this study.

The distance scaling of the models is more difficult to compare, because of the different

distance predictors. For example, the Stafford (2006) model usesRrup as the distance variable,

compared to RJB for this model and the Bora et al. (2015) model, and epicentral distance

for Trifunac (1989). Therefore, the models are not directly comparable. The model in this

study differs from the other models in that the distance scaling is bilinear, and the effect of

this can be clearly seen in Figure 4.13.

Predicted rock site and soil site spectra are shown in Figure 4.14. The model is largely similar

to the Bora et al. (2015) model, but gives lower predictions than the Trifunac (1989) and

Stafford (2006) models. Comparison of soil site spectra from the different models is more

difficult, given that the models use different predictors. The model in this study shows the

soil spectra being progressively stronger in the low frequency with decreasing VS30, but with

little effect at high frequencies.

4.12 Discussion

In this chapter, a simple empirical model was derived for the Fourier amplitude spectrum

of acceleration, using previously-recorded New Zealand earthquakes. The key finding of this

chapter is that the inclusion of κ0 as a predictor could not be justified by the data. This

is likely due to the lack of a site amplification parameter at GeoNet rock sites. The first
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Figure 4.12: Example of the magnitude scaling of the FAS model compared to other FAS models in
the literature, for source-to-site distance of 50 km and VS30 = 1000 m/s.
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Figure 4.13: Example of the distance scaling of the FAS model compared to other FAS models in
the literature, for Mw = 6.5 and VS30 = 1000 m/s.
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Figure 4.14: (a) Predicted Mw = 5.5, 6.5 and 7.5 rock site spectra for the FAS model, compared to
other FAS models in the literature, for source-to-site distance of 50 km and κ0 = 0.04 s. (b) Predicted
spectra for VS30 = 200, 500 and 1000 m/s for a Mw6.5, RJB = 50 km scenario.
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step towards improving the model, towards increasing the utility of the κ0 data, is to better

characterise rock sites in New Zealand using a continuous site variable, such as VS30. This

would allow better separation of site amplification and site attenuation effects, and enable a

closer examination of the merits of the κ0 model as a proxy for site attenuation. Addition-

ally, increasing the model complexity, particularly through consideration for nonlinear soil

response, the SmS phase, topographic amplification and basin response, will greatly improve

the model. While the SmS phase has been incorporated in past FAS models, to my knowl-

edge there are currently no published FAS models that account for the other three effects.

Quantifying these effects represent a clear path forward for improving the model.

As a brief demonstration, topographic effects tend to result in strong, narrow band amplifi-

cation at rock sites. Chávez-Garćıa et al. (1996) showed that the frequency of topographic

amplification can be identified using the horizontal-to-vertical spectral ratio (HVSR). The

left column of Figure 4.15 shows the HVSR for three GeoNet stations that are well known to

exhibit topographic effects, Godley Drive (GODS), Panorama Road (PARS) and Waikakaho

Road (BWRS). These HVSRs are calculated using all available horizontal and vertical FAS

in the New Zealand Strong Motion Database. GODS and PARS are located in the Port Hills

above Christchurch, while BWRS is located on the crest of a small hill on the outskirts of

Blenheim. The strong peaks in the HVSR indicate that the topography amplifies ground

motion for GODS and PARS at f = 1 Hz, and at f = 5 Hz for BWRS. The right column

of Figure 4.15 shows the station-level residuals for each site. It is clear that the empirical

FAS model derived in this chapter systematically underpredicts the Fourier amplitudes for

these sites at the same frequencies. Accounting for topographic effects in future iterations

in the model will improve the median model and reduce the station-level variance. Similar

improvements can be expected by including nonlinear soil response, the SmS phase, and basin

response in the FAS model.

As a final thought, empirical FAS models have the potential to be very useful in strong

motion modelling due to the modularisation. If the FAS model can satisfactorily partition

the data into source, path and site, then additional, more detailed knowledge can easily

be incorporated into hazard. For example, site effects quantified using standard spectral

ratios could replace this model’s β9 site term, to obtain a more realistic median model for a

given site-specific seismic hazard application. Similarly, scenario-specific path effects can be

quantified using empirical Green’s functions or simulations, to replace the more generic path

terms defined in the model. Future research along these lines could be very useful for critical

facilities or important scenarios.

The FAS model alone is not a typical product for seismic hazard analysis, and it is more

convenient to use the model for forward predicting intensity measures that are of primary
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interest to engineering analysis. The next chapter details a method for achieving this, using

the theory of random vibrations.
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Figure 4.15: A comparison of HVSRs for the geometric mean of the two horizontal components
(left column) and station-level residuals (right column) for three rock sites with strong topographic
amplification. The colours in the HVSR plots represent the number of events from which the loga-
rithmic average and standard deviation (circles and error bars) are calculated, and the grey shaded
area represents the approximate limits of interpretation of the HVSR.
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Chapter 5

On nonstationarity corrections and

durations in seismic hazard

applications of random vibration

theory

Random vibration theory (RVT) is a method for approximating the peak time domain re-

sponse of a signal from its Fourier amplitude spectrum, based on assumptions of stationarity

over a portion of the signal duration, and random phase angles. The method was introduced

into seismic hazard applications in a series of papers in the early 1980s (Vanmarcke & Lai,

1980; Hanks & McGuire, 1981; Boore, 1983), but the theories have been prevalent in other

engineering disciplines since the pioneering work of Rice (1944, 1945). The theories behind

the calculations are well-established, and the method has been widely applied in seismic

hazard applications for decades, however the assumptions adopted in modern applications

may not be utilising the full potential of the method. This chapter introduces an alternative

duration definition that has a more intuitive interpretation than existing duration metrics

used in RVT, and analyses corrections for oscillator nonstationarity, and their ability to rep-

resent recorded earthquake data. Given that the recent seismic hazard literature also lacks a

suitable summary of RVT and its underlying assumptions, this study provides an overview

of the theoretical background to RVT in the context of seismic hazard assessment.

There are two distinct calculations necessary in RVT analysis for earthquake signals. The

first is for the root-mean-square acceleration, xrms, and the second is the ratio of the peak

time-domain acceleration xpeak to xrms, usually referred to as the ‘peak factor’. The method
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is often represented using the following equation

xpeak = xrms × ηp . (5.1)

where ηp is the peak factor. The background to this expression, and the calculation of each

term, are individually addressed here.

5.1 Calculation of root-mean-square acceleration

It is of interest to calculate xrms, given that it represents the standard deviation of the

acceleration signal x(t). If x(t) is assumed to be a stationary process with zero mean, then

xrms becomes a very useful probabilistic description of the signal, that can be subsequently

used to approximate the peak time-domain value of x(t). In a typical application of RVT

in engineering seismology, the root-mean-square of a signal x(t) is calculated by invoking

Parseval’s theorem, which states that the energy of a signal is conserved in both the time

and frequency domains. This allows the time-domain standard deviation of x(t), σx = xrms,

to be calculated from a readily-available frequency-domain model of the earthquake ground

motion.

In order to utilise Parseval’s theorem, first it is necessary to calculate the power spectral den-

sity function (PSDF) of x(t). According to the Wiener-Khinchin relation, the PSDF Sxx(f),

also known as the autospectral density function, is the Fourier transform of a stationary

signal’s autocorrelation function, Rxx(τ), i.e.

Sxx(f) =

∫ ∞
−∞

Rxx(τ)e−2πfiτdτ , (5.2)

where τ is the time lag. Similarly, the autocorrelation is the inverse transform of the PSDF,

Rxx(τ) =

∫ ∞
−∞

Sxx(f)e2πfiτdf . (5.3)

If we assume that x(t) is a random process, the value of Rxx(τ) at a given value of t is

non-unique, hence needs to be defined as the expected value from repeat samples of x(t),

Rxx(τ) = E[x(t)x(t+ τ)] , (5.4)

known as the ensemble average. If x(t) is an ergodic process, the ensemble average is the
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5.1. Calculation of root-mean-square acceleration

same as the time integral,

Rxx(τ) = E[x(t)x(t+ τ)] =
1

2T

∫ T

−T
x(t)x(t+ τ)dt . (5.5)

For an infinitesimal value of τ = ∆τ , the integrand in equation 5.5 is equally likely to be

positive or negative, hence for non-zero values of τ the integral will sum to zero. For τ = 0,

Rxx(0) = E[x(t)x(t)] = E[x2(t)] , (5.6)

If x(t) has zero mean, then the variance, σ2x, can be expressed as

σ2x = E[(x(t)− µx(t))2] = E[x2(t)] = Rxx(0) . (5.7)

By substituting Rxx(0) = σ2x into Equation 5.3, we obtain

σ2x =

∫ ∞
−∞

Sxx(f) df , (5.8)

which proves that the average power of a stationary, zero-mean and random signal (the right

hand side of equation 5.8) is equivalent to the signal variance (Bendat & Piersol, 1986). In

addition to the expression in equation 5.8, the average power can be equivalently formulated

in multiple ways. For seismic hazard applications, a convenient formulation is

σ2x =
1

T

∫ T

0
x2(t)dt . (5.9)

where T is the duration of x(t). Because we are interested in using a frequency-domain model

of the earthquake ground motion, rather than a time-domain model, we invoke Parseval’s

theorem, which states that energy is conserved in both the time and frequency domains,∫ ∞
−∞

x2(t)dt =

∫ ∞
−∞
|X(f)|2df , (5.10)

where X(f) is the Fourier transform of x(t). For a true stationary process, equation 5.10

cannot be evaluated because the integrals are divergent. For practicality however, X(f) and

x(t) can be truncated below a finite frequency fmax and a finite duration T respectively,

provided that fmax and T are sufficiently large. This allows equation 5.10 to be rewritten as∫ T

0
x2(t)dt =

∫ fmax

−fmax

|X(f)|2df . (5.11)
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We can now express equation 5.9 as

σ2x =
2

T

∫ fmax

fmin

|X(f)|2df , (5.12)

where the factor of two in the numerator allows the integral to be evaluated only for positive

values of f . This expression for the power is often referred to as the ‘mean-square’, which

means that to obtain the root-mean-square of x(t),

xrms = σx =

[
2

T

∫ fmax

fmin

|X(f)|2df
] 1

2

. (5.13)

The implication of equation 5.13 is that as the signal duration T decreases, xrms increases,

because the energy in concentrated over a shorter time window.

Equation 5.13 is appropriate for calculating the standard deviation of the ground motion

signal. However, this is not the signal of primary interest for engineering applications. In

general, peak intensity measure of interest xpeak, is often the peak response of a single-

degree-of-freedom (SDOF) oscillator, which means it is necessary to calculate xrms for the

oscillator response signal. The integrand in equation 5.13 therefore becomes the square of the

earthquake Fourier amplitude spectrum, multiplied by the square of the oscillator’s frequency

response, i.e.

xrms =

[
2

T

∫ fmax

fmin

|X(f)|2|H(f, f0, ζ)|2 df
] 1

2

, (5.14)

where H(f, f0, ζ) is the complex SDOF transfer function (Fourier transform of the impulse

response) for an oscillator with damping ζ and fundamental frequency f0, and T now rep-

resents the duration of the oscillator response signal. If the output intensity measure is the

pseudo-acceleration, the amplitude response relative to an impulse acceleration input is

∣∣H(f, f0, ζ)
∣∣ =

[(
1−

( f
f0

)2)2

+ 4ζ2
( f
f0

)2]− 1
2

. (5.15)

Equations 5.14 and 5.15 are the typical expressions used to calculate xrms in engineering

seismology.

5.2 Calculation of peak factor

Having now shown the derivation of xrms, the second aspect of RVT analysis is the calculation

of the rms-to-peak factor. Many expressions for the peak factor have been published, and
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for convenience it is typical for these expressions to be normalised with respect to the signal

standard deviation σx. This explains the form of equation 5.1.

Like the derivation of xrms as the signal standard deviation, it is common for peak factor

expressions to be derived by assuming that the signal x(t) is a zero-mean, stationary process.

To facilitate the prediction of the peak value, it is also useful to assume that the process

conforms to a certain distribution, and for ground motion applications it is common to assume

that the process is Gaussian. To begin, we define the random variable that represents the

global maximum, or extreme value, of x(t) within a given time interval [0, T ] as

ηp(T ) = max
0≤t≤T

[
|x(t)|
σx

]
. (5.16)

Note that ηp is time-dependent because a larger global maximum will generally occur as the

observation period T increases, hence the extreme value distribution is nonstationary even

for a stationary process x(t). The absolute of x(t) is taken because in seismic hazard appli-

cations, peak ground motions are typically defined irrespective of their sign. The cumulative

distribution function of ηp(T ) can be defined as

W (a, T ) = Fηp(T )(a) = P [ηp(T ) ≤ a] . (5.17)

It is common in engineering applications for a to correspond to a critical threshold, and hence

W (a, T ) represents the probability that the signal does not cross the barrier level a. With this

interpretation, W (a, T ) can be referred to as a ‘survival’ function. The partial derivative of

W (a, T ) with respect to the barrier level ∂W/∂a represents the probability density function

of ηp(T ), from which the mean and variance of the extreme value can be easily obtained.

A related problem to the calculation of extreme values is known as the first passage problem.

In this framework, we define T̃ (a) as the amount of time required for x(t) to have its first

upcrossing of a barrier level a. With an equivalent interpretation to equation 5.17, W (a, T )

can be expressed as the probability that the initial value of x(t) is less than a, and that the

first passage time is greater than the observation period, i.e.

W (a, T ) = P [x(0) ≤ a] P [T̃ (a) ≥ T | x(0) ≤ a] . (5.18)

The partial derivative of W (a, T ) with respect to the observation time, ∂W/∂T , gives the

probability density of the first passage time for a given barrier level (conditional on x(0) ≤ a).

Clearly, the distribution of the extreme value and the distribution of the first passage time

are closely related, in that they are both partial derivatives of the survival function. Hence,

99



CHAPTER 5. NONSTATIONARITY CORRECTIONS AND DURATIONS IN RVT

the common ‘peak factor’ expressions used in engineering applications are often derived from

first passage probability theory. The first passage probability is often expressed in the form

W (a, T ) = A exp(−αT ) , (5.19)

where A is the probability of x(t = 0) being less than a, and α is the ‘limiting decay rate’ of

the first passage probability (Crandall, 1970). The exponential form of equation 5.19 models

the rapid decrease of the probability of no-crossing with increasing time.

When W (a, T ) is evaluated for earthquake ground motion, we are not particularly concerned

whether the barrier is positive or negative, because the peak factor of interest is for |x(t)|
rather than x(t). As such, it is typical to define a pair of barriers, −a and a (known as a

type-D barrier, where the ‘D’ stands for ‘double’), with W (a, T ) representing the probability

that |x(t)| < a. This type-D barrier problem has often been simplified, by approximating the

peaks of the signal using an envelope of x(t). In this case, W (a, T ) becomes the probability

that the threshold a is not crossed by the envelope function R(t) over the specified time

interval. This is known as a type-E (‘envelope’) barrier. A typical definition for the envelope

R(t) of a stationary process is (Rice, 1944, 1945; Cramér & Leadbetter, 1961)

R(t) = [x2(t) + x̂2(t)]1/2 , (5.20)

where x̂(t) is the Hilbert transform of x(t). The first passage probabilities for a type-E barrier

are similar to those for a type-D barrier when the signal is narrow band. Additionally, Rice

(1944, 1945) famously showed that for a zero-mean, Gaussian process, its envelope function

R(t) has a Rayleigh distribution. This is a mathematically convenient representation of the

extreme value distribution, which has been utilised in many peak factor formulations in the

literature.

In engineering seismology, the first passage probability models are a useful framework for

subsequently calculating the ‘peak factor’, defined as the expected value of ηp given a sig-

nal duration T . While there have been several peak factor formulations utilised in seismic

hazard applications over the years, most researchers adopt either the Cartwright and Longuet-

Higgins (1956) or the Vanmarcke (1975) solutions, or numerical approximations of the same

equations. Technically, the commonly-used Cartwright and Longuet-Higgins (1956) model

(their equation 6.8) does not apply for seismic hazard applications, because it defines ηp(T )

for the maximum positive value of the signal. As indicated by equation 5.16, it is common

in seismic hazard to define ηp(T ) as the maximum of |x(t)|/σx, rather than x(t)/σx. The

Vanmarcke (1975) model is therefore a more appropriate formulation, given its consistency

with equation 5.16.
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5.2.1 Vanmarcke (1975) model

The Vanmarcke (1975) peak factor model is derived from first passage probability theory,

and is given in the form of equation 5.19. It is often written that this model analyses the

dependence between the peaks, because it analyses the time that the signal spends above

and below the barrier level a. This is known as a ‘two-state’ formulation of the first passage

problem. While it may seem counter-intuitive that analysing time above a barrier level has

influence on the probability of first barrier exceedance, the purpose of this method is to obtain

more realistic estimates of the mean rate of barrier crossings. Specifically, the quantity of

interest is the expected value of the duration between successive barrier exceedances, the

inverse of which is assumed to correspond to the α value in equation 5.19.

Vanmarcke (1975) modifies a two-state formulation of the first passage problem to account for

clumping of D-crossings. The consideration of D-crossing clumps is particularly important

for narrow band processes and low barrier levels, where if a barrier crossing has occurred at

a certain time t, it is highly likely that there will also be a D-crossing on the next cycle. In

the form of equation 5.19, the Vanmarcke (1975) peak factor model is represented as

W (a, T ) =

[
1− exp

(
−a2

2

)]
exp

{−2νa

[
1− exp

(
−
√

π
2 qa
)]

1− exp
(
−a2
2

) T

}
, (5.21)

where a is the barrier level normalised with respect to xrms, νa is the mean rate of upcross-

ings of the level a, given by νa = (2π)−1
√
λ2/λ0 (Rice, 1944, 1945), and q is a bandwidth

parameter where 0 ≤ q ≤ 1 (Vanmarcke, 1970), given by

q =

√
1− λ21

λ2λ0
. (5.22)

The λj used to calculate q and νa are moments of the energy spectral density function,

|X(f)|2|H(f, f0, ζ)|2, given by

λj = 2

∫ ∞
0

(2πf)j |X(f)|2|H(f, f0, ζ)|2 df . (5.23)

The term outside of the exponential in equation 5.21, 1− exp(−a2/2), is the cumulative den-

sity function of a Rayleigh distribution. This represents the probability of the initial value

being greater than the barrier a for the envelope of a Gaussian process. The so-called ‘clump-

ing’ model is accounted for within the exponential term in equation 5.21. The numerator

represents the average rate of clumps of D-crossings, which depends on the bandwidth of the

process and the amplitude of the barrier. The denominator accounts for the duration of the
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clumps, such that the time to first passage is the average time between clumps.

To acknowledge that E-crossings themselves also tend to occur in clumps, Vanmarcke (1975)

replaces the q in equation 5.21 with qe, where qe = q1.2, to empirically match simulation

results (Cook, 1964).

As W (a, T ) represents the cumulative distribution of the extreme value of x(t), the peak

factor ηp can be calculated as

E[ηp] =

∫ ∞
0

1−W (a) da . (5.24)

A desirable aspect of this formulation is that for high barrier levels and broadband processes,

the model reduces to a ‘Poisson crossing assumption’. This assumption has been shown to

be asymptotically correct as a → ∞ (Cramér, 1966), but less appropriate for low barrier

levels and narrow band processes, where there is considerable correlation between barrier ex-

ceedances. To calculate the extreme value probability density function, the partial derivative

of the survival function with respect to a must be calculated, hence all barrier levels are of

interest for calculating the expected value of the peak factor. The Vanmarcke (1975) model

has the advantage of realistically modelling both scenarios, and hence is generally considered

a robust ηp model.

One might consider seismic hazard applications of RVT as a special case of equation 5.21.

Comparing equation 5.21 with the general first passage probability formula in 5.19, the prob-

ability of no crossing at t = 0, A, is given as 1− exp(−a2/2) in the Vanmarcke (1975) model.

This assumes that the starting condition is stationary. However, in reality the earthquake

excitation always starts from zero. If we adopt this assumption, A = 1, and the Vanmarcke

(1975) model can be rewritten as,

W (a, T ) = exp

{−2νa

[
1− exp

(
−
√

π
2 qa
)]

1− exp
(
−a2
2

) T

}
. (5.25)

Figure 5.1 illustrates that, as expected, setting A = 1 significantly reduces the peak factor

at short excitation durations. However, the most apprioriate choice of the A is not straight-

forward. While earthquake excitation begins at zero, this is not consistent with how the

duration T is specified in the calculation of xrms (equation 5.14). In most RVT applications,

the duration input is specified using the difference between times at which thresholds of the

cumulative Arias Intensity are exceeded (the ‘significant duration’), with a non-zero initial

threshold e.g. the time between 5 and 95% of the Arias Intensity, D5−95. This means that

A < 1 for low barrier levels, with the signal duration starting at 5% of the cumulative Arias
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Figure 5.1: The Vanmarcke (1975) peak factor formulation with different initial condition assump-
tions, for SDOF oscillators with ζ = 0.05, subject to stationary white noise excitation. Black and
grey lines represent oscillators with f0 = 0.2 and f0 = 1 Hz respectively.

Intensity. The true answer lies between the two extremes, so for conservatism, this study

assumes stationary initial conditions (equation 5.21, with q replaced by q1.2).

5.3 Extensions to peak oscillator response

5.3.1 Nonstationarity in the signal variance

Having now addressed the background to equation 5.1, xrms can be calculated using equation

5.14, and equation 5.21 with the modified bandwidth qe is the preferred peak factor. Note

that in equation 5.15, the SDOF transfer function |H(f, f0, ζ)| represents the steady-state

response of an oscillator. This means the correct application of equation 5.14 requires that

the excitation signal is of sufficient duration for the frequency content to reach stationary

conditions. For lightly damped, low frequency oscillators, this condition may not be satisfied
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for typical durations of ground motion excitation. This suggests that xrms is time-dependent.

Various methods have been employed to model the nonstationarity of xrms. Boore and

Joyner (1984), Liu and Pezeshk (1999), and later Boore and Thompson (2012, 2015), propose

increasingly elaborate empirical corrections to the duration T used for calculating xrms. These

corrections are typically referred to as ‘Drms/Dgm’ models, and they account for two effects,

nonstationarity in the oscillator response, and the different duration of an oscillator time-

history compared to the input ground motion. This is discussed in more detail later in this

article.

A more physical framework for accounting for the nonstationarity of xrms is the concept of

a time-dependent PSDF. To account for this nonstationarity, various definitions for a time-

dependent PSDF have been proposed, for example by modelling the evolutionary growth of

the SDOF transfer function,

xrms(t) =

[ ∫ fmax

fmin

Sxx(f, t) df

] 1
2

=

[
2

T

∫ fmax

fmin

|X(f)|2|H(f, f0, ζ, t)|2 df
] 1

2

. (5.26)

Caughey and Stumpf (1961) derive a nonstationarity correction from the impulse response

of the oscillator, where H(f, f0, ζ, t) can be modelled (in terms of circular frequency) as

∣∣H(ω, ω0, ζ, t)
∣∣2 =

∣∣H(ω, ω0, ζ,∞)
∣∣2[1− 2 exp(−ω0ζt)

{(
cos(ω1t) +

ω0ζ

ω1
sin(ω1t)

)
×

cos(ωt) +
ω

ω1
sin(ω1t) sin(ωt)− exp(−ω0ζt)

(1

2
+

ω0ζ

ω1
sin(ω1t) cos(ω1t) +

(ω0ζ)2 − ω2
1 + ω2

2ω2
1

sin2(ω1t)
)}]

,

(5.27)

where ω1 = ω0

√
1− ξ2. This formula represents the time-dependent growth of an oscillator

that is subject to a harmonic excitation. It can be interpreted as the signal standard devi-

ation initially being zero at t = 0, before gradually increasing to the steady-state condition.

Equation 5.27 here is actually a rearrangement of the formulation in Caughey and Stumpf

(1961), but is numerically more stable. It is similar to equation 8.28 in Vanmarcke (1976),

but corrects an error. Figure 5.2 shows how the SDOF transfer function evolves towards its

stationary condition, according to equation 5.27.

If we assume that the earthquake excitation is constant with frequency compared with

H(ω, ω0, ζ), which is a reasonable assumption for lightly damped oscillators, equation 5.27 can

be simplified, and the nonstationarity correction to xrms can be approximated as (Corotis,
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1970; Toro & McGuire, 1987; Seifried & Toro, 2016)∫ ∞
0

∣∣H(ω, ω0, ζ, t)
∣∣2 dω =

∫ ∞
0

∣∣H(ω, ω0, ζ,∞)
∣∣2 dω × [1− exp(−2ω0ζt)] . (5.28)

This represents the case where ω = ω0. Figure 5.3 demonstrates the difference between the

Caughey and Stumpf (1961) equation and the Corotis (1970) approximation in terms of time-

dependent energy. It can be seen that the approximation mimics the general behaviour of the

exact solution, but does not replicate the oscillations in the energy content before reaching

the stationary condition.

The advantages of modelling the time-dependent PSDF over the empirical corrections to the

duration (Boore & Joyner, 1984; Liu & Pezeshk, 1999; Boore & Thompson, 2012, 2015) are

the more physical interpretation, and the ability to additionally account for nonstationarity

in the peak factor. While the nonstatiority corrections detailed here are subject to a narrow-

band approximation, this is usually reasonable for low frequency oscillator response, which

is where nonstationarity considerations are at their most important.

5.3.2 Nonstationarity in the peak factor

While many previous studies in seismic hazard have accounted for nonstationarity in xrms,

few, if any, have considered nonstationarity in the peak factor. If the time-dependent evo-

lution of the SDOF oscillator response is accounted for when calculating xrms, this effect

should also be considered in the peak factor calculation. It is clear from Figure 5.2 that

the evolutionary SDOF transfer function results in a bandwidth that varies with time, from

a wide band signal at short durations, to the narrow band stationary SDOF oscillator re-

sponse. This will directly impact the calculation of the bandwidth parameter, q, and the zero

up-crossing rate, ν0, from the Vanmarcke (1975) model (Corotis, 1970; Corotis et al., 1972),

i.e.

q(t) =

√
1− λ1(t)2

λ2(t)λ0(t)
, (5.29)

and,

ν0(t) =
1

2π

√
λ2(t)

λ0(t)
. (5.30)

As such, the typical formation for the first passage probability W (a, t) = A exp(−αt) must

now be expressed as

W (a, t) = A exp

(
−
∫ t

0
α(t) dt

)
. (5.31)
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Figure 5.2: The time-dependent growth of a SDOF oscillator response subject to white noise exci-
tation, with respect to stationary conditions (f0t =∞).
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The equations for q(t) and ν0(t) can be solved using the Caughey and Stumpf (1961) evo-

lutionary oscillator formula in equation 5.27 and integrating the PSDF numerically. Corotis

(1970) provides approximations for q(t) and ν0(t) for lightly damped oscillators, where

q(t) = 2

√
ζ

π

1− exp(−2ω0ζT ) + 2 exp(−ω0ζT )

1− exp(−2ω0ζT )
, (5.32)

and

ν0 '
ω0

2π
. (5.33)

Figure 5.4 shows the time-dependence of q, and compares the exact Caughey and Stumpf

(1961) solution with the Corotis (1970) approximations and the stationary bandwidth as-

sumption. The exact solution has strong oscillations, which the Corotis (1970) approxima-

tion smooths out. However, there are two aspects of the Corotis (1970) approximation that

prevents its practical use in seismic hazard applications. Firstly, the approximation becomes

unstable as ω0t→ 0, with q increasing beyond the upper limit of 1. Additionally, the approx-

imate solution provides reasonable q values for white excitations, but for typical earthquake

excitations that have a gradual spectral roll-off at high and low frequencies, equation 5.32

gives considerably different stationary q values compared to the exact solution.

Figure 5.5 illustrates that the consideration of the time-dependent bandwidth quite signifi-

cantly increases the peak factor at short durations. The Caughey and Stumpf (1961) oscilla-

tions in the bandwidth lead to strong oscillations in the peak factor, with a frequency of 2f0.

From a theoretical perspective, these oscillations are a useful attribute, because they account

for the fact that the oscillator is unlikely to have a strong peak in the half-cycle between peaks

of its resonant frequency, hence ηp decreases between peaks. However, these oscillations may

be impractical in RVT applications to apply, due to uncertainties in the start and end times

of the ground motion excitation. Additionally, applying the Caughey and Stumpf (1961)

nonstationarity corrections to the Vanmarcke (1970) bandwidth parameter may overstate

the increase in the peak factor for recorded ground motion data, which means the integration

of α over time is currently unnecessary. This is discussed in more detail in the next section.

5.4 Calculation of duration

5.4.1 Definition for duration

The final piece of RVT is to provide a prediction of the signal duration, T , which is an input

variable for equations 5.14 and 5.21. The definition of duration in the context of RVT is not
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straight-forward. For most previous applications of the RVT method, a simplified seismo-

logical model is used to define the rock-site Fourier amplitude spectrum (FAS), for which T

is usually taken as the source duration (e.g. the inverse of the corner frequency, fc) plus a

distance-dependent term that accounts for complex wave paths and scattering (Herrmann,

1985; Atkinson, 1993; Boore & Thompson, 2014). When using RVT for predicting peak

motions at soil sites, the duration tends to increase due to trapped waves in the soil column

or sedimentary basin (Kottke & Rathje, 2013).

Outside of RVT-specific applications, there are many published empirical models for ground

motion duration, although models are available for several different definitions of duration

(Bommer & Mart́ınez-Pereira, 1999). For example, Bommer et al. (2009) provide empirical

models for the ‘bracketed’, ‘uniform’ and two types of ‘significant’ durations. The bracketed

and uniform durations are related to the total time a recording spends above a given amplitude

threshold, while the significant durations are defined as the interval between the times at

which specified values of the Arias Intensity are reached. Typically, intervals corresponding

to 5-75% or 5-95% of the cumulative Arias Intensity are selected to define the significant

duration. The Arias Intensity is usually written as

Ixx =
π

2g

∫ ∞
0

a2(t) dt , (5.34)

where a(t) is the recorded accelerogram and g is the acceleration due to gravity.

Examining this equation, it is clear that the significant duration must be closely linked to

RVT, because the Arias Intensity is directly proportional to the earthquake signal variance, σ2x

(comparing equations 5.34 and 5.13). This is likely to be the reason why the 5-95% significant

duration, D5−95, was first considered to be the most appropriate duration for RVT (Boore,

1983). A more recent duration model (Boore & Thompson, 2014) for RVT suggests that

two times the 20-80% significant duration, 2D20−80 is a more suitable definition for RVT

calculations. This variable was shown to be analogous to D5−95, but avoids instability where

strong P arrivals can exceed the 5% cumulative Arias Intensity threshold.

Regardless of the definition of the thresholds, there is one important distinction between

the significant duration and the duration necessary for RVT. Given that the objective of

RVT is to calculate peak time-domain response of an oscillator, the signal for which the

significant duration is calculated should be the oscillator duration rather than the ground

motion duration. This is because Parseval’s theorem is being invoked to calculate xrms, and

the PSDF of interest for calculating response spectra is |X(f)|2 · |H(f, f0, ζ)|2. The RVT

duration must therefore be the linked to the time-domain representation of this PSDF.
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However, the appropriate cumulative Arias Intensity thresholds for defining the duration T

are still unknown. The previous threshold definitions for RVT analysis (Boore, 1983; Boore &

Thompson, 2014) were selected on the basis of minimising differences between simulated re-

sponse spectra generated using time-domain and RVT procedures from the stochastic method

(SMSIM; Boore, 2003). Unlike these previous studies, this study is interested in predicting

response spectra from recorded strong motion data, which necessitates a re-examination of

the significant duration thresholds. Additionally, the duration definition will depend on the

details of how the Fourier amplitudes are calculated.

An example of the significant duration calculation is shown in Figure 5.6, for the Darfield

High School (DFHS) recording of the February 2011 Mw6.2 Christchurch earthquake. It can

be seen that for high frequency oscillators, the significant duration is reduced compared to the

recorded duration, but as the oscillator natural frequency decreases, the significant duration

is elongated. For the same recording, Figure 5.7 shows the smoothed Fourier amplitude

spectrum, frequency-dependent significant durations for 5-75%, 5-95% and two times 20-80%

cumulative Arias Intensity thresholds, and subsequent RVT-predicted acceleration response

spectra compared to the recorded data. The smoothed FAS is calculated by smoothing

and averaging the energy spectral density of the two horizontal components, known as the

quadratic mean,

FAave(f) =

√
1

2

(∣∣FA1(f)
∣∣2 +

∣∣FA2(f)
∣∣2) , (5.35)

where FA1 and FA2 are the FAS for the two horizontal components. Each FAS is cal-

culated the using the Cooley-Tukey fft algorithm, multiplied by the time-step to preserve

energy between the time and frequency domains. The smoothing procedure is a Konno and

Ohmachi (1998) filter with b = 40. While this definition is inconsistent with the distribution

of recorded Fourier amplitudes, which are typically assumed to be lognormal, it is desirable

to have a measure of horizontal motion that is orientation-independent. The averaging is

performed on the energy spectral density to ensure the averaging of the horizontal compo-

nents is most meaningful in terms of total power, used to calculate xrms. This definition

was utilised by Hollenback et al. (2015) to best match the FAS to orientation-independent

RotD50 response spectra (Boore, 2010), and is also adopted in this study. To calculate the

response spectra in Figure 5.7, the Vanmarcke (1975) peak factor is adopted, but no nonsta-

tionarity corrections are applied. For consistency with the orientation-independent FAS, the

adopted duration metric is a RotD50-type duration, defined as the median duration when

the horizontal waveforms are rotated between orientations of 0 and 180◦.

It is expected that the appropriate duration measure for RVT analysis would be most apparent

at the high oscillator frequencies and PGA, where oscillator nonstationarity is negligible. For

this example, D5−75 gives the best estimate of the recorded high-frequency response spectrum,
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5.4. Calculation of duration

with the 2D20−80 and D5−95 significant durations slightly underestimating the peak motions.

To extend the comparison in Figure 5.7, Figure 5.8 shows the average misfit between RVT-

predicted and recorded RotD50 response spectra, using 663 recordings in the New Zealand

Strong Motion Database (Van Houtte et al., 2017). These 663 records represent all of the

New Zealand data that have minimum usable frequencies less than 0.1 Hz (i.e. they are not

heavily high-pass filtered), and they include data from the recent 2016 Kaikoura earthquake

(Kaiser, Balfour, et al., 2017). All of these recordings are from events with Mw > 5.5. Note

that there is a practical problem when using recorded ground-motion data in RVT. The FAS

in the New Zealand Strong Motion Database are only defined to f0 = 0.1 Hz, hence care

must be taken to ensure that the calculated xrms accounts for the energy from frequencies

below 0.1 Hz. To mitigate the effects of a band-limited input FAS on the calculation of

low-frequency oscillator response, the recorded FAS are extrapolated from f = 0.1 Hz to f

= 0.05 Hz using the low-frequency extension model of Trifunac (1993), before applying the

RVT procedure.

D5−75 appears to be the best representation of the 5% and 20% damped response spectra,

for f0 > 1 Hz, where overpredictions of the data are generally less than 5%. The other

duration metrics come closer to the recorded motions at the low oscillator frequencies. Given

the better representation of the data at high frequencies, it is inferred that D5−75 is a more

appropriate duration measure for RVT than D5−95 or 2D20−80 when using recorded ground

motion data. Note that this observation does not necessarily apply for simulations using the

stochastic model, and also depends on the details of the fft computation.

Figures 5.7 and 5.8 analysed the effect of the duration definition, but did not include any cor-

rections for oscillator nonstationarity. The effect of the different nonstationarity corrections

is shown in Figure 5.9, for different oscillator frequencies and damping levels. In Figure 5.9,

it is observed that the nonstationarity corrections have the largest effect for lightly damped,

low frequency oscillators and short duration excitations. By correcting for the nonstationary

variance, the RVT-predicted peak response is reduced, and in most cases this brings the mod-

elled response spectra closer to the recorded data. For very short significant durations, e.g.

less than 8 seconds, the nonstationarity is overcorrected and the predicted response spectra

tend to be lower than the recorded spectra, although such short oscillator durations are un-

likely to be of practical interest for most seismic hazard applications. Interestingly, correcting

for both nonstationary variance and bandwidth causes the RVT-predicted response spectra

to increase for the 5%-damped oscillators. This is because the evolutionary PSDF at short

durations is more wide band, resulting in a higher rate of zero crossings in the Vanmarcke

(1975) first passage probability model and hence yields a larger peak factor. Figure 5.9 in-

dicates that accounting for the nonstationarity in the bandwidth has a larger effect on the
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Figure 5.6: Example calculation of ‘significant duration’ thresholds for the DFHS recording from the
2011 Mw6.2 Christchurch earthquake, and the 5% -damped oscillator response for T = 0.2, 1 and 10
s. Vertical red lines on the waveforms represent the time at which 5, , 20, 75, 80 and 95% thresholds
of the cumulative Arias Intensity have been exceeded. These thresholds are indicated as dashed lines
in the Husid plot in the lower frame.
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116



5.4. Calculation of duration

predicted peak response than the nonstationary variance. The effects of the nonstationary

bandwidth are likely to be overstated. In particular, the nonstationary bandwidth for the

f0 = 0.1 Hz results in a large overprediction of the recorded response spectra. If only the

nonstationary variance is accounted for, with the bandwidth held stationary, it is possible

to obtain a better representation of recorded data for 5%-damped response spectra. This

method is therefore inferred to currently be the most appropriate method for RVT. Further

research is necessary to better quantify the effect of the nonstationary bandwidth before it

can be robustly applied to response spectral calculations. Until then, the integration of the

limiting decay rate α over time (equation 5.31) is unlikely to be beneficial.

5.4.2 Model development

Having now determined that the use of RotD50 D5−75 oscillator durations may be the most

appropriate duration definitions for use in RVT for recorded ground motion data, it is now

necessary to derive an empirical model for this variable. Several models of D5−75 for recorded

ground motions exist in the literature, however to the authors’ knowledge there are no em-

pirical models for the duration of oscillator response. It is not the intention of this study to

derive a laboriously-optimised empirical model of the oscillator duration, but to demonstrate

that the oscillator duration is an acceptable input to RVT analysis. The empirical oscillator

duration model is derived using a subset of recordings from the New Zealand Strong Motion

Database. The subset comprises all Mw > 4.5 events classified as ‘crustal’ or on the Fiordland

subduction interface, expect for three offshore events with poorly-constrained metadata (IDs:

2326055, 731516 and 3125077). Recordings are only considered if their closest distance to the

rupture plane, Rrup, is less than 200 km. Events with less than three qualifying recordings

are also removed from the dataset, to better constrain the event-level effects of the model.

The resultant dataset contains 1,413 recordings from 62 events.

Figure 5.10 shows the 5-75% significant durations for the recorded ground motions, and the

equivalent oscillator response durations for f0 = 0.33 Hz. From this figure, it is clear that

D5−75 is rather insensitive to distance for distances less than around 50 km, but then increases

sharply. This transition can be interpreted as the distance at which the surface waves and

the coda start to become a significant signal relative to the direct S-waves. Once these waves

become the dominant signal, the duration becomes relatively independent of magnitude. For

shorter distances, the duration of the source strongly influences the signal duration, which

suggests a dependence of the short-distance data on moment magnitude.

There has been some debate in the literature on the most physical parametrisation for the

significant duration. Various researchers have preferred to model source and path effects as
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Figure 5.9: The residuals between 663 recorded and RVT-predicted response spectra response spec-
tral accelerations against D5−75, for oscillator frequencies of 0.33, 0.2 and 0.1 Hz and damping levels
of 5 and 20%. Blue circles correspond to no nonstationarity correction, red squares correspond to
the Corotis (1970) nonstationary variance correction but with a stationary peak factor, and green
diamonds represent a nonstationary variance and nonstationary peak factor using the Caughey and
Stumpf (1961) exact solution. The lines represent a loess fit to the residuals.
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Figure 5.10: The distance-dependence of computed 5-75% significant durations in the New Zealand
strong motion dataset used for this study, with colours indicating data binned by moment magnitude.
The top frame represents significant durations on the recorded ground motion, and the lower frame
represents the significant duration of a f0 = 0.33 Hz oscillator.
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additive (Kempton & Stewart, 2006; Boore & Thompson, 2014; Afshari & Stewart, 2016),

while others prefer to model source and path effects as multiplicative (Bommer et al., 2009;

Bora et al., 2014). Particularly in the near-source, where direct body waves are the dominant

contribution to the Arias Intensity, additive durations would seem to be the most physical pa-

rameterisation. However, durations tend to be well-represented by a lognormal distribution.

Assuming both a lognormally distributed dependent variable, and additive source and path

effects, considerably complicates the model fitting procedure. For simplicity, a multiplicative

duration model is derived here, which still provides a reasonable fit to the observations. The

model is formulated in a multilevel framework (Gelman & Hill, 2006),

ln(D5−75) ∼ N(fe,j[i] + fp,i + fs,k[i], σ
2
total) , for i in 1, . . . , I recordings

fe,j ∼ N(µe,j , φ
2
e) , for j in 1, . . . , J events

fp,i ∼ N(µp,i, φ
2
p) .

fs,k ∼ N(µs,k, φ
2
s) , for k in 1, . . . , K stations

(5.36)

where fe is the earthquake-level effect with median µe and variance φ2e, fs is the station-level

effect with median µs and variance φ2s and fp is the path level effect with median µp and

variance φ2p. The total variance is denoted by σ2total. The form of the median models for each

level are

µe,j = β0 + β1M + β2M
2

µr,i = β3 ln
√
R2
rup + [exp(β4 + β5M)]2 , for Rrup ≤ Rhinge

= β3 ln
√
R2
rup + [exp(β4 + β5M)]2 +

β6

(
ln
√
R2
rup + [exp(β4 + β5M)]2 − ln

√
R2
hinge + [exp(β4 + β5M)]2

)
, for Rrup ≥ Rhinge

µs,k = β7 ln
(VS30

1000

)
where M = Mw − 6

This form is slightly different to other multiplicative duration models in the literature. For

example, the source dependence is usually a linear function of magnitude, however this study

found that a quadratic source term was useful for modelling data from the Mw7.8 Kaikoura

earthquake. There are simplified physical arguments for a linear magnitude dependence, but

these arguments can become less relevant for complex ruptures such as Kaikoura, where the

energy was released in multiple, distinct bursts (Kaiser, Balfour, et al., 2017). For most

oscillator frequencies, the β2 parameter has the same sign and is statistically significant.
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5.4. Calculation of duration

The model includes a bilinear distance scaling term, to model the observed transition in the

distance-dependence in Figure 5.10, and a magnitude-dependent distance saturation term.

The model parameters, β0 to β7 are calculated using the nonlinear mixed effects regression

algorithm, nlmer, within the lme4 package in R (Bates et al., 2015).

Rather than solving for Rhinge directly, different values were trialed before a value of 100 km

was selected. All other parameters were free, except for β4 and β5, which were occassionaly

fixed to equal 2.5 and 0.5 respectively when they could not be uniquely estimated from the

data. Additionally for f0 = 0.1 Hz, where there are fewer available data due to bandwidth

limitations, β2 was fixed to equal 0.

5.4.3 Derived model

The frequency-dependent D5−75 model parameters for 5%-damped oscillators are presented in

Table 5.1, with parameters for 20%-damped oscillators shown in Table 5.2. For the recorded

ground motion, and a 5%-damped oscillator frequency of 0.25 Hz, plots of event, station and

path residuals against the model predictors are shown in Figures 5.11 and 5.12. The model

is generally unbiased against the predictors, as well as unbiased against the depth to the top

of rupture, which has featured in previous significant duration models (Bommer et al., 2009).

Figure 5.13 compares the magnitude and distance scaling of the ground motion significant

duration model (f0 =∞) against other D5−75 models in the literature, as well as the Boore

and Thompson (2014) RVT duration model. It can be seen that the magnitude scaling of the

models is largely similar, except at large magnitude where the New Zealand model predicts

longer durations. This is predominantly constrained by data from the Kaikoura earthquake,

which have long durations compared to global prediction models. The distance scaling is

similar at short distances but there are some larger differences as distance increases.

Figure 5.14a shows the frequency-dependence of the model predictions for two scenarios, Mw6,

Rrup = 10 km and VS30 = 1000 m/s, and Mw7.5, Rrup= 100 km and VS30 = 1000 m/s. Figure

5.14b shows the frequency-dependence of the standard deviations for each level of the model,

as well as the total standard deviation. Examination of the low frequency oscillator duration

model in Figure 5.14a potentially reveals a practical problem in fitting oscillator duration

data. The predicted oscillator duration for the Mw7.5, Rrup = 100 km scenario appears to

saturate at low frequencies. The cause of this problem is apparent in the example recording

in Figure 5.6. The f0 = 0.1 Hz oscillator response has not reached resting conditions at the

end of the record, in this case at t = 87 seconds, hence the thresholds of the cumulative Arias

Intensity will be underestimated. Additionally, Figure 5.10b shows that the D5−75 data tends

to saturate as distance increases, which is not expected from physical considerations. This
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suggests that the low frequency oscillator durations may be underestimated for this dataset.
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5.4. Calculation of duration

Table 5.1: Frequency-dependent parameters of the RotD50 D5−75 duration model for 5%-damped
oscillators.

f0 (Hz) β0 β1 β2 β3 β4 β5 β6 β7 φe φp φs

∞ -1.7204 0.2272 0.0967 0.8870 2.7641 0.5777 1.1700 -0.1413 0.2270 0.2403 0.3399

100 -1.7205 0.2272 0.0967 0.8870 2.7641 0.5776 1.1699 -0.1413 0.2270 0.2402 0.3399

50 -1.6089 0.2260 0.1001 0.8643 2.7258 0.5778 1.1715 -0.1342 0.2269 0.2388 0.3337

33.3333 -1.4624 0.2177 0.0990 0.8435 2.6635 0.5756 1.1312 -0.1158 0.2089 0.2386 0.3224

25 -1.5382 0.2067 0.0935 0.8760 2.7010 0.5602 1.0702 -0.0996 0.1858 0.2330 0.3176

20 -1.3650 0.2317 0.0874 0.8480 2.5000 0.5000 1.0297 -0.0950 0.1757 0.2266 0.3034

13.3333 -2.0799 0.2139 0.0746 1.0208 2.8719 0.4983 0.9346 -0.0834 0.1868 0.2008 0.2902

10 -1.5936 0.2924 0.0655 0.8993 2.5000 0.5000 1.0110 -0.0723 0.2425 0.1916 0.2948

6.6667 -2.8691 0.2465 0.0887 1.1480 3.2929 0.3528 1.0104 -0.0806 0.2328 0.1803 0.3233

5 -2.6023 0.2539 0.1136 1.0503 3.2971 0.3066 1.0800 -0.1327 0.2236 0.1898 0.3534

4 -1.8391 0.2317 0.1357 0.8668 3.1404 0.4380 1.2592 -0.1179 0.2032 0.1761 0.3608

3.3333 -0.7571 0.2575 0.1305 0.6276 2.5000 0.5000 1.2277 -0.1045 0.1716 0.1835 0.3497

2.5 -0.4658 0.1765 0.1642 0.5532 2.3575 0.6725 1.2655 -0.1381 0.1926 0.1778 0.3570

2 -0.3375 0.1491 0.1691 0.5355 2.5000 0.5000 1.1424 -0.1538 0.2038 0.1650 0.3525

1.3333 0.0164 0.0900 0.1253 0.5154 1.7893 0.8819 0.8960 -0.1577 0.1988 0.1647 0.3540

1 0.3020 0.0857 0.1032 0.4882 1.5823 0.6950 0.7493 -0.1687 0.2302 0.1965 0.3648

0.6667 0.2972 0.0846 0.0702 0.5522 1.4805 0.7958 0.4679 -0.1621 0.1874 0.2129 0.3557

0.5 0.0239 0.0654 0.0682 0.6638 2.5000 0.5000 0.2279 -0.1215 0.1794 0.2044 0.3617

0.3333 0.6697 0.1373 0.0216 0.5887 2.1089 0.5381 0.0691 -0.0939 0.1358 0.1898 0.3432

0.25 0.4542 0.0978 0.0822 0.6328 2.5058 0.4643 0.2098 -0.0834 0.1056 0.1885 0.2945

0.2 0.2081 0.1008 0.0906 0.6763 2.7324 0.3668 0.3044 -0.0880 0.0914 0.2802 0.3000

0.1333 0.7695 0.1381 0.0140 0.5821 2.5624 0.6913 -0.0662 -0.0513 0.1687 0.2087 0.2208

0.1 1.9169 0.2783 0.0000 0.3050 2.5000 0.5000 0.0636 0.0074 0.1680 0.0591 0.2539

5.4.4 Model performance

Not only is it important for the oscillator duration model to represent the data, but its

primary purpose is to provide better predictions of response spectra generated using RVT.

The performance of the model is now tested using the same 663 recordings used to generated

Figure 5.8, and compared to the method used to calculate RVT response spectra in stochastic

simulations. The comparison is shown in Figure 5.15, in the form of average residuals between

recorded response spectra and those predicted by RVT from the recorded FAS. The blue lines

in these plots are generated using the D5−75 oscillator duration model, the Vanmarcke (1975)

peak factor and the Corotis (1970) nonstationary variance correction. The black lines are

generated using the Boore and Thompson (2014) 2D20−80 model, the Vanmarcke (1975) peak

factor, and the Boore and Thompson (2015) Drms/Dgm correction model. For 5%-damped

response spectra, the predictions are comparable for oscillator frequencies greater than around

0.3 Hz, although the method of Boore and Thompson (2014, 2015) are closer at the very low

oscillator frequencies. Both methods are good representations of the high frequency spectral

accelerations, but over-predict low frequency spectral accelerations by 10-20% on average.
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Table 5.2: Parameters of the RotD50 D5−75 duration model for 20%-damped oscillators.

f0 (Hz) β0 β1 β2 β3 β4 β5 β6 β7 φe φp φs

∞ -1.7204 0.2272 0.0967 0.8870 2.7641 0.5777 1.1699 -0.1413 0.2270 0.2402 0.3399

100 -1.7198 0.2271 0.0967 0.8869 2.7636 0.5779 1.1698 -0.1412 0.2270 0.2403 0.3398

50 -1.6602 0.2264 0.0976 0.8758 2.7447 0.5771 1.1678 -0.1359 0.2269 0.2384 0.3360

33.3333 -1.6589 0.2228 0.0940 0.8818 2.7511 0.5723 1.1487 -0.1266 0.2234 0.2384 0.3311

25 -1.7012 0.2186 0.0922 0.8974 2.7805 0.5613 1.1273 -0.1179 0.2166 0.2368 0.3265

20 -1.7643 0.2176 0.0904 0.9160 2.8092 0.5525 1.1111 -0.1107 0.2116 0.2333 0.3234

13.3333 -1.9239 0.2285 0.0842 0.9526 2.8651 0.5299 1.0993 -0.1051 0.2273 0.2251 0.3196

10 -1.5178 0.2845 0.0803 0.8508 2.5000 0.5000 1.1298 -0.1136 0.2672 0.2295 0.3221

6.6667 -2.2874 0.2524 0.0905 0.9988 3.0557 0.4495 1.1665 -0.1364 0.2546 0.2230 0.3356

5 -2.0496 0.2493 0.1080 0.9237 2.9899 0.4821 1.2260 -0.1658 0.2520 0.2210 0.3483

4 -1.7676 0.2393 0.1168 0.8538 2.8973 0.5422 1.2622 -0.1674 0.2311 0.2201 0.3527

3.3333 -1.1500 0.2602 0.1251 0.7136 2.5000 0.5000 1.2621 -0.1649 0.2219 0.2256 0.3553

2.5 -0.9829 0.2053 0.1477 0.6738 2.4142 0.6866 1.2637 -0.1860 0.2221 0.2203 0.3623

2 -0.9699 0.1813 0.1575 0.6802 2.5000 0.5000 1.1445 -0.2041 0.2289 0.2179 0.3635

1.3333 -0.6143 0.1438 0.1221 0.6428 1.8625 0.8738 0.9784 -0.2114 0.2358 0.2170 0.3698

1 -0.5492 0.1463 0.0888 0.6639 1.7005 0.8917 0.8017 -0.2132 0.2678 0.2354 0.3832

0.6667 -0.5671 0.1623 0.0578 0.7147 1.5234 0.9535 0.5977 -0.2071 0.2636 0.2699 0.3826

0.5 -1.0478 0.1482 0.0406 0.8633 2.5000 0.5000 0.3948 -0.1724 0.2532 0.2772 0.4012

0.3333 -0.5070 0.2255 -0.0218 0.7943 1.8120 0.8205 0.3239 -0.1273 0.2026 0.2995 0.3715

0.25 -0.7536 0.2335 -0.0009 0.8545 2.0673 0.7925 0.2620 -0.1286 0.1997 0.3077 0.3497

0.2 -1.0302 0.1664 0.0344 0.9176 2.2266 0.8027 0.2928 -0.1152 0.1711 0.3227 0.3366

0.1333 -1.1544 0.3212 -0.0651 0.9373 2.2894 0.8609 0.0917 -0.1202 0.2006 0.3054 0.2958

0.1 -0.4648 0.3888 0.0000 0.7285 2.5000 0.5000 0.1493 -0.0801 0.2013 0.1744 0.3201

For 20%-damped response spectra, the method proposed in this study is closer to the recorded

data, and is within 5% for high frequency response spectra. The over-prediction at low os-

cillator frequencies is not as pronounced at 20% damping compared to 5% damping. This

result can potentially be interpreted as a result of ‘clipping’ of strong motion recordings in

terms of duration, as discussed previously. Given that low frequency oscillator durations be-

come shorter as damping increases, the 20%-damped oscillator response is more likely to have

reached resting conditions by the end of the strong motion recording than the corresponding

5%-damped oscillator. Further investigation is necessary to determine how to mitigate this

effect in future oscillator duration models.

However, another effect is at play here, which is that the Gaussian process assumption of

the Vanmarcke (1975) peak factor model becomes inappropriate as the oscillator response

frequency decreases. Figure 5.16 evaluates the Gaussian process assumption for a recording

from the 2009 Mw7.8 Dusky Sound earthquake. None of the signals are well-represented

by a Gaussian distribution, as indicated by the quantile-quantile plots and the Kolmogorov-

Smirniff (KS) p-values. However, it is clear that the assumption of normality is more appro-

priate for higher oscillator frequencies and PGA, than for low frequency oscillators. Figure
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5.4. Calculation of duration

5.17 shows that for all of the New Zealand oscillator duration data, very few of the signals can

be considered Gaussian. This suggests that an alternative or modified peak factor formula-

tion is necessary to remove the 10-15% over-prediction of low frequency spectral accelerations

using RVT.
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5.5 Summary and discussion

This study has proposed some changes to seismic hazard applications of RVT, particularly

to the definition of duration and consideration of oscillator nonstationarity. The flowchart in

Figure 5.18 compares current practice in seismic hazard with the method in this study. While

there appear to be mild improvements using the method proposed in this study, particularly

with higher oscillator damping compared to the traditional 5%, the main advantages of the

approach are conceptual. The oscillator significant duration is easier to interpret than the

Drms/Dgm models in the literature, which essentially combine the effects of oscillator duration

and nonstationarity. This method of this study overpredicts the low frequency oscillator

response, however this can potentially be improved by selecting a different peak factor model,

or by modifying Vanmarcke (1975). Hence, this method has the potential to be improved,

such that low frequency response spectra can be more accurately predicted. Until then, the

preferred RVT procedure is the Vanmarcke (1975) peak factor, the oscillator duration model

derived in this study, and the Corotis (1970) nonstationary variance correction.

Additionally, an orientation-independent oscillator duration model, such as the one derived

in this study, may be a preferable input for RVT-based site response analysis (Rathje &

Ozbey, 2006; Kottke & Rathje, 2013; Wang & Rathje, 2016; Seifried & Toro, 2016), as

it allows an empirical evaluation of the frequency-dependent effects of site response on the

oscillator duration. Another advantage of oscillator duration models is their potential use in

the calculation of vector hazard for structural applications (Bazzurro & Cornell, 2002).

The separation of the duration from the oscillator nonstationarity correction is not a new

concept to seismic hazard applications of RVT (Toro & McGuire, 1987; Seifried & Toro, 2016),

however the nonstationarity corrections are typically only applied to the signal variance and

not the peak factor. An evolutionary PSDF has a corresponding evolutionary bandwidth that

can significantly affect the peak factor calculation. This study has shown that accounting for

nonstationarity in the Vanmarcke (1970) bandwidth parameter is likely to overstate the effects

on peak response, and further research is necessary to determine how best to incorporate

bandwidth nonstationarity in peak factor calculations. The results may be a reflection of the

over-sensitivity of the Vanmarcke (1970) bandwidth parameter to high frequencies, which

has been reported by Winterstein and Cornell (1985) and Lutes (2012). These two studies

propose alternative expressions for the PSDF bandwidth, and the use of these bandwidth

parameters should be investigated further.

A key result of this chapter is the potential of the alternative RVT procedure to directly

calculate response spectra for higher levels of damping. With the increase in popularity of
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base-isolated infrastructure, there is a need to calculate seismic hazard for damping levels of

around 20% of critical. There is renewed interest in developing empirical models of the earth-

quake FAS specifically for use in seismic hazard analysis (e.g. Bora et al., 2014), and with

these models there is potential for seismic hazard to be directly calculated for higher damping

levels. This removes the need for damping modification factors. Figure 5.15b demonstrates

that the 20%-damped oscillator duration model allows recorded response spectra to be repro-

duced to a reasonable level of accuracy. However, at the key oscillator frequencies of interest

for base-isolated structures (f0 < 0.5 Hz), the method is overly conservative by around 10-

15%. Should there be future improvements to the RVT procedure that correct this bias,

there will be an interesting opportunity to directly calculate the site-specific seismic hazard

for base-isolated structures with a specific level of damping.
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Figure 5.11: Residuals for the derived D5−75 ground motion duration model, against typical pre-
dictors for significant duration.
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Figure 5.12: f0 = 0.25 Hz residuals for the derived D5−75 oscillator duration model, for 5%-damped
oscillator response.
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Figure 5.16: Evaluation of the Gaussian process assumption for a recording from the 2009 M7.8
Dusky Sound earthquake. The recorded ground acceleration is shown on the top, with the acceleration
response for different frequencies shown below. The red brackets represent the D5−75% window. The
histograms, quantile-quantile plots, and one-sample Kolmogorov-Smirnov p-values to the right show
how well each signal window is represented by a normal distribution.
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Figure 5.17: Results of the one-sample Kolmogorov-Smirnov test on all recordings used to derive
the oscillator duration model. The y axis is the percentage of signals where the null hypothesis that
the data are Gaussian (H0) could not be rejected. α represents the significance level of the test.
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5.5. Summary and discussion

Figure 5.18: Comparison of the RVT method in current practice (top) compared with this study
(bottom). The dashed lines in the bottom plot indicate a more theoretically sound pathway, but
current models do not adequately represent this.
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Chapter 6

The New Zealand response spectral

model

The FAS, duration and nonstationarity correction models of the previous two chapters are

now combined to create a model of the earthquake response spectrum for New Zealand earth-

quakes. This chapter presents the method for calculating response spectra, model residuals,

and a comparison of the model’s response spectral predictions with other models in the lit-

erature. The derived model is compared against 5% and 20%-damped response spectra from

the New Zealand Strong Motion Database (Van Houtte et al., 2017; Kaiser, Van Houtte, et

al., 2017). The model standard deviations are also discussed, as well as some reflections on

advantages and disadvantages of the derived model.

6.1 Calculation of response spectra

To accurately calculate response spectra from the FAS and duration models, it is necessary

to ensure that the predicted PSDF accounts for energy at frequencies less than 0.1 Hz, which

is the minimum usable frequency of the FAS model. Figure 6.1a shows an example SDOF

transfer function for a 5%-damped oscillator with a resonant frequency of 0.1 Hz, with a

hypothetical FAS of the earthquake excitation (represented by a far-field ω2 source spectrum

with corner frequency of 0.5 Hz) shown in Figure 6.1b. Figure 6.1c shows the resultant PSDF

for the oscillator response, for unit duration. This PSDF is the integrand from which the

root-mean-square acceleration, xrms, is calculated. The shaded area represents the portion

of the signal variance that will be captured if the minimum frequency of the calculation is 0.1
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Hz, which only amounts to 70% of the total integral. If the FAS model is defined to 0.05 Hz

instead of 0.1 Hz, then 99.99% of the total PSDF is captured. As such, the FAS model needs

to be extrapolated to 0.05 Hz. For the same reasons, a similar extrapolation is necessary

above the maximum usable frequency of the model, from around 50 Hz to 100 Hz.

The model is extrapolated using the methods detailed in Trifunac (1993, 1994). At low fre-

quencies, the extrapolation method is based on simplified seismological theory, with the pre-

dicted shape being modelled as a linear combination of a near-field and far-field spectral shape.

The near-field shape is based on a simple analytical model of near-field displacement, with

the far-field shape designed to be similar to the body wave spectral shape from the Haskell

(1969) model. These predicted shapes are then scaled up or down to ensure continuity with

the predicted amplitude from the FAS model at f = 0.1 Hz. Full details of the extrapolation

models can be found within the references Trifunac (1993, 1994). The high frequency extrap-

olation is undertaken using the common exponential decay model, FA(f) = A0 exp(−πκf),

where FA is the Fourier amplitude. κ is calculated as

κ =
lnFA(f1)− lnFA(f2)

π(f2 − f1)
, (6.1)

with f1 = 10 Hz and f2 = 50 Hz. The exponential form is then used extrapolate the model-

predicted FAS to 100 Hz. Examples of extrapolated spectra are shown in Figure 6.2.

A further consideration for calculating response spectra arises from the predicted distribution

of the FAS model. The multilevel regression model assumed a lognormal distribution for

the Fourier amplitudes, and outputs a predicted median FAS and a variance in log space.

However, has been suggested that the mean FAS should be used in RVT calculations rather

than the median, with the justification that it is the expected value of the signal (Vanmarcke &

Lai, 1980; Bora et al., 2015; Hollenback et al., 2015). For a lognormal distribution, the mean is

calculated as exp(µ+σ2/2), where µ is the predicted median and σ is the standard deviation.

Technically, the use of both the mean or the median FAS could be justified. However, the

decisions of Bora et al. (2015) and Hollenback et al. (2015) to use the mean appear to be

more empirically motivated than theoretically justified. A similar empirical observation was

made here, where the mean model provides better fits to the response spectral amplitudes.

The mean model is therefore selected as the input for the RVT calculations.

Once the predicted response spectra have been calculated, it is necessary to compare the

predictions to response spectral data. It is not definitively clear what the most appropriate

definition for the ‘average horizontal’ response spectrum is for the comparison, given that the

FAS model is derived from the quadratic mean spectrum. While the most likely candidate

is of course the quadratic mean response spectrum, this is not a definition that has been

138



6.1. Calculation of response spectra

Figure 6.1: (a) The SDOF transfer function for a 5%-damped oscillator with a fundamental frequency
equal to 0.1 Hz, (b) a schematic low-frequency FAS for the earthquake excitation, with a shape
corresponding to the Brune (1970) source model with corner frequency equal to 0.5 Hz, and (c) the
corresponding PSDF of (a) and (b) for unit duration. The shaded area in (c) corresponds to the
portion of the signal variance captured if the minimum defined frequency of the FAS is 0.1 Hz.
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Figure 6.2: The effect of the Trifunac (1993, 1994) extrapolation methods on the predicted mean
FAS for a Mw6.5 rock site scenario. Solid and dashed lines are model predicted and extrapolated
Fourier amplitude respectively

previously used in PSHA, and it is not desirable to introduce a new metric. Hollenback

et al. (2015) suggest that the predicted response spectra are RotD50 (Boore, 2010) with

the justification that, like the quadratic mean spectrum, RotD50 is orientation-independent.

Given that RotD50 is a useful definition of average horizontal motion that has some traction

in PSHA, the model derived in this study is tested against RotD50 response spectra.

6.2 Effect of including κ0 as a predictor

It is of central interest to this thesis to test the benefits of including κ0 as a site-specific

predictor in empirical ground motion modelling. In a similar manner to chapter 4, Figure

6.3 examines response spectral residuals for the models with β6 = −πf and β6 = 0, at

three different oscillator frequencies. None of the trends in the residuals in Figure 6.3 can be

considered statistially significant, and it appears that the impact of κ0 is not very important

for these recordings in the New Zealand dataset. If one examines the rock site data alone

(the darker circles in Figure 6.3), it is appears that the model without κ0 is a slightly better

representation of the data. This further justifies the decision to omit κ0 as a site-specific

predictor in the New Zealand ground motion prediction model.

It is difficult to ascertain whether this result can be generalised to overseas ground motion

140



6.3. Model residuals

−
3

−
2

−
1

0
1

2
3

0 0.02 0.04 0.06

f0 = 100 Hz

Slope t−value = 1.63

β6 = −πf

−
3

−
2

−
1

0
1

2
3

0 0.02 0.04 0.06

f0 = 100 Hz

 Slope t−value = 1.45

β6 = 0
−

3
−

2
−

1
0

1
2

3

0 0.02 0.04 0.06

f0 = 25 Hz

Slope t−value = 1.65

S
ta

tio
n

−
le

ve
l r

e
si

d
u

a
l (

ln
 u

n
its

)

−
3

−
2

−
1

0
1

2
3

0 0.02 0.04 0.06

f0 = 25 Hz

 Slope t−value = 1.63

Site attenuation, κ0 (s)

−
3

−
2

−
1

0
1

2
3

0 0.02 0.04 0.06

f0 = 10 Hz

Slope t−value = 1.77

Site attenuation, κ0 (s)

−
3

−
2

−
1

0
1

2
3

0 0.02 0.04 0.06

f0 = 10 Hz

 Slope t−value = 1.46

Site attenuation, κ0 (s)

Figure 6.3: Comparison of response spectral station-residuals for the model that includes κ0 as a
site-specific predictor (left columns), and the model that doesn’t, for oscillator frequencies of 10, 25
and 100 Hz. Light coloured squares correspond to soil sites, and darker coloured circles correspond to
rock sites. Black lines are a best-fit trend to the residuals determined from linear regression.

models. As discussed in chapter 4, it is my opinion that this observation is due to the lack

of measured VS30 data at New Zealand rock sites. It is unclear if high-quality, measured,

rock-site VS30 values are available in overseas strong motion datasets. If not, then including

κ0 as a site-specific predictor is unlikely to be beneficial, but if so, then the question posed

by this thesis can be reinvestigated.

6.3 Model residuals

Predicted response spectra from the model with β6 = 0 are now compared to response spectra

in the New Zealand Strong Sotion Database. Figure 6.4 plots the residuals between PGA data

in the New Zealand Strong Motion Database, and the model PGA predictions. The model

is generally unbiased against all of the predictors in the FAS and duration models. This plot

contains data from crustal and Fiordland subduction interface events that have at least three

associated recordings. The residuals were partitioned into ‘earthquake-level’, ‘station-level’

and ‘record-level’ components using the mixed effects regression algorithm lmer (Bates et
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al., 2015). Of particular note is the over-prediction of some recordings at distances less than

10 km. The majority of these are soft soil recordings from large earthquakes in Canterbury,

so are likely to be related to nonlinear soil response. While the majority of the data are

well represented by the model, this observation confirms that nonlinear soil response is a

significant effect that strongly reduces high intensity ground motions on soil sites.

Figure 6.5 shows model residuals for a 5%-damped oscillator with fundamental frequency of

1 Hz. At this frequency, the model is unbiased against all of the predictors, and is generally

a good representation of the data. There is a tendancy to overpredict the large magnitude

crustal earthquakes, particularly the 2016 Kaikoura and 2010 Darfield earthquakes. This

overprediction likely arises from the inclusion of the Fiordland data in the dataset, because

the model has almost equal underpredictions of the 2009 Dusky Sound and 2003 Fiordland

events.

The residuals for f0 = 0.33 Hz are in Figure 6.6. At this frequency, the model slightly

overpredicts the data at all magnitudes, which could be a result of the RVT procedure.

There are no discernible biases against distance. At this frequency, the model is starting to

become poorly constrained, as the number of available recordings decreases. There are also

few biases in the station-level residuals, although the model slightly overpredicts class C sites.

It is also of interest to compare the model to response spectra of higher damping levels than

the typical 5%, given the popularity of base-isolated structures in New Zealand. For brevity,

the residuals are only shown for an oscillator frequency of f0 = 0.33 Hz, which may be a

typical value for a base-isolated building. Figure 6.7 shows the residuals for 20%-damped

response spectra. The residuals for the higher level of damping are very similar to those for

5%-damped response spectra.

6.4 Model results

Figures 6.8 and 6.9 respectively compare the magnitude and distance scaling of the rock model

with two New Zealand ground motion models (McVerry et al., 2006; Bradley, 2013) and a

global model (Abrahamson et al., 2014). For PGA, the magnitude and distance scaling of this

model are different to other models in the literature, and tends to give stronger predictions for

large magnitude, short distance recordings. There is also a small amount of over-saturation

in the magnitude scaling, for Mw > 7.5. The model is quite different from the McVerry et

al. (2006) model for Mw < 6, although the McVerry et al. (2006) model is well-known to

overpredict New Zealand data for the small magnitudes (Bradley, 2013; Van Houtte, 2017).
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Figure 6.4: PGA residuals for the response spectral model against predictors, and other variables,
available in the New Zealand Strong Motion Database. Dark blue circles represent ‘crustal’ events
and associated recordings, with red squares corresponding to Fiordland subduction interface events.
Joyner-Boore distances, rupture depths and site periods of zero are plotted at 0.1 km, 0.1 km and 0.1
s respectively, to enable visualisation on a log scale. Synthetic t* values are calculated from the New
Zealand 3D attenuation model (Eberhart-Phillips et al., 2015).
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Figure 6.5: f0 = 1 Hz residuals for the model’s 5%-damped response spectral predictions against
the predictors, and other variables available in the New Zealand Strong Motion Database.
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Figure 6.6: f0 = 0.33 Hz residuals of the model’s 5%-damped response spectral predictions against
the predictors, and other variables available in the New Zealand Strong Motion Database.
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Figure 6.7: f0 = 0.33 Hz residuals of the model’s 20%-damped response spectral predictions against
the predictors, and other variables available in the New Zealand Strong Motion Database.
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6.5. Standard deviations

At f0 = 1 Hz, the model is particularly strong for short distances and Mw > 7. For f0 =

0.33 Hz, there tends to be more spread in the model predictions. The model in this study is

significantly stronger than the Bradley (2013) model, although that model has been shown

to underpredict low frequency response spectra in New Zealand (Van Houtte, 2017).

Figure 6.10a compares rock spectra from a Mw7.5 Wellington Fault scenario, with source-to-

distances of 1, 30 and 100 km. At the low oscillator frequencies, the model in this thesis is

similar to the Abrahamson et al. (2014) model, while being significantly stronger than the

Bradley (2013) model. For PGA, the model predictions are similar to the Bradley (2013)

model. The VS30 scaling for the model is shown in Figure 6.10b. Soil site spectra are

significantly stronger than the rock spectra, with the soft sites being richer in low frequency

energy than the stiff soil sites and rock sites.

A unique feature of this model is the ability to predict response spectra for oscillators of higher

damping. Figure 6.11a demonstrates the effect of the oscillator damping on the predicted

response spectrum for the Wellington Fault scenario. As expected, the spectral accelerations

at low frequencies decrease, and the peak of the response spectrum also decreases.

6.5 Standard deviations

For PSHA, it is necessary to define the aleatory standard deviation of the model prediction.

This is usually defined as the standard deviation of the model residuals. In this study, resid-

uals in the response spectral domain are not a direct output of the model, which complicates

the calculation of the model standard deviation. A Monte-Carlo procedure could potentially

be adopted to assess the variability in response spectral predictions that arises from the

predicted distributions of the FAS amplitudes, the peak factor, and the oscillator duration.

However, from a practical perspective, the model standard deviation can instead be defined

from the response spectral residuals, as suggested by Bora et al. (2014). Ultimately, the

standard deviation with respect to recorded response spectra is of primary interest, hence

the definition of Bora et al. (2014) is also adopted here. Figure 6.12 plots the frequency-

dependent standard deviations of the model predictions for 5%-damped response spectral,

and the values for 5% and 20%-damped response spectra are shown in Table 6.1. The total

standard deviation is mostly between 0.6 and 0.8 natural log units. This is of similar order

to most empirical response spectral models, which tend to have standard deviations around

0.6 to 0.7 natural log units. While these standard deviation values are not outputs of the

model, they are likely to be acceptable values for use in future PSHA in New Zealand.
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Figure 6.8: Example of the magnitude scaling of the predicted response spectral amplitudes com-
pared to other response spectral models in the literature, for VS30 = 1000 m/s and κ0 = 0.03 s. (a),
(b) and (c) represent the predicted 5%-damped response spectral amplitudes for PGA, f0 = 1 Hz and
f0 = 0.33 Hz respectively.
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Figure 6.9: Example of the distance scaling of the predicted response spectral amplitudes compared
to other response spectral models in the literature, for VS30 = 1000 m/s and κ0 = 0.03 s. (a), (b) and
(c) represent the predicted 5%-damped response spectral amplitudes for PGA, f0 = 1 Hz and f0 =
0.33 Hz respectively.
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Figure 6.10: (a) Predicted 5% damped rock site response spectra for a Mw7.5 Wellington Fault
earthquake, compared to other models in the literature. (b) The model’s VS30 scaling for a scenario
of Mw6.5 and RJB = 20 km.
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Figure 6.11: (a) Predicted 5% and 20%-damped response spectra for a Wellington Fault scenario.
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represents the total standard deviation.
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Table 6.1: Standard deviations of the response spectral model. For PGA, τ = 0.4147, φ = 0.3811
and φS2S = 0.4583.

f0 (Hz)
τ φ φS2S σ

5% 20% 5% 20% 5% 20% 5% 20%

100 0.4457 0.4455 0.3683 0.3684 0.4684 0.4684 0.7441 0.7440

50 0.4481 0.4474 0.3688 0.3683 0.4696 0.4687 0.7465 0.7453

33.3333 0.4617 0.4513 0.3677 0.3670 0.4710 0.4698 0.7551 0.7477

25 0.4727 0.4560 0.3670 0.3670 0.4754 0.4718 0.7643 0.7518

20 0.4854 0.4604 0.3706 0.3680 0.4816 0.4721 0.7777 0.7551

13.3333 0.5172 0.4710 0.3677 0.3683 0.4971 0.4760 0.8061 0.7642

10 0.5279 0.4806 0.3656 0.3658 0.4979 0.4775 0.8125 0.7700

6.6667 0.5244 0.4775 0.3692 0.3688 0.4922 0.4745 0.8084 0.7676

5 0.5130 0.4550 0.3809 0.3765 0.4731 0.4652 0.7951 0.7518

4 0.4400 0.4206 0.3946 0.3840 0.4654 0.4661 0.7522 0.7360

3.3333 0.4163 0.4132 0.3999 0.3863 0.4770 0.4748 0.7489 0.7385

2.5 0.4210 0.4065 0.4054 0.3962 0.4688 0.4727 0.7493 0.7387

2 0.3951 0.3934 0.4049 0.4009 0.4722 0.4703 0.7369 0.7326

1.3333 0.3646 0.3673 0.4169 0.4044 0.4648 0.4783 0.7231 0.7261

1 0.3731 0.3622 0.4046 0.4006 0.5319 0.5073 0.7654 0.7410

0.6667 0.3662 0.3622 0.3682 0.3741 0.5208 0.5066 0.7355 0.7265

0.5 0.3243 0.3256 0.3596 0.3681 0.4991 0.4789 0.6954 0.6862

0.3333 0.3341 0.3045 0.3585 0.3565 0.4379 0.4245 0.6572 0.6325

0.25 0.3514 0.3257 0.3316 0.3370 0.3722 0.3587 0.6099 0.5902

0.2 0.4111 0.3606 0.3098 0.3261 0.4024 0.3534 0.6534 0.6010

0.1333 0.4768 0.4288 0.3054 0.3036 0.3513 0.2900 0.6664 0.6001

0.1 0.3199 0.3162 0.3350 0.3210 0.1857 0.1993 0.4990 0.4927

6.6 Discussion

The model presented in this thesis is the fourth empirical response spectral model derived

using New Zealand data, after Matuschka and Davis (1991), McVerry et al. (2006) and

Bradley (2013). The latter two models are the only New Zealand specific equations currently

used for seismic hazard assessment in New Zealand. A full review of empirical ground motion

modelling in New Zealand can be found in Van Houtte (2017).

The McVerry et al. (2006) and Bradley (2013) models were both derived by modifying pub-

lished equations developed outside of New Zealand. This process involves selecting an overseas

model, then identifying the parameters where it is believed that New Zealand earthquakes

should be similar to overseas earthquakes, and the parameters where there is the potential

for systematic differences in New Zealand data compared to overseas data. For example, it

might be expected that the spreading of energy in the near-source region would be similar

for most crustal earthquakes, as this is primarily a geometrical effect, but effects such as

anelastic attenuation and scattering along the wave propagation path might lead to regional
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differences. A mixed-effects regression procedure is then used to optimise the New Zealand

specific parameters, with the other parameters held fixed.

While modifying overseas models has the benefit of borrowing strength from rich overseas

datasets, particularly where the dataset of New Zealand seismograms is deficient, the method

results in a number of strong assumptions being made about New Zealand earthquakes.

For example, both the McVerry et al. (2006) and Bradley (2013) models do not modify

the magnitude scaling for large magnitude earthquakes in New Zealand, which essentially

assumes the stress drops for New Zealand earthquakes are the same as those overseas. An

often-quoted value for the Brune (1970) stress parameter in California is 10 MPa (Hanks &

McGuire, 1981), while Oth and Kaiser (2014) find an average value of 5 MPa for events in

the Canterbury earthquake sequence. If such a systematic difference exists in New Zealand

(or in certain regions of the country), this will not be captured by the McVerry et al. (2006)

or the Bradley (2013) models. Additionally, the Bradley (2013) model does not modify linear

or nonlinear site response terms for New Zealand conditions. This assumes that New Zealand

has no systematic differences in impedance contrast, or nonlinear soil properties, compared

to soil sites overseas. Given that the such strong assumptions are unlikely to be realistic, it

will always be worthwhile to allow New Zealand data to determine the model parameters.

By comparison, the model in this study is derived entirely with New Zealand data. The

price to be paid with this approach is that the New Zealand database may be insufficient

to derive reliable estimates of all the model parameters. For example, Figures 6.8b and

6.9b show that model predicts very strong spectral accelerations for large magnitude, short

distance scenarios. This behaviour is not well-constrained by the data, as there are few

large magnitude events in the New Zealand dataset. The behaviour of the model in this

range has particularly strong implications for hazard in Wellington, which is dominated by

the Wellington Fault, with Mw = 7.5 and R < 5 km. For this scenario, a more reliable

representation of the Wellington Fault ground motion can likely be obtained from the Next

Generation of Attenuation (NGA) West2 models (Abrahamson et al., 2014; Boore et al., 2014;

Campbell & Bozorgnia, 2014; Chiou & Youngs, 2014). The large magnitude, short distance

scaling of these models were derived from large magnitude earthquakes outside New Zealand,

such as the 1999 Mw7.6 Chi-chi Taiwan, 1999 Mw7.4 Izmit Turkey, 1999 Mw7.2 Düzce Turkey,

2002 Mw7.9 Denali Alaska and 2008 Mw7.9 Wenchuan China earthquakes. A preferable

method for future model development may be to utilise a global database, such as the NGA-

West2 Database (Ancheta et al., 2014) in conjunction with the New Zealand database, then

include an additional level in the multilevel FAS model for country (as recommended by

Stafford, 2014). This approach would allow the differences between New Zealand and overseas

data to be more robustly quantified.
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Chapter 7

Conclusions and discussion

The main objective of this work was to improve regionalisation of ground motion predictions.

Aside from considering the additional path attenuation in the Taupo Volcanic Zone, seismic

hazard analysis in the rest of New Zealand assumes that the median ground motion in all

regions will be the same. This thesis attempted to improve current practice by accounting

for the regional dependence of the site atteunation parameter, κ0.

At the start of this thesis four years ago, κ0 was considered a poorly-understood parameter

that was difficult to quantify. Unfortunately, little has changed in this regard. The first

research chapter attempted to address many of the issues by utilising a very large near-

source dataset. Some questions were answered, but in general more questions were raised.

Amongst intuitive observations, such as the inability for reliable κ estimates to be derived

from small magnitude data, were counter-intuitive observations such as the decrease in κ with

increasing PGA. It is difficult to know how much credence to assign to the latter observation,

given its lack of an intuitive physical interpretation, however it has been reported due to its

potential implications.

Despite the poor understanding of the parameter, regional differences in κ0 throughout New

Zealand are large, and hence are still likely to have strong influences on earthquake ground

motion. The second research chapter attempted to determine κ0 across New Zealand, and

found that in general, the South Island had lower κ0 values than the North Island. Values can

be as low as 0.006 s in Otago and as high as 0.055 s in the volcanic arc. These observations

were made from broadband instruments in GeoNet’s New Zealand National Seismic Network,

however, if κ0 is to be used as a predictor in empirical ground motion models, it is necessary

to have an input value for each location in New Zealand. Therefore, a geostatistical model
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was made of the κ0 data, from which a continuous map was derived. As the uncertainty in

each individual κ0 value is large, this map should be considered a first-order estimate of κ0

only. Some of the κ0 values are calculated from few κ observations. However, the quantity

of available data is rapidly increasing throughout New Zealand with denser networks and

improved earthquake detection algorithms. Hence, in the medium-term future, this map can

become better constrained with more data. However, to the author’s knowledge, this map is

globally the first effort to quantify potential site-specific κ0 values on a national scale, which

greatly increases its utility as a predictor in empirical ground motion models.

With κ0 quantified throughout New Zealand, the second half of this thesis involved prop-

agating this information into empirical ground motion models. κ0 is not typically used as

a predictor in empirical response spectral models, and the most common method for ac-

counting for κ0 effects is by adjusting existing response spectral models. Over the course of

this thesis, several attempts were made to adjust previously-published ground motion models

using the host-to-target method (Campbell, 2003; Cotton et al., 2006; Van Houtte et al.,

2011; Al Atik et al., 2014). However it was found that there were diminishing returns when

adjusting response spectral models. While the general behaviour can be modelled using these

methods, the nonlinear scaling of response spectral amplitudes with respect to seismological

parameters (Molkenthin et al., 2014) make the adjustments very difficult to interpret. For

example, Zandieh et al. (2016) derive κ0 adjustments using the NGA-West2 response spectral

models, and find that the κ0 values need to be modelled as magnitude-dependent. This is not

to say that κ0 itself is magnitude-dependent, but that any adjustments to the NGA-West2

models for κ0 effects need to be magnitude-dependent. For a simple case, this procedure

is acceptable, however problems arise when increasing complexity is necessary. When it is

also necessary to adjust the host response spectral models to given target values for crustal

amplification and path attenuation, what is the best way to proceed? It is likely that the

adjustment for each effect would also be magnitude and distance-dependent. The alternative

method of adjusting a Fourier amplitude spectrum model rather than a response spectrum

model, as recommended by Bora et al. (2014), is much more intuitive and modularised. It

was the initial intention of this study to remove the need for adjustments, by directly using

κ0 as a site-specific predictor. However, for the ground motion model derived in this study,

it was found that accounting for κ0 did not improve the model predictions. While this sug-

gests that κ0 adjustments are not necessary in New Zealand, at least for now, adjustments

for other parameters might be. Should adjustments for other regional effects such as crustal

amplification, geometrical spreading, Q attenuation or stress drop be necessary for a given

site-specific seismic hazard analysis, then the adjustments are simple to apply and interpret.

While it is more intuitive to account for seismological effects in the Fourier amplitude domain,
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it is still necessary to provide response spectral predictions for PSHA. There are two primary

methods for obtaining response spectra from FAS, time-domain stochastic simulations or

approximations using RVT (Boore, 2003). Both methods invoke an assumption of random

phase angles. Stochastic simulation in the time domain is an appealing method, as it is only

necessary to specify a ground motion duration for obtaining response spectra. However, the

method is substantially more demanding from a computational perspective than the random

vibration approach, because for example, Boore (2003) suggests that the response spectral

output should be averaged from 640 time-domain realisations of the FAS model. It is much

more computationally efficient to use RVT, however this is only an approximate method.

This thesis provided a theoretical background to the method in the context of engineering

seismology, and made some conceptual improvements to the method. While the proposed

method still has some systematic biases, it is likely that further improvements are possible

through almost all areas of the calculation, including the peak factor formulation, nonsta-

tionarity corrections and the duration models. With the increasing popularity of empirical

FAS models in PSHA, the RVT method may receive an increased level of interest from the

engineering seismology community.

The final research chapter showed that the combining the FAS, duration and nonstationarity

correction models in an RVT framework is able to reproduce recorded response spectra to

a surprisingly acceptable degree. Additionally the aleatory variance of the response spectra

residuals were of a similar order to the NGA-West2 response spectral models. It is interesting

that this was achieved using a very simple model. Critics of the empirical ground motion

model approach often celebrate the result of Strasser et al. (2009), where the aleatory variance

of empirical response spectral models does not decrease as the the complexity of the model

increases. I speculate that this observation is a result of the empirical model’s dependent

variable, the response spectral amplitude, scaling nonlinearly with respect to seismological

parameters. It is reasonable to expect that increasing complexity of the FAS model would

reduce the aleatory variability of the empirical model. This makes the empirical FAS model

approach an attractive alternative to the typical response spectral model approach in the

future.

Despite the advantages of the approach, the model derived in this thesis represents a proof

of concept study, rather than a polished model that is suitable for immediate application in

seismic hazard assessment. The key improvements necessary are consideration of nonlinear

soil response (Chiou & Youngs, 2008; Al Atik & Abrahamson, 2010; Stafford, 2015), topo-

graphic effects and near-source effects. These effects are very important to ensure intuitive

behaviour of the model for the large magnitude, near-source predictions that are of primary

interest to seismic hazard in New Zealand.
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Appendix A

Parameters of the New Zealand

Fourier amplitude spectrum model

This Appendix gives the coefficients of the derived FAS model. The coefficients are calculated

at 100 equally-spaced points per octave on a logarithmic scale, between 0.1 and 34.6737 Hz.

Note that in addition to the values in Table A.1, β6 = 0, β8a and β8b are frequency independent

with values of 0, -1.2 and -0.5 respectively.

Table A.1: Parameters of the New Zealand FAS model.

f (Hz) β0 β1 β2 β3 β4 β5 β7 β10 τ φ φS2S

0.1000 -2.7363 2.9768 -0.6732 0.5016 -0.5969 -0.4875 -0.1486 0.0018 0.3790 0.4118 0.2154

0.1023 -2.6998 2.9523 -0.6641 0.5015 -0.5923 -0.4941 -0.1556 0.0017 0.3825 0.4086 0.2252

0.1047 -2.6634 2.9279 -0.6550 0.5014 -0.5877 -0.5013 -0.1626 0.0016 0.3863 0.4054 0.2353

0.1072 -2.6279 2.9040 -0.6458 0.5012 -0.5826 -0.5086 -0.1695 0.0016 0.3900 0.4021 0.2455

0.1096 -2.5929 2.8801 -0.6365 0.5010 -0.5773 -0.5157 -0.1765 0.0015 0.3937 0.3988 0.2555

0.1122 -2.5574 2.8561 -0.6272 0.5009 -0.5721 -0.5223 -0.1835 0.0014 0.3972 0.3957 0.2653

0.1148 -2.5220 2.8321 -0.6179 0.5008 -0.5670 -0.5281 -0.1904 0.0014 0.4003 0.3927 0.2746

0.1175 -2.4873 2.8084 -0.6086 0.5006 -0.5615 -0.5326 -0.1972 0.0013 0.4029 0.3899 0.2832

0.1202 -2.4529 2.7850 -0.5994 0.5003 -0.5560 -0.5366 -0.2040 0.0013 0.4054 0.3871 0.2916

0.1230 -2.4183 2.7617 -0.5905 0.5002 -0.5506 -0.5411 -0.2109 0.0012 0.4082 0.3843 0.3004

0.1259 -2.3838 2.7385 -0.5815 0.4999 -0.5452 -0.5458 -0.2177 0.0011 0.4112 0.3814 0.3093

0.1288 -2.3499 2.7153 -0.5722 0.4997 -0.5394 -0.5506 -0.2246 0.0011 0.4141 0.3785 0.3182

0.1318 -2.3158 2.6922 -0.5633 0.4994 -0.5339 -0.5552 -0.2315 0.0010 0.4169 0.3757 0.3270

0.1349 -2.2811 2.6695 -0.5549 0.4991 -0.5288 -0.5595 -0.2383 0.0010 0.4195 0.3730 0.3355

0.1380 -2.2468 2.6468 -0.5465 0.4988 -0.5235 -0.5632 -0.2451 0.0009 0.4218 0.3704 0.3436

0.1413 -2.2138 2.6240 -0.5372 0.4985 -0.5173 -0.5662 -0.2519 0.0008 0.4236 0.3679 0.3511

0.1445 -2.1803 2.6006 -0.5276 0.4979 -0.5112 -0.5692 -0.2586 0.0008 0.4257 0.3654 0.3588

173



APPENDIX A. PARAMETERS OF THE NEW ZEALAND FOURIER AMPLITUDE
SPECTRUM MODEL

Table A.1: continued.

f (Hz) β0 β1 β2 β3 β4 β5 β7 β10 τ φ φS2S

0.1479 -2.1454 2.5767 -0.5184 0.4972 -0.5058 -0.5728 -0.2654 0.0007 0.4287 0.3627 0.3675

0.1514 -2.1117 2.5533 -0.5094 0.4963 -0.4999 -0.5767 -0.2722 0.0007 0.4322 0.3598 0.3766

0.1549 -2.0816 2.5316 -0.5002 0.4952 -0.4923 -0.5806 -0.2789 0.0006 0.4357 0.3569 0.3857

0.1585 -2.0544 2.5103 -0.4909 0.4926 -0.4829 -0.5843 -0.2857 0.0006 0.4388 0.3542 0.3944

0.1622 -2.0280 2.4883 -0.4820 0.4882 -0.4728 -0.5874 -0.2924 0.0005 0.4412 0.3517 0.4022

0.1660 -2.0029 2.4669 -0.4739 0.4829 -0.4621 -0.5896 -0.2991 0.0005 0.4423 0.3497 0.4086

0.1698 -1.9795 2.4476 -0.4669 0.4775 -0.4512 -0.5907 -0.3057 0.0004 0.4418 0.3482 0.4131

0.1738 -1.9581 2.4294 -0.4601 0.4715 -0.4397 -0.5931 -0.3124 0.0004 0.4404 0.3470 0.4168

0.1778 -1.9382 2.4109 -0.4529 0.4638 -0.4274 -0.5985 -0.3192 0.0003 0.4392 0.3458 0.4208

0.1820 -1.9194 2.3928 -0.4464 0.4549 -0.4148 -0.6057 -0.3261 0.0002 0.4379 0.3447 0.4246

0.1862 -1.9011 2.3761 -0.4415 0.4453 -0.4024 -0.6132 -0.3329 0.0002 0.4366 0.3438 0.4282

0.1905 -1.8832 2.3614 -0.4379 0.4352 -0.3910 -0.6196 -0.3398 0.0001 0.4351 0.3432 0.4312

0.1950 -1.8659 2.3479 -0.4342 0.4241 -0.3806 -0.6237 -0.3465 0.0000 0.4332 0.3429 0.4334

0.1995 -1.8493 2.3347 -0.4308 0.4118 -0.3705 -0.6239 -0.3530 0.0000 0.4310 0.3430 0.4344

0.2042 -1.8333 2.3209 -0.4278 0.3979 -0.3599 -0.6191 -0.3594 0.0000 0.4282 0.3437 0.4341

0.2089 -1.8171 2.3081 -0.4254 0.3832 -0.3510 -0.6126 -0.3657 -0.0001 0.4249 0.3447 0.4333

0.2138 -1.8006 2.2975 -0.4233 0.3683 -0.3452 -0.6085 -0.3722 -0.0001 0.4215 0.3455 0.4330

0.2188 -1.7846 2.2877 -0.4213 0.3523 -0.3404 -0.6060 -0.3787 -0.0001 0.4179 0.3464 0.4331

0.2239 -1.7699 2.2773 -0.4189 0.3345 -0.3346 -0.6043 -0.3853 -0.0002 0.4141 0.3473 0.4335

0.2291 -1.7560 2.2670 -0.4163 0.3158 -0.3287 -0.6026 -0.3918 -0.0002 0.4104 0.3482 0.4341

0.2344 -1.7419 2.2585 -0.4136 0.2972 -0.3248 -0.6002 -0.3983 -0.0002 0.4068 0.3493 0.4348

0.2399 -1.7282 2.2513 -0.4108 0.2781 -0.3223 -0.5963 -0.4046 -0.0002 0.4033 0.3505 0.4353

0.2455 -1.7154 2.2453 -0.4080 0.2578 -0.3205 -0.5901 -0.4107 -0.0002 0.4000 0.3520 0.4357

0.2512 -1.7036 2.2393 -0.4049 0.2371 -0.3177 -0.5824 -0.4167 -0.0003 0.3966 0.3534 0.4361

0.2570 -1.6921 2.2332 -0.4016 0.2169 -0.3139 -0.5752 -0.4226 -0.0003 0.3928 0.3547 0.4367

0.2630 -1.6805 2.2282 -0.3984 0.1969 -0.3111 -0.5685 -0.4285 -0.0003 0.3886 0.3559 0.4376

0.2692 -1.6687 2.2256 -0.3954 0.1766 -0.3112 -0.5627 -0.4344 -0.0003 0.3841 0.3570 0.4389

0.2754 -1.6569 2.2233 -0.3927 0.1565 -0.3122 -0.5580 -0.4402 -0.0003 0.3793 0.3580 0.4406

0.2818 -1.6452 2.2195 -0.3901 0.1372 -0.3116 -0.5546 -0.4459 -0.0003 0.3743 0.3588 0.4427

0.2884 -1.6334 2.2158 -0.3875 0.1182 -0.3111 -0.5528 -0.4516 -0.0003 0.3692 0.3596 0.4453

0.2951 -1.6211 2.2138 -0.3851 0.0994 -0.3127 -0.5528 -0.4573 -0.0002 0.3638 0.3603 0.4485

0.3020 -1.6082 2.2122 -0.3829 0.0812 -0.3161 -0.5536 -0.4626 -0.0002 0.3586 0.3610 0.4518

0.3090 -1.5949 2.2091 -0.3810 0.0642 -0.3197 -0.5539 -0.4673 -0.0002 0.3536 0.3615 0.4549

0.3162 -1.5816 2.2053 -0.3792 0.0477 -0.3231 -0.5542 -0.4716 -0.0002 0.3487 0.3620 0.4580

0.3236 -1.5686 2.2015 -0.3771 0.0314 -0.3259 -0.5549 -0.4756 -0.0002 0.3439 0.3624 0.4610

0.3311 -1.5551 2.1978 -0.3750 0.0159 -0.3295 -0.5564 -0.4793 -0.0002 0.3389 0.3627 0.4641

0.3388 -1.5404 2.1935 -0.3732 0.0020 -0.3344 -0.5590 -0.4830 -0.0003 0.3337 0.3629 0.4674

0.3467 -1.5253 2.1884 -0.3715 -0.0107 -0.3392 -0.5633 -0.4868 -0.0003 0.3283 0.3629 0.4710

0.3548 -1.5106 2.1821 -0.3697 -0.0225 -0.3422 -0.5694 -0.4906 -0.0003 0.3225 0.3628 0.4749

0.3631 -1.4954 2.1753 -0.3680 -0.0329 -0.3440 -0.5765 -0.4944 -0.0003 0.3167 0.3626 0.4789
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Table A.1: continued.

f (Hz) β0 β1 β2 β3 β4 β5 β7 β10 τ φ φS2S

0.3715 -1.4787 2.1688 -0.3664 -0.0412 -0.3457 -0.5832 -0.4979 -0.0003 0.3116 0.3623 0.4827

0.3802 -1.4609 2.1615 -0.3652 -0.0481 -0.3474 -0.5896 -0.5009 -0.0003 0.3070 0.3620 0.4863

0.3890 -1.4426 2.1526 -0.3644 -0.0540 -0.3489 -0.5957 -0.5037 -0.0003 0.3028 0.3616 0.4897

0.3981 -1.4233 2.1427 -0.3637 -0.0597 -0.3490 -0.6017 -0.5062 -0.0003 0.2989 0.3612 0.4929

0.4074 -1.4027 2.1329 -0.3630 -0.0652 -0.3476 -0.6075 -0.5085 -0.0004 0.2953 0.3606 0.4958

0.4169 -1.3807 2.1227 -0.3626 -0.0697 -0.3461 -0.6132 -0.5106 -0.0004 0.2918 0.3601 0.4986

0.4266 -1.3577 2.1119 -0.3625 -0.0727 -0.3462 -0.6188 -0.5125 -0.0004 0.2884 0.3594 0.5012

0.4365 -1.3342 2.1005 -0.3625 -0.0761 -0.3468 -0.6243 -0.5146 -0.0005 0.2851 0.3587 0.5037

0.4467 -1.3105 2.0887 -0.3622 -0.0814 -0.3466 -0.6294 -0.5168 -0.0005 0.2822 0.3582 0.5059

0.4571 -1.2859 2.0768 -0.3619 -0.0867 -0.3460 -0.6340 -0.5192 -0.0005 0.2797 0.3577 0.5078

0.4677 -1.2599 2.0651 -0.3618 -0.0901 -0.3458 -0.6384 -0.5215 -0.0005 0.2778 0.3573 0.5096

0.4786 -1.2340 2.0534 -0.3616 -0.0928 -0.3461 -0.6423 -0.5236 -0.0006 0.2763 0.3570 0.5111

0.4898 -1.2094 2.0413 -0.3612 -0.0964 -0.3463 -0.6460 -0.5254 -0.0006 0.2754 0.3567 0.5123

0.5012 -1.1847 2.0290 -0.3608 -0.1003 -0.3457 -0.6494 -0.5267 -0.0006 0.2752 0.3563 0.5133

0.5129 -1.1584 2.0168 -0.3604 -0.1038 -0.3437 -0.6526 -0.5274 -0.0007 0.2756 0.3560 0.5139

0.5248 -1.1320 2.0047 -0.3601 -0.1062 -0.3408 -0.6554 -0.5279 -0.0007 0.2763 0.3557 0.5145

0.5370 -1.1074 1.9925 -0.3597 -0.1081 -0.3378 -0.6580 -0.5287 -0.0008 0.2770 0.3556 0.5151

0.5495 -1.0834 1.9801 -0.3592 -0.1104 -0.3340 -0.6601 -0.5297 -0.0008 0.2779 0.3556 0.5157

0.5623 -1.0590 1.9673 -0.3586 -0.1141 -0.3292 -0.6620 -0.5308 -0.0009 0.2789 0.3558 0.5163

0.5754 -1.0343 1.9546 -0.3580 -0.1184 -0.3235 -0.6634 -0.5320 -0.0009 0.2801 0.3560 0.5168

0.5888 -1.0103 1.9423 -0.3575 -0.1225 -0.3175 -0.6645 -0.5331 -0.0010 0.2816 0.3564 0.5172

0.6026 -0.9873 1.9300 -0.3567 -0.1271 -0.3114 -0.6653 -0.5341 -0.0010 0.2834 0.3568 0.5175

0.6166 -0.9655 1.9173 -0.3557 -0.1331 -0.3052 -0.6656 -0.5348 -0.0011 0.2857 0.3573 0.5176

0.6310 -0.9439 1.9046 -0.3544 -0.1409 -0.2990 -0.6657 -0.5355 -0.0012 0.2882 0.3578 0.5176

0.6457 -0.9221 1.8922 -0.3530 -0.1497 -0.2932 -0.6656 -0.5362 -0.0012 0.2905 0.3584 0.5177

0.6607 -0.9009 1.8800 -0.3515 -0.1589 -0.2877 -0.6652 -0.5371 -0.0013 0.2927 0.3590 0.5177

0.6761 -0.8814 1.8677 -0.3499 -0.1679 -0.2821 -0.6646 -0.5381 -0.0014 0.2948 0.3597 0.5178

0.6918 -0.8627 1.8554 -0.3481 -0.1771 -0.2770 -0.6636 -0.5393 -0.0014 0.2969 0.3605 0.5178

0.7079 -0.8437 1.8432 -0.3462 -0.1869 -0.2725 -0.6623 -0.5407 -0.0015 0.2989 0.3614 0.5178

0.7244 -0.8249 1.8312 -0.3443 -0.1966 -0.2681 -0.6606 -0.5424 -0.0015 0.3009 0.3624 0.5177

0.7413 -0.8071 1.8195 -0.3424 -0.2057 -0.2634 -0.6585 -0.5444 -0.0016 0.3030 0.3637 0.5177

0.7586 -0.7904 1.8079 -0.3406 -0.2129 -0.2581 -0.6563 -0.5464 -0.0017 0.3050 0.3650 0.5174

0.7762 -0.7743 1.7963 -0.3388 -0.2184 -0.2527 -0.6542 -0.5482 -0.0017 0.3069 0.3663 0.5171

0.7943 -0.7584 1.7848 -0.3369 -0.2237 -0.2473 -0.6521 -0.5499 -0.0018 0.3086 0.3675 0.5166

0.8128 -0.7421 1.7738 -0.3349 -0.2299 -0.2420 -0.6501 -0.5517 -0.0019 0.3103 0.3688 0.5161

0.8318 -0.7265 1.7630 -0.3329 -0.2356 -0.2363 -0.6479 -0.5534 -0.0019 0.3117 0.3701 0.5155

0.8511 -0.7121 1.7522 -0.3310 -0.2392 -0.2298 -0.6456 -0.5554 -0.0020 0.3130 0.3715 0.5149

0.8710 -0.6981 1.7414 -0.3290 -0.2423 -0.2234 -0.6430 -0.5575 -0.0020 0.3141 0.3729 0.5144

0.8913 -0.6838 1.7309 -0.3268 -0.2463 -0.2176 -0.6401 -0.5599 -0.0021 0.3150 0.3743 0.5139

0.9120 -0.6696 1.7206 -0.3244 -0.2516 -0.2124 -0.6372 -0.5622 -0.0022 0.3157 0.3757 0.5135
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APPENDIX A. PARAMETERS OF THE NEW ZEALAND FOURIER AMPLITUDE
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Table A.1: continued.

f (Hz) β0 β1 β2 β3 β4 β5 β7 β10 τ φ φS2S

0.9333 -0.6563 1.7104 -0.3219 -0.2569 -0.2071 -0.6345 -0.5640 -0.0022 0.3165 0.3772 0.5131

0.9550 -0.6438 1.7003 -0.3194 -0.2615 -0.2017 -0.6321 -0.5655 -0.0023 0.3171 0.3785 0.5125

0.9772 -0.6318 1.6901 -0.3168 -0.2646 -0.1962 -0.6298 -0.5667 -0.0023 0.3176 0.3799 0.5119

1.0000 -0.6199 1.6799 -0.3142 -0.2683 -0.1912 -0.6276 -0.5676 -0.0024 0.3181 0.3812 0.5111

1.0233 -0.6083 1.6699 -0.3113 -0.2738 -0.1867 -0.6254 -0.5685 -0.0024 0.3184 0.3824 0.5103

1.0471 -0.5973 1.6599 -0.3084 -0.2791 -0.1822 -0.6231 -0.5693 -0.0025 0.3187 0.3837 0.5093

1.0715 -0.5875 1.6499 -0.3056 -0.2824 -0.1769 -0.6208 -0.5701 -0.0026 0.3188 0.3848 0.5083

1.0965 -0.5783 1.6399 -0.3027 -0.2849 -0.1715 -0.6183 -0.5708 -0.0026 0.3189 0.3859 0.5071

1.1220 -0.5688 1.6297 -0.2998 -0.2889 -0.1665 -0.6159 -0.5710 -0.0027 0.3191 0.3869 0.5059

1.1482 -0.5597 1.6196 -0.2968 -0.2935 -0.1616 -0.6135 -0.5709 -0.0028 0.3195 0.3878 0.5046

1.1749 -0.5516 1.6097 -0.2937 -0.2978 -0.1565 -0.6111 -0.5704 -0.0028 0.3199 0.3886 0.5034

1.2023 -0.5440 1.5998 -0.2906 -0.3010 -0.1511 -0.6088 -0.5697 -0.0029 0.3204 0.3894 0.5020

1.2303 -0.5362 1.5896 -0.2877 -0.3036 -0.1456 -0.6067 -0.5686 -0.0030 0.3208 0.3900 0.5006

1.2589 -0.5284 1.5795 -0.2847 -0.3069 -0.1404 -0.6046 -0.5673 -0.0030 0.3212 0.3907 0.4991

1.2882 -0.5210 1.5694 -0.2816 -0.3121 -0.1358 -0.6027 -0.5658 -0.0031 0.3216 0.3913 0.4974

1.3183 -0.5138 1.5594 -0.2784 -0.3174 -0.1311 -0.6010 -0.5642 -0.0032 0.3219 0.3918 0.4957

1.3490 -0.5067 1.5493 -0.2755 -0.3214 -0.1261 -0.5995 -0.5625 -0.0033 0.3223 0.3925 0.4940

1.3804 -0.4995 1.5392 -0.2726 -0.3254 -0.1211 -0.5983 -0.5605 -0.0033 0.3227 0.3931 0.4921

1.4125 -0.4921 1.5290 -0.2696 -0.3311 -0.1168 -0.5973 -0.5583 -0.0034 0.3231 0.3937 0.4903

1.4454 -0.4846 1.5190 -0.2666 -0.3375 -0.1128 -0.5966 -0.5559 -0.0035 0.3237 0.3942 0.4884

1.4791 -0.4773 1.5092 -0.2637 -0.3430 -0.1087 -0.5961 -0.5530 -0.0036 0.3242 0.3948 0.4865

1.5136 -0.4699 1.4994 -0.2609 -0.3479 -0.1044 -0.5958 -0.5497 -0.0036 0.3249 0.3952 0.4846

1.5488 -0.4623 1.4894 -0.2582 -0.3525 -0.1000 -0.5959 -0.5459 -0.0037 0.3257 0.3956 0.4827

1.5849 -0.4545 1.4796 -0.2554 -0.3567 -0.0960 -0.5964 -0.5420 -0.0038 0.3264 0.3960 0.4808

1.6218 -0.4466 1.4701 -0.2526 -0.3604 -0.0923 -0.5976 -0.5382 -0.0039 0.3271 0.3964 0.4789

1.6596 -0.4387 1.4608 -0.2499 -0.3631 -0.0886 -0.5994 -0.5345 -0.0039 0.3276 0.3969 0.4772

1.6982 -0.4309 1.4514 -0.2473 -0.3645 -0.0846 -0.6016 -0.5307 -0.0040 0.3281 0.3975 0.4754

1.7378 -0.4231 1.4420 -0.2449 -0.3650 -0.0805 -0.6041 -0.5268 -0.0041 0.3286 0.3980 0.4737

1.7783 -0.4153 1.4329 -0.2423 -0.3650 -0.0769 -0.6067 -0.5227 -0.0041 0.3291 0.3985 0.4720

1.8197 -0.4076 1.4241 -0.2398 -0.3642 -0.0735 -0.6094 -0.5183 -0.0042 0.3297 0.3991 0.4703

1.8621 -0.3999 1.4154 -0.2374 -0.3624 -0.0700 -0.6120 -0.5135 -0.0043 0.3304 0.3996 0.4686

1.9055 -0.3929 1.4068 -0.2352 -0.3600 -0.0662 -0.6146 -0.5085 -0.0044 0.3312 0.4001 0.4669

1.9498 -0.3867 1.3982 -0.2330 -0.3576 -0.0625 -0.6173 -0.5037 -0.0045 0.3319 0.4006 0.4654

1.9953 -0.3808 1.3898 -0.2309 -0.3549 -0.0588 -0.6202 -0.4990 -0.0045 0.3327 0.4012 0.4640

2.0417 -0.3749 1.3819 -0.2287 -0.3517 -0.0554 -0.6233 -0.4943 -0.0046 0.3333 0.4018 0.4627

2.0893 -0.3698 1.3741 -0.2265 -0.3487 -0.0520 -0.6267 -0.4897 -0.0047 0.3340 0.4025 0.4615

2.1380 -0.3662 1.3661 -0.2244 -0.3466 -0.0483 -0.6304 -0.4851 -0.0048 0.3345 0.4032 0.4603

2.1878 -0.3634 1.3583 -0.2224 -0.3446 -0.0446 -0.6345 -0.4805 -0.0048 0.3350 0.4040 0.4592

2.2387 -0.3606 1.3508 -0.2202 -0.3422 -0.0414 -0.6391 -0.4758 -0.0049 0.3353 0.4049 0.4582

2.2909 -0.3582 1.3435 -0.2180 -0.3398 -0.0385 -0.6437 -0.4710 -0.0050 0.3358 0.4059 0.4572
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Table A.1: continued.

f (Hz) β0 β1 β2 β3 β4 β5 β7 β10 τ φ φS2S

2.3442 -0.3567 1.3362 -0.2158 -0.3381 -0.0356 -0.6480 -0.4659 -0.0051 0.3364 0.4067 0.4563

2.3988 -0.3562 1.3289 -0.2135 -0.3366 -0.0327 -0.6522 -0.4608 -0.0052 0.3371 0.4075 0.4555

2.4547 -0.3563 1.3216 -0.2113 -0.3349 -0.0300 -0.6565 -0.4555 -0.0053 0.3380 0.4082 0.4549

2.5119 -0.3562 1.3145 -0.2091 -0.3325 -0.0275 -0.6609 -0.4502 -0.0053 0.3390 0.4090 0.4543

2.5704 -0.3559 1.3076 -0.2067 -0.3296 -0.0250 -0.6655 -0.4450 -0.0054 0.3399 0.4097 0.4540

2.6303 -0.3561 1.3006 -0.2044 -0.3268 -0.0224 -0.6706 -0.4398 -0.0055 0.3409 0.4104 0.4538

2.6915 -0.3578 1.2936 -0.2022 -0.3247 -0.0195 -0.6763 -0.4348 -0.0056 0.3418 0.4112 0.4537

2.7542 -0.3597 1.2866 -0.2001 -0.3221 -0.0163 -0.6821 -0.4296 -0.0057 0.3427 0.4119 0.4537

2.8184 -0.3609 1.2800 -0.1979 -0.3182 -0.0127 -0.6876 -0.4241 -0.0058 0.3437 0.4126 0.4537

2.8840 -0.3623 1.2734 -0.1957 -0.3141 -0.0090 -0.6929 -0.4182 -0.0059 0.3448 0.4132 0.4537

2.9512 -0.3648 1.2668 -0.1935 -0.3108 -0.0051 -0.6980 -0.4120 -0.0060 0.3460 0.4137 0.4537

3.0200 -0.3680 1.2603 -0.1913 -0.3078 -0.0009 -0.7030 -0.4058 -0.0060 0.3473 0.4141 0.4537

3.0903 -0.3708 1.2541 -0.1890 -0.3044 0.0036 -0.7080 -0.3994 -0.0061 0.3488 0.4145 0.4537

3.1623 -0.3733 1.2482 -0.1867 -0.3004 0.0082 -0.7130 -0.3930 -0.0062 0.3504 0.4148 0.4539

3.2359 -0.3758 1.2424 -0.1843 -0.2960 0.0127 -0.7182 -0.3867 -0.0063 0.3522 0.4151 0.4542

3.3113 -0.3784 1.2367 -0.1819 -0.2921 0.0171 -0.7232 -0.3804 -0.0064 0.3541 0.4154 0.4546

3.3884 -0.3812 1.2312 -0.1796 -0.2887 0.0215 -0.7278 -0.3740 -0.0065 0.3560 0.4157 0.4550

3.4674 -0.3835 1.2259 -0.1772 -0.2851 0.0260 -0.7322 -0.3674 -0.0066 0.3581 0.4160 0.4555

3.5481 -0.3851 1.2210 -0.1748 -0.2802 0.0307 -0.7361 -0.3606 -0.0067 0.3602 0.4162 0.4559

3.6308 -0.3864 1.2161 -0.1725 -0.2752 0.0353 -0.7398 -0.3537 -0.0068 0.3625 0.4164 0.4564

3.7154 -0.3883 1.2111 -0.1704 -0.2711 0.0398 -0.7430 -0.3465 -0.0069 0.3649 0.4165 0.4570

3.8019 -0.3902 1.2063 -0.1683 -0.2671 0.0445 -0.7459 -0.3390 -0.0070 0.3675 0.4165 0.4575

3.8905 -0.3915 1.2018 -0.1663 -0.2624 0.0495 -0.7485 -0.3313 -0.0071 0.3702 0.4164 0.4581

3.9811 -0.3931 1.1973 -0.1643 -0.2577 0.0549 -0.7504 -0.3236 -0.0072 0.3730 0.4163 0.4587

4.0738 -0.3955 1.1926 -0.1625 -0.2538 0.0603 -0.7514 -0.3161 -0.0073 0.3759 0.4161 0.4597

4.1687 -0.3985 1.1878 -0.1608 -0.2506 0.0658 -0.7516 -0.3087 -0.0074 0.3787 0.4159 0.4608

4.2658 -0.4017 1.1833 -0.1592 -0.2480 0.0714 -0.7512 -0.3013 -0.0075 0.3815 0.4156 0.4620

4.3652 -0.4056 1.1788 -0.1575 -0.2460 0.0771 -0.7504 -0.2938 -0.0077 0.3843 0.4153 0.4634

4.4668 -0.4107 1.1742 -0.1559 -0.2451 0.0829 -0.7491 -0.2862 -0.0078 0.3871 0.4150 0.4649

4.5709 -0.4166 1.1695 -0.1543 -0.2451 0.0887 -0.7476 -0.2782 -0.0079 0.3900 0.4147 0.4664

4.6774 -0.4229 1.1647 -0.1529 -0.2462 0.0942 -0.7459 -0.2698 -0.0080 0.3928 0.4144 0.4678

4.7863 -0.4300 1.1600 -0.1515 -0.2478 0.0995 -0.7437 -0.2614 -0.0081 0.3955 0.4141 0.4693

4.8978 -0.4384 1.1553 -0.1501 -0.2499 0.1046 -0.7405 -0.2532 -0.0082 0.3981 0.4137 0.4709

5.0119 -0.4478 1.1505 -0.1487 -0.2528 0.1095 -0.7365 -0.2452 -0.0083 0.4005 0.4133 0.4727

5.1286 -0.4580 1.1454 -0.1475 -0.2566 0.1145 -0.7317 -0.2374 -0.0084 0.4028 0.4129 0.4746

5.2481 -0.4691 1.1403 -0.1464 -0.2606 0.1193 -0.7261 -0.2297 -0.0085 0.4050 0.4125 0.4766

5.3703 -0.4814 1.1352 -0.1452 -0.2640 0.1237 -0.7199 -0.2220 -0.0086 0.4072 0.4121 0.4789

5.4954 -0.4949 1.1301 -0.1440 -0.2676 0.1280 -0.7132 -0.2143 -0.0087 0.4094 0.4116 0.4813

5.6234 -0.5097 1.1248 -0.1428 -0.2721 0.1325 -0.7059 -0.2066 -0.0089 0.4116 0.4112 0.4839

5.7544 -0.5257 1.1194 -0.1417 -0.2763 0.1373 -0.6984 -0.1989 -0.0090 0.4138 0.4107 0.4867
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f (Hz) β0 β1 β2 β3 β4 β5 β7 β10 τ φ φS2S

5.8884 -0.5429 1.1142 -0.1406 -0.2795 0.1422 -0.6908 -0.1913 -0.0091 0.4161 0.4104 0.4897

6.0256 -0.5614 1.1090 -0.1394 -0.2824 0.1471 -0.6831 -0.1839 -0.0092 0.4183 0.4100 0.4928

6.1660 -0.5812 1.1039 -0.1380 -0.2859 0.1518 -0.6751 -0.1765 -0.0093 0.4205 0.4097 0.4960

6.3096 -0.6019 1.0988 -0.1366 -0.2896 0.1567 -0.6666 -0.1694 -0.0094 0.4226 0.4093 0.4994

6.4565 -0.6236 1.0940 -0.1351 -0.2927 0.1620 -0.6574 -0.1624 -0.0095 0.4245 0.4090 0.5030

6.6069 -0.6463 1.0894 -0.1336 -0.2952 0.1674 -0.6474 -0.1556 -0.0096 0.4264 0.4086 0.5067

6.7608 -0.6701 1.0848 -0.1319 -0.2975 0.1725 -0.6365 -0.1491 -0.0097 0.4281 0.4082 0.5107

6.9183 -0.6948 1.0805 -0.1302 -0.3001 0.1773 -0.6256 -0.1425 -0.0098 0.4299 0.4078 0.5147

7.0795 -0.7201 1.0764 -0.1284 -0.3032 0.1822 -0.6156 -0.1359 -0.0100 0.4319 0.4073 0.5189

7.2444 -0.7462 1.0725 -0.1265 -0.3059 0.1872 -0.6062 -0.1292 -0.0101 0.4341 0.4069 0.5231

7.4131 -0.7735 1.0688 -0.1245 -0.3073 0.1923 -0.5971 -0.1224 -0.0102 0.4364 0.4065 0.5275

7.5858 -0.8017 1.0652 -0.1226 -0.3084 0.1971 -0.5880 -0.1157 -0.0103 0.4388 0.4060 0.5319

7.7625 -0.8303 1.0618 -0.1206 -0.3100 0.2014 -0.5786 -0.1092 -0.0104 0.4412 0.4056 0.5364

7.9433 -0.8597 1.0586 -0.1186 -0.3116 0.2057 -0.5687 -0.1028 -0.0105 0.4436 0.4052 0.5410

8.1283 -0.8901 1.0556 -0.1165 -0.3124 0.2105 -0.5579 -0.0966 -0.0106 0.4460 0.4049 0.5456

8.3176 -0.9212 1.0528 -0.1144 -0.3127 0.2153 -0.5469 -0.0904 -0.0107 0.4483 0.4046 0.5504

8.5114 -0.9526 1.0500 -0.1124 -0.3128 0.2198 -0.5365 -0.0840 -0.0109 0.4508 0.4042 0.5551

8.7096 -0.9846 1.0474 -0.1105 -0.3131 0.2241 -0.5267 -0.0774 -0.0110 0.4535 0.4039 0.5599

8.9125 -1.0170 1.0450 -0.1085 -0.3137 0.2287 -0.5173 -0.0707 -0.0111 0.4563 0.4036 0.5647

9.1201 -1.0498 1.0428 -0.1065 -0.3142 0.2335 -0.5084 -0.0639 -0.0112 0.4593 0.4033 0.5696

9.3325 -1.0827 1.0407 -0.1048 -0.3142 0.2385 -0.4998 -0.0571 -0.0113 0.4625 0.4030 0.5747

9.5499 -1.1159 1.0386 -0.1032 -0.3143 0.2434 -0.4915 -0.0502 -0.0114 0.4659 0.4028 0.5798

9.7724 -1.1495 1.0367 -0.1015 -0.3149 0.2479 -0.4834 -0.0434 -0.0116 0.4695 0.4026 0.5850

10.0000 -1.1833 1.0349 -0.0999 -0.3156 0.2523 -0.4752 -0.0365 -0.0117 0.4732 0.4024 0.5903

10.2329 -1.2173 1.0331 -0.0986 -0.3160 0.2569 -0.4669 -0.0295 -0.0118 0.4768 0.4022 0.5956

10.4713 -1.2514 1.0313 -0.0974 -0.3162 0.2615 -0.4585 -0.0223 -0.0119 0.4804 0.4020 0.6008

10.7152 -1.2859 1.0295 -0.0963 -0.3164 0.2656 -0.4503 -0.0149 -0.0120 0.4840 0.4018 0.6061

10.9648 -1.3208 1.0279 -0.0953 -0.3167 0.2692 -0.4426 -0.0073 -0.0121 0.4876 0.4016 0.6113

11.2202 -1.3558 1.0262 -0.0944 -0.3170 0.2726 -0.4353 0.0004 -0.0123 0.4914 0.4014 0.6165

11.4815 -1.3910 1.0246 -0.0937 -0.3170 0.2760 -0.4289 0.0083 -0.0124 0.4952 0.4012 0.6217

11.7490 -1.4265 1.0230 -0.0933 -0.3165 0.2795 -0.4233 0.0163 -0.0125 0.4993 0.4010 0.6270

12.0226 -1.4621 1.0213 -0.0929 -0.3158 0.2828 -0.4180 0.0243 -0.0126 0.5033 0.4007 0.6321

12.3027 -1.4980 1.0196 -0.0926 -0.3153 0.2857 -0.4122 0.0320 -0.0127 0.5069 0.4004 0.6369

12.5893 -1.5340 1.0180 -0.0925 -0.3146 0.2885 -0.4060 0.0396 -0.0128 0.5103 0.4000 0.6415

12.8825 -1.5700 1.0163 -0.0926 -0.3134 0.2916 -0.3997 0.0471 -0.0129 0.5134 0.3996 0.6460

13.1826 -1.6056 1.0146 -0.0930 -0.3115 0.2950 -0.3933 0.0546 -0.0130 0.5163 0.3992 0.6502

13.4896 -1.6408 1.0128 -0.0935 -0.3093 0.2984 -0.3870 0.0622 -0.0131 0.5190 0.3988 0.6544

13.8038 -1.6760 1.0110 -0.0942 -0.3069 0.3018 -0.3809 0.0700 -0.0132 0.5216 0.3984 0.6585

14.1254 -1.7114 1.0092 -0.0949 -0.3045 0.3050 -0.3753 0.0780 -0.0133 0.5241 0.3980 0.6626

14.4544 -1.7471 1.0074 -0.0958 -0.3019 0.3084 -0.3698 0.0858 -0.0134 0.5264 0.3976 0.6664
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Table A.1: continued.

f (Hz) β0 β1 β2 β3 β4 β5 β7 β10 τ φ φS2S

14.7911 -1.7830 1.0054 -0.0968 -0.2991 0.3120 -0.3639 0.0926 -0.0135 0.5282 0.3973 0.6698

15.1356 -1.8190 1.0034 -0.0979 -0.2960 0.3155 -0.3577 0.0988 -0.0136 0.5297 0.3970 0.6728

15.4882 -1.8552 1.0014 -0.0990 -0.2929 0.3186 -0.3511 0.1044 -0.0136 0.5308 0.3967 0.6754

15.8489 -1.8925 0.9992 -0.1001 -0.2903 0.3213 -0.3442 0.1097 -0.0137 0.5316 0.3964 0.6776

16.2181 -1.9313 0.9967 -0.1011 -0.2882 0.3237 -0.3370 0.1148 -0.0137 0.5320 0.3961 0.6796

16.5959 -1.9708 0.9941 -0.1021 -0.2863 0.3259 -0.3295 0.1199 -0.0138 0.5321 0.3958 0.6813

16.9824 -2.0101 0.9914 -0.1032 -0.2841 0.3282 -0.3218 0.1252 -0.0139 0.5320 0.3955 0.6827

17.3780 -2.0506 0.9883 -0.1043 -0.2825 0.3299 -0.3138 0.1295 -0.0139 0.5318 0.3953 0.6839

17.7828 -2.0937 0.9846 -0.1052 -0.2826 0.3311 -0.3057 0.1320 -0.0139 0.5317 0.3953 0.6847

18.1970 -2.1381 0.9804 -0.1061 -0.2832 0.3321 -0.2975 0.1331 -0.0139 0.5316 0.3955 0.6852

18.6209 -2.1825 0.9762 -0.1071 -0.2834 0.3333 -0.2893 0.1334 -0.0139 0.5316 0.3958 0.6854

19.0546 -2.2280 0.9716 -0.1083 -0.2835 0.3347 -0.2810 0.1332 -0.0139 0.5314 0.3962 0.6854

19.4984 -2.2761 0.9665 -0.1094 -0.2842 0.3360 -0.2728 0.1332 -0.0138 0.5311 0.3967 0.6850

19.9526 -2.3260 0.9608 -0.1106 -0.2853 0.3372 -0.2645 0.1336 -0.0138 0.5306 0.3971 0.6845

20.4174 -2.3772 0.9549 -0.1116 -0.2869 0.3382 -0.2562 0.1350 -0.0138 0.5299 0.3974 0.6838

20.8930 -2.4291 0.9488 -0.1128 -0.2880 0.3396 -0.2480 0.1368 -0.0138 0.5292 0.3976 0.6830

21.3796 -2.4820 0.9426 -0.1140 -0.2885 0.3416 -0.2399 0.1382 -0.0138 0.5292 0.3978 0.6824

21.8776 -2.5366 0.9360 -0.1153 -0.2892 0.3436 -0.2319 0.1392 -0.0138 0.5295 0.3979 0.6819

22.3872 -2.5938 0.9289 -0.1164 -0.2913 0.3449 -0.2239 0.1400 -0.0138 0.5300 0.3979 0.6815

22.9087 -2.6523 0.9210 -0.1176 -0.2946 0.3450 -0.2159 0.1407 -0.0138 0.5307 0.3980 0.6810

23.4423 -2.7108 0.9126 -0.1189 -0.2984 0.3441 -0.2079 0.1414 -0.0138 0.5314 0.3981 0.6806

23.9883 -2.7697 0.9040 -0.1203 -0.3024 0.3427 -0.1998 0.1422 -0.0137 0.5319 0.3982 0.6800

24.5471 -2.8293 0.8954 -0.1216 -0.3067 0.3417 -0.1917 0.1432 -0.0137 0.5320 0.3983 0.6794

25.1189 -2.8892 0.8866 -0.1228 -0.3115 0.3401 -0.1834 0.1442 -0.0137 0.5321 0.3985 0.6786

25.7040 -2.9487 0.8774 -0.1241 -0.3172 0.3373 -0.1751 0.1449 -0.0137 0.5323 0.3987 0.6779

26.3027 -3.0082 0.8682 -0.1254 -0.3230 0.3342 -0.1668 0.1453 -0.0137 0.5326 0.3989 0.6772

26.9153 -3.0681 0.8591 -0.1267 -0.3284 0.3319 -0.1585 0.1456 -0.0137 0.5329 0.3990 0.6765

27.5423 -3.1282 0.8500 -0.1280 -0.3336 0.3297 -0.1502 0.1458 -0.0137 0.5333 0.3992 0.6758

28.1838 -3.1884 0.8408 -0.1293 -0.3392 0.3271 -0.1419 0.1460 -0.0136 0.5337 0.3993 0.6750

28.8403 -3.2487 0.8315 -0.1307 -0.3449 0.3243 -0.1336 0.1464 -0.0136 0.5340 0.3995 0.6743

29.5121 -3.3089 0.8223 -0.1320 -0.3503 0.3219 -0.1253 0.1470 -0.0136 0.5342 0.3997 0.6736

30.1995 -3.3692 0.8131 -0.1333 -0.3556 0.3196 -0.1170 0.1474 -0.0136 0.5346 0.3999 0.6728

30.9030 -3.4296 0.8038 -0.1347 -0.3610 0.3171 -0.1087 0.1473 -0.0136 0.5350 0.4001 0.6721

31.6228 -3.4900 0.7944 -0.1361 -0.3665 0.3143 -0.1003 0.1469 -0.0135 0.5356 0.4004 0.6713

32.3594 -3.5504 0.7850 -0.1375 -0.3720 0.3115 -0.0920 0.1463 -0.0135 0.5362 0.4006 0.6705

33.1131 -3.6108 0.7755 -0.1389 -0.3776 0.3086 -0.0836 0.1457 -0.0135 0.5369 0.4008 0.6698

33.8844 -3.6712 0.7660 -0.1403 -0.3832 0.3057 -0.0752 0.1451 -0.0134 0.5375 0.4010 0.6690

34.6737 -3.7316 0.7566 -0.1417 -0.3888 0.3029 -0.0668 0.1447 -0.0134 0.5381 0.4013 0.6682

179



APPENDIX A. PARAMETERS OF THE NEW ZEALAND FOURIER AMPLITUDE
SPECTRUM MODEL

180



Appendix B

Reference stations for Christchurch

181



184 
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SUMMARY 

During the Canterbury earthquake sequence, the observed level of ground motion on the soft soils of 

Christchurch was very strong and highly variable. Many studies are now emerging that analyse the 

amplification effect of these soft soils, usually by estimating a frequency-dependent amplification 

function relative to a rock outcrop station, or ‘reference site’. If the rock outcrop has its own 

amplification due to weathering or topographic effects, then the calculated amplification for the soil sites 

can be compromised. This study examines ten seismic stations in Canterbury to determine the best 

reference site for Christchurch, using the horizontal-to-vertical spectral ratio (HVSR) method for S-wave 

shaking. More broadly, this study uses HVSR to expand existing knowledge of the dynamic 

characteristics of seismic stations in the Canterbury area. Most rock stations show their own local 

amplification effects that reduce their individual ability to be used as reference stations. The recently 

installed Huntsbury station (HUNS) appears to be the best reference site for Christchurch, but this will 

need to be verified when more records become available. In the meantime, the D13C temporary station is 

currently the best reference station for site effect studies in both Christchurch and Lyttelton. 
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2
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3
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INTRODUCTION 

The Canterbury earthquake sequence that began in September 

2010 with the Mw7.1 Darfield earthquake has resulted in a 

large amount of seismic data being collected and made 

publicly available. Researchers locally and around the world 

are able to download data from the GeoNet website [1] and 

analyse the data using the available information. While 

information on the instrument is readily available, little is 

known about the local site conditions at each station. The site 

classifications given for each station are usually estimated 

from geological maps, and give a basic indication of the 

surface geology. However, little or no other site information is 

available, which make any rigorous analyses of the available 

data challenging. 

One of the primary observations from the earthquake sequence 

is the strong and spatially variable site effects. It is therefore 

of engineering and seismological interest to quantify the site 

amplification effects in the Christchurch area for future site-

specific investigations and microzonation studies. Site effects 

are usually quantified relative to the bedrock beneath the site, 

and it is commonly assumed that a rock outcrop is a 

reasonable representative of the ground motion at the bedrock 

beneath a site. 

A popular method to quantify site effects in the vicinity of 

seismic stations is known is the standard spectral ratio method 

(SSR). This method calculates the frequency-dependent 

amplification at a site relative to an outcropping rock, or 

reference station [2]. The Fourier amplitude spectrum (FAS) 

of a ground motion recording can be represented as a 

multiplication of the source, path, site effect and instrument 

response as follows: 
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where Aij ( f ) is the FAS of event i recorded at station j, Si ( f ) 

is the source term of event i, Pij ( f ) is the path term between 

source i and the station j, Gj ( f ) is the site response of station j 

due to local surface geology and Ij ( f ) is the instrument 

response of the station j. The SSR is obtained by dividing the 

FAS from station j by that of a nearby reference station k for 

the same event: 
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If a common event (or events) with a similar source-to-site 

wave path is used (and instrument response is corrected), the 

difference between the two spectra can mainly be attributed to 

surface geology, and equation (2) can be reduced to the 

following: 
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known as the SSR. For Aij / Aik to represent the site 

amplification, the reference station is assumed to be located on 

a half-space and have a flat site response i.e. theoretically 

Gk(f) = 1 at all frequencies [3]. A reference station that 
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exhibits this property is often difficult to find in practice. 

Weathering of rock and 2D/3D effects can result in some rock 

sites showing their own site response [4, 5]. However, the 

assumption of flat response, if not unity, is critical as any local 

amplification peak or deamplification trough at reference site 

k will result in the calculated amplification at the station j 

being under-estimated or over-estimated respectively. Cadet et 

al. (2010) [6] define a standard rock site (i.e. reference station) 

as “a site with VS30 between 750 and 850 m/s and a 

fundamental frequency, f0, higher than 8 Hz”, the criteria that 

will be used in this study. 

Opinions are divided regarding the best site to use as a 

reference for Christchurch. Smyrou et al. (2011) [7] use the 

Lyttelton Port Company strong motion sensor (LPCC) as the 

bedrock motion to perform a 1D ground response analysis for 

a generic soil profile in Christchurch. Guidotti et al. (2011) [8] 

use LPCC to calculate SSRs for four soft sediment sites 

located in the CBD, using just one earthquake record. Bradley 

and Cubrinovski (2011) [9] assume that LPCC exhibits the 

characteristics of an engineering bedrock site, and compare the 

LPCC response spectrum from the Mw6.3 February 2011 

Christchurch earthquake to that of a nearby station on stiff 

soil. On the other hand, Kaiser et al. (2011) [10] use the 

Canterbury Ring Laser (CRLZ) National Network station as 

the reference for SSRs on a dense array of sensors distributed 

in the Christchurch CBD, while Taber and Cowan (1993) [11] 

and Toshinawa et al. (1997) [12] used a temporary sensor, 

placed in the same facility where the CRLZ sensor is currently 

located, to examine SSRs in central Christchurch. While the 

choice of reference station may depend on the objective of the 

particular study, the lack of consensus and justification for the 

choice is the motivation for this study. 

With little geological or geotechnical information at the rock 

stations in the Canterbury region, the purpose of this study is 

to determine the best reference station by calculating the site 

response of ten stations using a non-reference method. 

Further, the study intends to give additional site information 

on these rock stations to supplement the current knowledge of 

site response and its variability. 

HORIZONTAL TO VERTICAL SPECTRAL RATIOS  

Horizontal-to-vertical spectral ratios (HVSRs) are used in 

engineering seismology to estimate the frequency-dependent 

site amplification at a site, without specifying a reference 

station. Originally proposed by Nakamura (1989) [13] for 

microtremors, the method was extended to apply for S-wave 

shaking by Lermo and Chávez-García (1993) [14]. The S-

wave HVSR technique has been used extensively in practice 

and has been shown to yield a similar fundamental frequency 

and shape of amplification function to the SSR reference 

station method described above, while slightly 

underestimating the exact levels of amplification [15]. 

Although this method is considered to provide good estimates 

of the fundamental frequency of the site, it does not always 

successfully identify any subsequent peaks at higher 

frequencies. It can be applied to amplification from both soft 

soil deposits and topographic effects [16]. 

To obtain HVSR curves for a station, several earthquake 

recordings are selected, with Fourier spectra obtained using a 

Fast Fourier Transform (FFT). Then, all the events for a 

horizontal component are divided by their corresponding 

vertical components. These H/V curves are averaged for all 

the events to give the final HVSR (usually greater than 10 

events gives a reliable average). The calculated average is 

based on the assumption that the distribution of HVSR is 

normal on a log scale and not a linear scale, as investigated 

and validated by Ktenidou et al. (2011) [17]. 

The underlying assumption of this method is that the vertical 

component is unaffected by surface amplification, within 

about a factor of two [14, 18]. This means that any rock site 

effects that amplify or deamplify the ground motions by a 

factor of two or more will be discernible on the HVSR curve.  

DATA 

This study analyses ten stations that are located at either Class 

A/B (rock) or C (stiff soil) sites [19] in the vicinity of 

Christchurch. The following stations were pre-existing before 

the Mw6.3 February 2011 Christchurch earthquake (numbers 

correspond to the station locations shown in Figure 1):  

1. Canterbury Ring Laser (CRLZ); and 

2. Lyttelton Port Company (LPCC). 

Other rock stations that have been installed since the 

Christchurch earthquake include:  

3. Godley Drive (GODS);  

4. Sign of the Kiwi (initially temporary station D13C, 

now STKS);  

5. Kennedy Bush Reserve (temporary station D14C); 

6. Mount Pleasant Drive (initially temporary station 

D15C, now MTPS); and  

7. Huntsbury (HUNS). 

With many near-source records, it is critical for a reference 

station to be located close to the Christchurch CBD, to 

minimise differences in near-source and path effects. These 

seven stations, located in the Port Hills within 15 km of the 

CBD, are therefore the only stations that are considered to 

qualify to be a reference site for estimation of site 

amplification in Christchurch.  

To further supplement the current knowledge of site effects, 

three additional stations are assessed using HVSRs: the 

Heathcote Valley School station (HVSC, station 8 in Figure 

1); the McQueen’s Valley station (MQZ, not pictured, located 

20km south of Christchurch); and the Oxford station (OXZ, 

not pictured, located 45 km northwest of Christchurch). 

However, none of these are considered to make a good 

reference station as HVSC is a stiff soil site, while MQZ and 

OXZ are too far from Christchurch for SSR techniques. 

Of the ten stations, CRLZ, MQZ and OXZ belong to the New 

Zealand National Seismograph Network, comprising both 

strong motion and broadband sensors, while the other stations 

are strong motion sensors. The sampling frequency of all the 

stations is 200 Hz, except for MQZ and OXZ, for which the 

acceleration channels sample at 50 Hz. 

A dataset was compiled of 446 events recorded by at least one 

of the ten stations, resulting in 1,566 three-component 

recordings. The majority of these records had epicentral 

distances within 200 km. Recordings were baseline-corrected, 

then time windows for S-wave shaking and pre-event noise 

were selected. Signal windows were selected to encapsulate 

the main portion of S-wave shaking, with the minimum 

window length being four seconds to ensure a minimum 

spectral resolution of 0.2 Hz. Noise windows were selected 

either from pre-event noise, or if this was unavailable, the last 

part of the trace to minimise any wave reflections in the noise 

window. Both signal and noise windows were cosine-tapered 

(5%) and Fourier transformed. We chose to discard records 

with a signal-to-noise ratio (SNR) of less than three in the 1-

20 Hz frequency range (1-15 Hz for recordings at LPCC, 

which is a particularly noisy station) or those which did not 

pass a visual quality check, leaving a refined dataset of 325 

events and 1,115 recordings. Figure 2 shows the epicentre 

locations of the subset of events, while Table 2 details the site
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Figure 1:  Station locations relative to Christchurch CBD. Numbers correspond to the station name described in the text and 

black area represents the volcanic rock outcrop of the Port Hills. 

 

Figure 2: Epicentres of the events that form the dataset used in this study. 
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Figure 3:  Magnitude-distance distribution of events. All magnitudes are local magnitudes (ML), except for the four largest 

events being moment magnitudes (Mw). Black symbols represent stations installed before 22/02/11, grey symbols 

represent stations installed after 22/02/2011.

Table 1: Summary of dataset 

 

classifications and numbers of events recorded at each station. 

An asterisk denotes site classifications that are not specified 

on the GeoNet website, but have been deduced from 

geological maps [20]. 

Figure 3 shows the magnitude-distance distribution of events 

for the selected stations. Epicentral distances of greater than 

200 km were only retained for the MTPS and HUNS stations, 

to ensure that there were sufficient events to get a reliable 

average for the HVSR. Note that with many near-source 

recordings (total of 799 < 30 km), it is likely that some of the 

recordings will have oblique incident wave arrivals, which 

may give a different spectral ratio to far-field events where 

wave arrivals are likely to be vertically propagating. However, 

with a large number of events coming from a wide range of 

azimuths, we assume that the average HVSR curve will be 

unaffected, with oblique arrivals only affecting the variance of 

the results. HVSRs for the above dataset were calculated by 

obtaining Fourier spectra using the FFT, smoothing twice with 

a Hanning window before dividing the horizontal component 

by the vertical component. 

 

RESULTS 

Canterbury Ring Laser (CRLZ) 

The CRLZ National Network station has been used by Kaiser 

et al. (2011) as the reference station for Chrischurch CBD, and 

a similar site was used by Taber and Cowan (1993) and 

Toshikawa et al. (1997). According to the GeoNet website [1], 

CRLZ is located on basalt rock, located in a cavern near the 

base of a broad ridge. The cavern is approximately 30 metres 

below ground surface [21]. The station malfunctioned during 

the Christchurch earthquake and again during the 13 June 

2011 event, however there are still 145 recordings that form 

the average HVSR, shown in Figure 4.  

A difference between the two horizontal components is 

evident, at its greatest between 1.5 and 4 Hz, while still being 

within one standard deviation. There also appears to be an 

amplification peak at 1 Hz and a sharp trough at 7 Hz. The 1 

Hz peak on the NS component is likely due to topographic 

effects, as the amplification is only on one component and the 

peak is at a low frequency. However the effect is mild as the 

majority of the difference is within a factor of two of unity.  

Conclusions regarding the cavern effects are more difficult. 

The tunnel is 10 metres wide and 7 metres high, which is 

likely to be large enough to cause scattering of seismic waves 

and therefore increase the variability of the CRLZ station 

response. However, the sharp peaks and troughs can be 

Station 

NZS1170.5 

Site 

Class 

Initial 

number of 

recordings 

Retained 

recordings 

CRLZ B 161 145 

LPCC B 182 54 

GODS B* 108 103 

D13C / STKS B* 78 / 63 68 / 55 

D14C B* 121 104 

D15C / MTPS B* 111 / 23 95 / 23 

HUNS B* 12 9 

HVSC C 198 64 

MQZ B 256 230 

OXZ B 253 165 

Total - 1,566 1,115 

* not specified by GeoNet, estimated from geological maps 

Figure 4: HVSR amplification function for CRLZ north-

south (black) and east-west (grey) components. 

Dashed lines represent +/- one standard 

deviation from the mean (solid line). 
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interpreted to be due to interference (both constructive and 

destructive) between the incident waves and the down-going 

waves reflected from the free-surface. It is likely that the 

peaks and troughs in the higher frequency range (≥ 7 Hz) are 

due to these effects, and as such there may be real 

deamplification of the horizontal ground motion at 7 and 17 

Hz. 

In any case, using CRLZ as a reference (i.e. assuming flat 

response) will result in underestimation and overestimation of 

the actual amplification at the target site at 0.5-2 Hz and 6-8 

Hz, respectively. Although we have no information on VS30, 

CRLZ does not technically comply with the criteria set out by 

Cadet et al. (2010) as it has a fundamental frequency less than 

8 Hz. 

 

Lyttelton Port Company (LPCC) 

The Lyttelton Port Company station (LPCC) is located on the 

ground floor of a two-storey structure at the eastern end of 

Lyttelton Port. The toe of a steep cliff is located 60 metres 

north-east of the building, with the inside edge of the port 

structure about 80 metres to the west. Access to the site is 

restricted, as it is located on private land. Little is known about 

the surface geology beneath the station. GeoNet reports a soil 

layer of unknown depth overlying bedrock, with no 

information on the shear-wave velocity of these layers. Wood 

et al. (2011) [22] calculated shear wave profiles using the 

spectral analysis of surface waves (SASW) ground 

investigation technique for many stations around Christchurch, 

however their analysis for LPCC was performed 

approximately 300 metres from the actual station location. 

Their analysis and interpretation found a soil layer of about 6 

metre depth and VS approximately equal to 300 m/s overlying 

bedrock of VS= 1,520m/s, with no other interfaces found down 

to a depth of 60 metres. The profile determined in the Wood et 

al. (2011) study is shown below in Figure 5, and corresponds 

to a VS30 of 792 m/s. As the investigation was undertaken far 

from the actual site, the interface depths may vary spatially, 

but it is reasonable to assume that the Vs values of the layers 

are sound and are unchanged within 300 metres. 

The average HVSR at LPCC for the 54 selected records is 

shown in Figure 6a. The x component runs roughly north-

south and the y component roughly east-west. It can be 

observed in Figure 6a that the HVSR determined using the x 

component is different from the y component below 10 Hz, 

although always within one standard deviation of the mean. 

As the azimuths of the events used to determine the HVSR 

were relatively evenly spread around the station, this is 

unlikely to be a source effect. It is difficult to determine the 

cause of the difference between the components without a 

detailed knowledge of the subsurface around the site, but it is 

possible that this is a 2D effect related to the steep drop-off of 

the ground surface on the edge of the port structure to the west 

of the sensor, acting as an “artificial ridge”. If this was the 

case, we would expect to see higher amplification at a lower 

natural frequency on the component normal to the slope, 

which in this case is the y component. This is exactly what is 

observed in Figure 6a, however detailed investigations would 

be required to determine whether this is actually the case. 

If the profile in Figure 5 is correct, we should see a strong 

amplification peak at around 12 Hz on our HVSR, based on 

the well-known relation 
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where fn is the fundamental frequency of the layer in Hz, VS is 

the shear-wave velocity of the soft layer (average velocity 

approximately 300 m/s) and H is the layer thickness overlying 

stiff material (6 m). 

Assuming the x component is less influenced by topographic 

effects, an amplification peak is clearly visible at 7 Hz, which 

is lower than what would be expected from the Wood et al. 

(2011) profile. If it is assumed that the known overburden 

layer has the same VS as determined by Wood et al. (2011), its 

depth would correspond to an interface at 11 metres below 

ground level, by rearranging equation (4). 

If the observed amplification is indeed due to a soil 

overburden layer, it raises the question whether the soil 

behaved non-linearly during the strongest events from the 

Canterbury sequence. A subset of 12 events was collected for 

which the horizontal peak ground acceleration (PGA) was 

greater than 0.2g, a threshold above which soil non-linearity 

can be expected. This was compared to a set of 18 events for 

which the horizontal PGA was less than 0.05g, below which 

there are unlikely to be any non-linear soil effects [23].  If 

there has been non-linearity (shear modulus degradation) of a 

soil layer, we would expect a decrease in average shear-wave 

velocity as per 

 


G
SV   ,   (5) 

where G is the shear modulus and ρ is the mass density, and 

therefore we should observe a lower fundamental frequency 

for the large events, as per equation (4) [24, 25]. 

A reduction in VS due to soil non-linearity theoretically results 

in a higher velocity contrast between the soil and the bedrock, 

but this effect is usually counteracted by an increase in soil 

damping with shear strain and the overall amplification is 

reduced, particularly at high frequencies (P.-Y. Bard, pers. 

comm.).  

An HVSR for the subset of large events is compared to that of 

the smaller event subset in Figure 6b (only the y component 

shown for clarity). A shift in fundamental frequency is evident 

below 8 Hz that exceeds one standard deviation at 0.7 and 3.5 

Hz. However, the amplification does not decrease, as might be 

expected if the soil had behaved non-linearly, instead it 

increases to a maximum amplification factor of 4. While there 

are a smaller number of events in the average HVSR > 0.2g 

and they are mostly in the near-field, the waves arrive from a 

variety of azimuths, and thus the difference between the small Figure 5: VS profile for LPCC obtained by Wood et al. (2011). 
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and large event HVSRs is unlikely to be a source effect or due 

to oblique incident waves. 

Whether the cause of the difference between large and small 

events is due to soil non-linearity or otherwise, there are many 

question marks regarding the actual geological profile beneath 

LPCC. The station nevertheless does not comply with the 

Cadet et al. (2010) criteria for a standard rock reference site, 

as its fundamental frequency is less than 8 Hz. 

 

Godley Drive (GODS) 

The Godley Drive strong motion sensor, located on the crest 

of a ridge in the Port Hills above Sumner, is a temporary 

sensor that opened on 26/02/2011 and at the time of writing is 

still operating. From geological maps, the site is located on the 

same basaltic lava flows as other sites in the Port Hills, 

therefore is likely to be site class B. No other site information 

exists for this station. The x component is approximately 

parallel to the ridge axis and the y component is approximately 

perpendicular (slope-parallel and slope-normal respectively). 

The HVSR shown in Figure 7 is an average for 103 events. 

The slope-normal component shows greater amplification than 

the slope-parallel component, with the fundamental frequency 

around 1 Hz. As such, using GODS as a reference for 

assessing site effects would result in a large underestimation 

of amplification at 1 to 2 Hz.  

Sign of the Kiwi (D13C / STKS) 

The Sign of the Kiwi strong motion station was originally a 

temporary sensor installed after the 22 February 2011 

Christchurch earthquake (GeoNet code D13C), however it 

became a permanent station on 13 December 2011 (code 

STKS). When D13C became STKS, the sensor was relocated 

15 metres northeast of the original site and four metres lower. 

Other than an estimated site classification of B, no geological 

information is available for this location. 

Given that the sensor location changed, HVSRs for the 

temporary and permanent sensors were compared, shown in 

Figure 8a. The orientation of the original D13C sensor is 

unknown, therefore it is not possible to compare one specific 

component. Instead the geometric mean of the two horizontal 

components is used to calculate the HVSR. The HVSR curve 

for D13C is the average of 68 events, while the one for STKS 

is the average of 55. 

The site response for the two stations appears to be different 

below 1 Hz, although always within one standard deviation 

and mostly within a factor of two from unity. The difference 

between the two curves almost exceeds one standard deviation 

at 4 Hz, which may be due to sharp spatial variability. Any 

further conclusions cannot be made without additional site 

information. Both curves are relatively flat and are similar 

enough for records to be grouped together. The HVSR curves 

from both individual components of D13C are compared in 

Figure 8b. The x component shows a slight peak at 3.5 Hz 

(a) (b) 

Figure 6: HVSR for LPCC (a) x and y components and (b) for large and small events on the y component. Dashed lines 

represent +/- one standard deviation from the mean (solid line). 

 

Figure 7:   HVSR for GODS x (black, slope parallel) and y (grey, slope normal) components. 
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that may be related to the surface topography (if the 

orientation is on a slope-normal direction), while the y 

component is comparably flat. For practical purposes, the y 

component here can be considered to be an acceptable 

reference for future site effect studies. 

 

Kennedy Bush Reserve (D14C) 

The Kennedy Bush Reserve is a temporary station installed on 

27/02/2011. As with the other temporary stations, no 

geological information is available other than from geological 

maps, thus it is assumed that this is located on class B rock in 

the Port Hills. This is the station with the highest elevation, 

located 455 metres above sea level near the crest of a ridge. 

The HVSR in Figure 9 is an average of 104 events, and shows 

that while there may be slight amplification at 2 Hz, the level 

of amplification is low and mostly within the accepted 

uncertainty of the method (i.e. less than 2). There does not 

appear to be any significant difference between the x and y 

components and therefore it is a relatively good reference rock 

site. 

         (a)             (b) 

  

Figure 8: (a) HVSR based on the geometric mean of two horizontal components for D13C (black) and STKS (grey), and (b) 

HVSR for D13C station for x (black) and y (grey) components. 

  

 

Figure 9:   HVSR for D14C x (black) and y (grey) components. 

         (a)             (b) 

 

Figure 10: (a) HVSR for 111 D15C events (black) and 23 MTPS events (grey) for the y component only and (b) for all 134 events 

for both the x (black) and y (grey) components. 
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Mount Pleasant Drive (D15C / MTPS) 

Mount Pleasant Drive is a station on the northern side of the 

Port Hills. It was installed as temporary sensor D15C after the 

Christchurch earthquake but became permanent station MTPS 

on 01/03/2012. No VS estimates of the site profile are 

available. The GeoNet website states that there was no 

physical change when the station became a permanent one The 

dataset for this analysis contains 111 events from D15C. At 

the time of writing, the station had recorded relatively few 

events as MTPS, as it had only been in operation for seven 

months. As such, four events from distances greater than    

200 km were included in the HVSR to ensure a reliable 

average, and a total of 23 events were used. 

To verify that there was in fact no physical change when the 

station was converted from temporary to permanent, HVSRs 

for the 111 events recorded as D15C were compared to the 23 

recorded MTPS, shown in Figure 10a (just the y component is 

shown for clarity, but the x component is similar). As 

expected, there is no change between the sensors and it is 

reasonable to combine data from both the temporary and 

permanent station. Therefore, Figure 10b shows the HVSR, 

averaged over all 134 events, for both the x and y components 

of motion. There appears to be amplification at 1 Hz at a level 

slightly greater than 2. Otherwise, there is little difference 

between the two components. The amplification at 1 Hz 

means that the station does not comply with the Cadet et al. 

(2010) criteria for standard rock site. 

 

Huntsbury (HUNS) 

The Huntsbury (HUNS) station is the most recently installed 

sensor analysed here, having started operating on 18/04/2012. 

The GeoNet site states that this site is located on rock, in a 

garage set into the hillside. At the time of writing this station 

had recorded 12 events, nine of which had a SNR of greater 

than three. As with MTPS, three events of greater epicentral 

distances (up to 830 km away, not shown in Figure 2 for 

practical purposes) were included to obtain a more reliable 

average. The HVSR for these nine events is shown in Figure 

11. The HVSR for just the six events less than 200 km from 

the station was also examined and there was no significant 

difference between the average of six and nine events. 

The response of this station is the flattest of all the rock 

stations, suggesting that it is the best reference site of all the 

permanent stations analysed in this study. There may be a 

difference between the two components, however the two 

curves are always within one standard devation of each other 

and the amplification factor is less than two. It must however 

be noted that this site has recorded few events thus far, and 

will need to capture a few more events that are simultaneously 

recorded on target soil sites before its shape can be verified 

and its merit as a reference site can be judged. 

 

Heathcote Valley School (HVSC) 

Heathcote Valley School (HVSC) strong motion station is 

classified as a class C site by GeoNet and the VS30 has been 

previously calculated to be 422 m/s by Wood et al. (2011), 

meaning that the site cannot be a reference site. The non-linear 

behaviour of the soft soils in Christchurch is well known, 

however it is interesting to determine whether the stiff soils of 

the Heathcote Valley also behaved non-linearly during the 

large events of the Canterbury earthquake sequence. The 

HVSR method is used here to compare small and large events 

to look for a shift in natural frequency (as per the method for 

LPCC detailed earlier).  

Figure 12 shows the VS profile determined by Wood et al. 

(2011) for the HVSC station. The largest velocity contrast in 

the profile is approximately two at 17.5m depth, above which 

the time-averaged shear-wave velocity is around 315 m/s. 

Applying equation (4) yields an approximate theoretical 

natural frequency of 4.5 Hz for this interface. The Wood et al. 

(2011) study also used HVSR from microtremors and found 

the fundamental frequency to be 2.4 Hz, which conflicts with 

their profile determined from the SASW method as it would 

correspond to a deeper interface. Figure 13a shows the 

average HVSR for 66 events with SNR > 3, and a well-

defined peak is visible at 3.5 Hz with an amplification factor 

of 5. The fundamental frequency here, and with the HVSR 

from microtremors, is lower than what is suggested by the 

Wood et al. (2011) profile, indicating that either the interface 

is deeper than they suggest, or the soil above the interface has 

lower VS. Additional site investigation is required to determine 

which of these is the case. 

To assess if the stiff soil at the site behaved non-linearly 

during the major events, the average HVSRs for 17 events 

with PGA > 0.2g was compared with 17 events with PGA < 

0.05g. The results are shown in Figure 13b. There is a slight 

but clear shift in fundamental frequency from 3.8 to 3.1 Hz, 

with the larger events showing greater amplification at the low 

frequencies and less amplification above the fundamental 

frequency up to around 10 Hz, often outside one standard 

deviation. The shift in the fundamental frequency is an 

indication that VS of the soil has decreased, and the lower 

amplification at frequencies higher than f0 are likely due to 

soil damping.

 

Figure 11:  HVSR for HUNS x (black, slope normal) and y 

(grey, slope parallel) components. 

 

Figure 12:  Shear-wave velocity profile for HVSC, from 

Wood et al. (2011).
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         (a)              (b) 

  

Figure 13:  HVSR for HVSC (a) x and y components for all events and (b) for 17 events with PGA < 0.05g and for 17 events 

with PGA > 0.2g.  Dashed lines represent +/- one standard deviation from the mean (solid line). 

 

 

Figure 14:  HVSR for MQZ north-south (black)and east-west (grey) components. 

 

McQueen’s Valley (MQZ) 

MQZ is located on a broad terrace in moderately steep hill 

country 20 km south of the Christchurch CBD. According to 

GeoNet, the station is located on moderately weathered 

andesite overlying greywacke and is site class B. The depth of 

the andesite is in the order of tens to hundreds of metres. As 

the southernmost station in this study, it is too far from 

Christchurch to be the best reference site, however it is 

included here as it is an important rock station in the National 

Network. 

The average HVSR for 230 events recorded by MQZ is shown 

in Figure 14. While there is a slight difference between the 

north-south and east-west components, the difference is 

always within one standard deviation of the mean. An 

amplification peak can be observed at 7 Hz on the EW 

component and at 8.5 Hz on the NS component. It is possible 

that the peaks are due to the interface between the andesite and 

greywacke, but without shear-wave velocity information, 

conclusions cannot yet be made on the interface depth. The 

difference between the components may be due to the 

interface being inclined, or another topographic effect. 

Clearly further site information is required to understand the 

site response of the station. The peak at 7 Hz means that MQZ 

cannot be considered a standard rock site. 

Oxford (OXZ) 

The OXZ station is located approximately 45 km from the 

Christchurch CBD, which rules it out as a reference station for 

this area. However it is the closest rock site to the west of 

Christchurch and the nearest rock site to the epicentre of the 

Mw7.1 Darfield earthquake of September 2010. The GeoNet 

website describes this station as located on the end of a very 

narrow ridge directly on strong greywacke and indicates that 

there are possible topographic effects at this station.  

Figure 15 shows the average HVSR for the OXZ station, 

calculated from 168 events. There is a clear amplification peak 

at 1.2 Hz, which is visible on both components. Using HVSR, 

it is common for an amplification peak caused by an 

impedance contrast to be accompanied by a trough at 

approximately 1.73 times the fundamental S-wave frequency. 

This is due to vertical amplification from a VP contrast, and 

based on an assumed Poisson’s ratio of 0.25, VP/VS = 1.73. 

Here we see a trough here at 2.1 Hz, which is consistent with 

theory and observations [26]. As the amplification is the same 

on both horizontal components, it is likely that this 

amplification is due to a deep interface of weathered material 

as opposed to topographic effects, as suggested by the GeoNet 

website. It is possible that there are topographic effects 

occurring at higher frequencies, however they are not 

observed by the HVSR method.
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Figure 15: HVSR for OXZ north-south (black)and east-west (grey) components. 

SUMMARY 

Table 2 summarises results from the previous section. There 

are three stations that have a sufficiently flat site response to 

be considered reference sites, D13C, D14C and HUNS. These 

sites are located at around 8, 11 and 5 km from Christchurch 

CBD respectively. HUNS should therefore be considered the 

best reference station, as the wave paths for this station and 

the CBD will be more similar than for the other stations. 

However, this station has yet to record sufficient common 

events with other stations in the CBD and will only become 

useful in the future. As the second closest station with a flat 

response, the D13C temporary sensor is the best reference 

station currently available for Christchurch. This station 

recorded 68 events with epicentral distances less than 200 km 

and SNR > 3, and many of these events were simultaneously 

recorded by several sites around Christchurch. D13C is also 

the closest station to Lyttelton (7 km away) thus is considered 

the best reference station for quantifying site effects there. 

GeoNet is currently installing a station named Richmond Hill 

(code SR096) near Sumner that will have two strong motion 

instruments, one at ground level and one at the bottom of an 

80 metre borehole. As the downhole sensor is designed to be 

at the bedrock, it is possible that this sensor will become the 

best reference site for Christchurch. Care must be taken with 

borehole sensors, as destructive interference between 

upcoming incident waves and down-going surface-reflected 

waves can affect the response at the borehole sensor and bias 

surface-to-borehole spectral ratios [3, 27]. Whether the new 

borehole station will be strongly affected by down-going 

waves depends on the layering above the site, and knowledge 

of the VS profile between the paired sensors is essential before 

the borehole station can be used as a reference. 

CONCLUSIONS 

With several site effect investigations being undertaken for the 

Christchurch CBD, this study analyses the rock stations 

nearest to Christchurch to determine what the site effects 

should be measured relative to. Using horizontal-to-vertical 

spectral ratios for earthquake records, a non-reference method, 

site effects are investigated at nine stations around 

Christchurch that are classified as rock, and one that is 

classified as stiff soil. 

The LPCC station is commonly used as the reference rock site 

in several site effect studies. However, the HVSRs show that 

there is site amplification at 7 Hz, likely due to the known soil 

overburden layer at the site. It is possible that this layer 

behaved non-linearly during the largest events from the 

Canterbury earthquake sequence, however this is still unclear 

and requires further investigation. Observed amplification on 

the y component at 4 Hz is likely to be due to topographic 

effects from a nearby “artificial ridge” created by the inside 

edge of the port structure. Two other stations, CRLZ and 

GODS, appear to have topographic amplification effects. 

Three temporary sensors placed in the Port Hills after the 22 

February 2011 Christchurch earthquake show slight 

amplification in the 1 to 2 Hz band, but otherwise appear to 

have a relatively flat response. While there may be a slight 

difference between the site responses at the D13C/STKS 

stations due to the relocation of the sensor in December 2011, 

the difference is small and the records from both stations can 

be grouped together. 

The newest station analysed here, HUNS, is considered the 

best reference station as is the closest to Christchurch with a 

flat site response, however this needs to be verified when more 

events are available. The D13C temporary station is currently 

the best available reference station for both Christchurch and 

Lyttelton.  

MQZ has an amplification peak at 7 Hz, which may be due to 

an andesite-greywacke rock interface. The OXZ station, 

located around 45 km from Christchurch, is classified as a 

rock site, but appears to have amplification effects due to an 

impedance contrast. Any high-frequency topographic 

amplification, which is suggested by the GeoNet website, may 

not be captured using this method. The HVSC stiff soil station 

shows strong amplification at its fundamental frequency of 3.5 

Hz, and the HVSR method has been used to demonstrate that 

Table 2:  Summary of results 

Station 

Natural 

frequency 

(Hz) 

Peak 

amplification 

factor 

Satisfies 

Cadet et al. 

(2010) 

criteria 

(Yes/No) 

CRLZ 1 2.5 No 

LPCC 3.5 3.8 No 

GODS 1 4 No 

D13C / STKS - / - <2 / 2 Yes / Yes 

D14C - <2 Yes 

D15C / MTPS 1 2 No 

HUNS - <2 Yes 

HVSC 3.5 5 No 

MQZ 7 3 No 

OXZ 1 2.5 No 
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the soil beneath the station is likely to have behaved non-

linearly in the largest events from the earthquake sequence. 
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ABSTRACT 

This article summarises work that has been undertaken to compile the New Zealand Strong Motion Database, 
which is intended to be a significant resource for both researchers and practitioners. The database contains 
276 New Zealand earthquakes that were recorded by strong motion instruments from GeoNet and earlier 
network operators. The events have moment magnitudes ranging from 3.5 to 7.8. A total of 134 of these 
events (49%) have been classified as occurring in the overlying crust, with 33 events (12%) located on the 
Fiordland subduction interface and 7 on the Hikurangi subduction interface (3%). 8 events (3%) are deemed 
to have occurred within the subducting Australian Plate at the Fiordland subduction zone, and 94 events 
(34%) within the subducting Pacific Plate on the Hikurangi subduction zone. There are a total of 4,148 
uniformly-processed recordings associated with these earthquakes, from which acceleration, velocity and 
displacement time-series, Fourier amplitude spectra of acceleration, and acceleration response spectra have 
been computed. 598 recordings from the New Zealand database are identified as being suitable for future use 
in time-domain analyses of structural response. All data are publicly available at 
http://info.geonet.org.nz/x/TQAdAQ. 

 

INTRODUCTION 

The main objective of the New Zealand Strong Motion 
Database is to provide users of strong motion data, both in the 
research and consulting communities, with consistently 
determined data of the highest possible quality. This article 
details the methods used to calculate the source and path 
parameters for large New Zealand earthquakes that occurred 
between 1968 and 2016, as well as detailing the record 
processing and associated ground motion intensity variables. 
The methods adopted to calculate quantitative subsurface 
information at GeoNet strong motion sites are discussed in the 
companion article of Kaiser et al. (2016) [1]. The intent of this 
article is to provide potential users of the database with 
comprehensive documentation, such that it is possible to 
independently evaluate the suitability of the database for a 
given analysis. While there have previously been large, 
nationwide collations of strong motion data in New Zealand for 
the purposes of ground motion modelling ([2-4]), this database 
is the first in New Zealand that is publicly available and fully 
documented. 

The primary source parameters provided in the database are the 
seismic moment magnitude (Mw), preferred location, origin 
time, focal mechanism, and tectonic classification (e.g. crustal, 
subduction interface or subducted slab). Where available, 
published models of an earthquake’s co-seismic slip 
distributions have been prepared and supplied in a common 
electronic format.  

Additional information on the seismic wave propagation path is 
also provided, including focal depths, hypocentral distances and 
epicentral distances. Distances to the rupture surface, such as 
the depth to the top of the rupture (ZTOR), the closest Cartesian 
distance between the recording site and the rupture (Rrup), and 
the Joyner-Boore distance (RJB) have also been defined. These 
distances are measured with respect to a fault geometry model, 

where available. For smaller magnitude events, these quantities 
are calculated with respect to an inferred fault plane.  

All of the 4,148 seismic records in the database have been 
visually examined for quality and manually processed. The 
main objective of the strong-motion processing is to allow the 
data to be used for subsequent engineering analysis, by 
correcting for the response of the instrument and reducing the 
effect of noise in the signal. From the processed time-series, 
Fourier amplitude spectra of acceleration and acceleration 
response spectra have been pre-calculated. The resultant 
database is openly available at info.geonet.org.nz/x/TQAdAQ.  
Note that the processed accelerograms are different from those 
found at GeoNet’s collection of strong motion data 
(ftp.geonet.org.nz/strong/processed/Proc), due to the 
reprocessing of data in this study. 

It is intended to periodically update the source and waveform 
databases when new earthquake data becomes available. 
Additionally, the data associated with older events may be 
reanalysed as seismological analysis techniques are improved. 

SOURCE INFORMATION 

Selection of events 

The selection of events to include in the database required some 
decisions on data quality. Strong motion database development 
is a trade-off between quality and quantity. Including low 
quality data increases the sample size, but has the shortcoming 
that inferences from the data are not necessarily robust. In this 
study, it was preferred to apply a minimum standard for data 
quality. For example, one key criterion was that for an event to 
be considered, it must have an Mw that is derived from the 
seismic moment, rather than inferred from correlations with 
other magnitude measures. In general, events were also required 
to have a minimum of three usable recordings, but this criterion 
was occasionally relaxed for older events in the database. Older 



 

 

events tend to be poorly recorded and located, but they were 
included in the database if they were considered to be 
potentially informative datasets.  

Given these criteria, this database is not intended to be a 
complete representation of all large events to have occurred in 
New Zealand, and is only a selection of well-recorded events 
that are suitable for modelling of ground motion. However, it 
was endeavoured to include the majority of earthquakes with 
Mw greater than 5. 

Calculation of magnitudes and associated uncertainty 

Earthquake magnitudes are useful for quantifying the rupture 
size or the energy released by an earthquake. There are many 
different types of earthquake magnitude. For most engineering 
purposes, the magnitude of interest is the moment magnitude, 
Mw, which is related to the total rupture area and the amount of 
slip that occurred in the earthquake.  Mw is typically calculated 
from the seismic moment, M0, using the equation from 
Kanamori (1977) [5] 

03.6)(log
3
2

010 -= MMw    (1) 

where M0 has units of Nm. M0 can be calculated using a number 
of different inversion approaches and datasets, and can have 
variability even for the same earthquake. Kagan (2002) [6] 
investigated the difference in Mw values calculated from nine 
different catalogues in California, and found systematic 
differences between some catalogues, and in some cases, 
significant scatter. The uncertainty in M0, and therefore Mw, can 
affect subsequent analyses of the dataset, hence some effort has 
been made to quantify this uncertainty for New Zealand 
earthquakes. 

A systematically-calculated national catalogue of M0 for New 
Zealand earthquakes is not available for events before 2003. For 
events before 2003, M0 values were calculated either by special 
studies, or from a global database. The M0 values in the 
database are therefore collated from a number of different 
sources. For example, 17 events in the database between 1968 
and 1993 have M0 values calculated in special studies  using 
waveform modelling of teleseismic data (e.g. [7, 8]). The 
introduction of the Global Centroid Moment Tensor (CMT) 
catalogue in 1976 (formerly known as Harvard CMT solutions; 

[9]) provided an additional source of M0 values for many large 
events, again calculated using teleseismic data. Estimating 
moment tensor solutions from regional data was not feasible 
before 2003, due to the sparse seismograph network [10]. Since 
the introduction of GeoNet (www.geonet.org.nz), the denser 
seismograph network in New Zealand has enabled the 
calculation of regional moment tensor (RMT) solutions, and 
subsequently GeoNet have provided a large catalogue of RMT 
solutions [11, 12] from 2003 onwards.  

In some cases, more than one M0 value is available for the same 
event.  Previous studies have examined the differences between 
methods of calculating M0 (and therefore Mw) in New Zealand. 
Dowrick and Rhoades (1998) [13] compared locally-
determined Mw values with Global CMT values, finding no 
systematic differences but a standard deviation of 0.08 
magnitude units. Ristau (2009) [14] found no significant 
difference between Mw calculated using RMTs and Global 
CMTs for 25 events that occurred between 2003 and 2008, 
however this comparison is revisited in this study, given the 
many large earthquakes in New Zealand between 2009 and 
2015. Figure 1 shows the difference between the two catalogues 
for 52 events. There are two features from this plot that warrant 
discussion. Firstly, the Global CMT Mw values are clearly larger 
than GeoNet RMT Mws where the GeoNet Mw is less than 5.0. 
It is unclear what causes this discrepancy, given that the two 
solutions analyse different frequency bands, although it is likely 
that the GeoNet RMT is derived from a stronger signal. 
Secondly, the scatter in the calculated Mw values from the 
different catalogues appears to increase with magnitude. This 
observation contrasts with the Mw uncertainties assigned in the 
NGA-West2 database [15], which tend to give smaller 
‘statistical uncertainty’ in Mw (i.e. standard deviation of good-
quality published values) with increasing magnitude. However, 
given that there are few data at large magnitudes, a magnitude-
independent standard deviation of 0.06 magnitude units 
(determined from the residuals of the linear model in Figure 1, 
for magnitudes greater than 5.0) has been adopted for 
simplicity.  

None of the catalogues publish uncertainties with their own 
calculated Mw values, as this is difficult to calculate using 
current methods. However, to acknowledge the uncertainty in 
Mw, the following decisions have been made for the New 
Zealand Strong Motion Database: 

• to assign Mw values for each event: 
o where more than one Mw value is available, the average 

value is taken; and, 
o for magnitudes less than 5.0, Mw is taken from the 

GeoNet RMT catalogue, as this is deemed to be the 
most reliable solution. 

• to assign a standard deviation value: 
o events before 2003, where only a single locally-

determined Mw or Global CMT solution is available, are 
assigned a standard deviation of 0.15; 

o events after 2003, where only a single RMT or Global 
CMT is available, are assigned a standard deviation of 
0.1; 

o for events where both a locally-determined Mw from 
special studies and a Global CMT Mw are available, the 
standard deviation is 0.08 magnitude units (the value 
given in [13]); and, 

o if events have both a regional and global moment tensor 
solution available, the standard deviation is 0.06. 

These standard deviation values are of a similar order to those 
defined in Rhoades (1997) [16]. Propagating the magnitude 
uncertainty into empirical ground-motion models influences the 

Figure 1:  Comparison of GeoNet RMT Mw and Global CMT 
Mw for all New Zealand earthquakes since 2003, where a 

value is available from both catalogues. 
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model parameters and the overall model uncertainty, and can 
have a large influence on seismic hazard estimates at low 
probabilities of exceedance [3, 16, 17]. The online files for the 
New Zealand database contain references showing where the 
Mw values were obtained. Figure 2 shows a histogram of 
moment magnitudes for all the events in the database. 

Focal mechanisms 

Each event in the database has a published moment tensor 
solution. The moment tensor solutions are obtained from the 
GCMT catalogue and the GeoNet RMT catalogue. In general, 
these catalogues agree well with each other. In the case of 
multiple solutions, the preferred solution (generally the GeoNet 
RMT solution) has been indicated in the database source table. 
For the 276 events in the catalogue, 79 of the events have strike-
slip mechanisms, 65 are reverse, 27 are oblique, 48 are normal, 
while for 57 events, the mechanism could not be determined 
from the moment tensor. This is illustrated in Figure 3. 
However, while the mechanism can be determined for almost 
80% of the events, a preferred orientation of the actual fault 
plane has been indicated for only 87 of the 276 events, 32% of 
the events. For these events, the rake angle is provided. 

Event locations 

Research has shown that using high-quality earthquake source 
locations improves subsequently-developed ground motion 
models, particularly for short-period response spectra [18]. As 
such, effort was made to obtain the best quality locations. 
Earthquake locations in New Zealand tend to be poorly 
constrained, particularly for older events in the database. The 
hypocentral locations for the 276 events in the database have 
been determined using a number of methods. In most cases, 
more than one solution is available for each event. There are 
three existing catalogues from which earthquake locations are 
determined: special studies, the standard GeoNet catalogue 
[19], a relocated New Zealand catalogue between 2001 and 
2012 [20], and the International Seismological Centre (ISC) 
catalogue [21]. Additionally, all events in the database were 
relocated as part of this study, using a probabilistic, nonlinear 
source location algorithm called NonLinLoc [22, 23]. 

The special studies catalogue mainly applies to the older events 
in the database e.g. [7, 8]. These studies used P and SH body-
wave modelling to derive focal mechanisms, then the depth was 
fixed at the minimum misfit solution before relocating the event 
using regional and teleseismic data. The locations provided in 
the standard GeoNet catalogue were determined by GeoNet 
(and earlier by DSIR) using a variety of approaches. For events 

before 1987, the locations were determined using software 
known as LOCAL [24], in conjunction with three 1D velocity 
models for different locations around New Zealand. Between 
1987 and 2012, events were located using the GROPE 
technique within the Caltech-USGS Seismic Processing 
(CUSP) system, using updated 1D velocity models. Since 2012, 
GeoNet now use two techniques to locate events, the LocSAT 
program [25] in conjunction with the IASPEI91 1D reference 
earth model [26], and the NonLinLoc algorithm in conjunction 
with the New Zealand 3D velocity model [27]. Only local and 
regional data are used by GeoNet to derive the locations in their 
catalogue. Full details on GeoNet locations can be found on the 
GeoNet website [28]. A separate catalogue of relocated 
seismicity, by Reyners et al. (2011) [20], uses the simulPS 
algorithm [29, 30] within the New Zealand 3D velocity model. 
The final catalogue used for the database, the ISC catalogue, 
uses regional and global data to locate events using the ak135 
velocity model [31], and a linearised inversion algorithm [32]. 
To supplement these catalogues, and improve location 
estimates for older events in the New Zealand Strong Motion 
Database, all events in the database were relocated using local 
data and the New Zealand 3D velocity model, applying the 
NonLinLoc algorithm.  

The preferred location (in the opinion of the authors) was then 
selected from all of the alternative solutions. While it is difficult 
to ascertain the most likely location of an event, the locations 
from the special studies were preferred over other methods, 
typically followed by a preference for the 3D relocations 
derived using the simulPS algorithm. In general, locations of 
nearly all offshore earthquakes are poorly constrained, as are 
locations for events occurring before the development of the 
GeoNet seismometer network in 2001. 

Tectonic classification 

Crustal, subduction interface and intra-slab earthquakes are 
usually treated separately in ground-motion prediction models. 
These categories of earthquakes may have different source 
characteristics, and the seismic waves may have very different 
travel paths. The separation of events into these categories is 
largely based on expert judgement. In general, when the event 
is located away from the Hikurangi and Fiordland subduction 
interfaces, it was simple to classify these events as being in the 
seismogenic zone of the crust. The boundary between the upper 
crust and the mantle can be approximately defined as the depth 
where the P-wave velocity is equal to ~8.5 km/s. The only 
crustal events in the database that approach this depth are in the 
Manuwatu-Whanganui region, and most crustal events are 
significantly shallower than this boundary. 

Near the interfaces of the Hikurangi and Fiordland subduction 
zones, it is more difficult to classify events as being in the 
overlying crust, on the subduction interface or in the subducting 
crust. However, a number of tools were utilised to help with 
correctly classifying these events. For events around the 
Hikurangi subduction interface, all event location solutions 
were compared to the Hikurangi subduction interface model of 

Figure 3:  Summary of focal mechanisms in the database. 

Figure 2:  Magnitudes in the database. 



 

 

 

 

Figure 4:  Plots used to determine preferred earthquake location and subsequent tectonic classification in the North Island, with 
the 1993 Tikokino earthquake as an example. This is a slice of the New Zealand velocity model [27], with the Williams et al. 

(2013) [33] Hikurangi subduction interface model indicated as a black line, and relocated seismicity between 2001 and 2012 [20] 
as grey circles. Different hypocentre solutions are: GN = GeoNet catalogue, ISC = International Seismological Centre catalogue, 

NLL = NonLinLoc solution and BWM = body wave modelling. The focal mechanism (plotted as an upper hemisphere) is a 
shallow-angle oblique thrust with similar strike to the Hikurangi margin. In this instance, the BWM solution [8] was selected as 

the preferred location, and the event was considered likely to have occurred on the subduction interface. 

 

 

 

Figure 5:  Example of plot used to determine earthquake location in Fiordland, for which no interface model is available, using 
the example of the 2003 Mw7.2 Fiordland earthquake. This plot is similar to Figure 4, but SIM = the simulPS solution. In this 
instance, the NonLinLoc solution is preferred and the event was classified as occurring on the subduction interface, consistent 

with the focal mechanism. 
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Figure 6:  Event locations and tectonic classifications, for all events in the database. 

 
Figure 7:  Tectonic classifications as a proportion of the total dataset. 

 
Williams et al. (2013) [33], along with all of the relocated 
seismicity from 2001-2012 [20]. These locations were 
examined together with the focal mechanism, and judgement 
was then used to decide on a preferred event classification. 
Refer to the example shown in Figure 4.  In this case, it is rather 
unclear from the event locations whether this particular event is 
on the interface, just above in the overlying crust, or in the 
subducted crust. However, the mechanism shows a shallow-
angle thrusting event with similar strike and dip to the Williams 
et al. (2013) model, which suggests that this event is likely to 
have occurred on the subduction interface. 

The geometry of the Fiordland subduction interface is very 
uncertain, with only schematic interpretations available from 
Eberhart-Phillips & Reyners (2001) [34] and Reyners et al. 
(2002) [35]. In general, the event locations are also less reliable 

in Fiordland, due to the sparse seismometer network in that 
region, so more emphasis is placed on the focal mechanism to 
determine the tectonic classification. An example of the Mw7.3 
Fiordland event in 2003 is shown in Figure 5. Although the 
event locations are rather scattered, the strike and dip of 
reverse/oblique mechanism indicates that this event was likely 
to have occurred on the plate interface. 

In many cases, the evidence for the tectonic classification was 
not compelling. While the assigned classifications are uncertain 
and should be considered indicative only, the classifications 
have been selected based on the best available information to 
the authors at the time of writing. The tectonic classifications in 
terms of hypocentral locations are shown on the map in Figure 
6, while Figure 7 shows the percentage of total events and total 
recordings corresponding to each classification.



 

 

Table 1: Events with published slip distributions, and events with published preferred fault plane orientations. 

 

 
For ‘method’, 
1 =  Slip distribution obtained by inversion of geodetic data. Fault size and co-ordinates are only indicative, as source-to-site distances are measured to the closest point on the fault where the slip is 

greater than or equal to 50 cm. 
2 =  Co-seismic slip distribution obtained by inversion of seismic data.  
3 =  Extent of fault plane approximated from aftershock distributions. 

 

* Fault geometry parameters not provided due to complex rupture. See web repository for fault model, if available.

Year Name Mw Strike 
(deg) 

Dip 
(deg) 

Rake 
(deg) 

Fault 
length 
(km) 

Fault 
width 
(km) 

ZTOR 
(km) 

Latitude 
(top 

centre) 

Longitude 
(top 

centre) 
Method Reference for preferred model References for alternative models 

1968 Inangahua 7.23 207 45 103 30 10.5 0 -41.91 171.95 1 Anderson et al. (1994) [36]  
1985 Tiniroto 5.97 213 73 255 11 11 26 -38.73 177.32 3 Reyners et al. (2010) [37]  
1987 Edgecumbe* 6.49 225 45 -110 - - 0 - - 1 Beanland et al. (1990) [38]  
1988 Te Anau 6.69 310 86 118 25 55 35 -45.11 167.15 3 Robinson et al. (2003) [39] Reyners et al. (1991) [40] 
1989 Doubtful Sound 6.39 139 67 47 15 15 14 -45.24 166.94 3 Robinson et al. (2003) [39]  
1990 Lake Tennyson 5.96 55 89 163 8 5 6 -42.25 172.74 3 McGinty & Robinson (1999) [41]  
1990 Weber 1 6.24 209 72 -112 13 13 18 -40.39 176.24 3 Robinson (1994) [42] Reyners et al. (2010) [37] 
1990 Weber 2 6.39 220 28 149 12.5 12.5 9 -40.38 176.28 3 Robinson (1994) [42]  
1990 Cape Palliser 1 5.57 190 21 58 4.5 4.5 13 -41.61 175.45 3 Luo (1992) [43]  
1990 Cape Palliser 2 5.46 250 38 145 4 4 13 -41.62 175.43 3 Luo (1992) [43]  
1993 Secretary Island 6.89 41 41 107 26 14.5 11.5 -45.15 166.69 3 Robinson et al. (2003) [39]  
1993 Ormond 6.30 354 64 168 30 15 32 -38.55 177.88 3 Reyners et al. (2010) [37]  
1994 Arthur’s Pass 6.72 221 47 112 16 12 1 -43.04 171.51 3 Abercrombie et al. (2000) [44] Robinson et al. (1995) [45] 
1995 Cass 6.19 176 46 44 12 6 1 -42.94 171.86 3 Gledhill et al. (2000) [46]  
2000 Thompson Sound 6.13 171 57 59 12.5 12.5 14 -45.12 167.04 3 Robinson et al. (2003) [39]  
2003 Fiordland 7.17 35 23 95 60 50 10 -45.11 166.87 3 McGinty & Robinson (2007) [47] Reyners et al. (2003) [48] 
2005 Upper Hutt 5.31 70 48 -75 4 3 30 -41.09 175.06 3 Reyners et al. (2010) [37]  
2007 George Sound 6.79 54 44 129 25 12 16 -44.78 167.33 2 Petersen et al. (2009) [49]  
2007 Gisborne 6.65 71 45 300 12 14 43 -38.87 178.49 2 François-Holden et al. (2008) [50] Reyners et al. (2010) [37] 
2008 Hastings 5.43 1 38 -113 5 5 28 -39.65 176.73 3 Reyners et al. (2010) [37]  
2009 Dusky 7.81 27 33 154 36 44 9 -45.74 166.09 2 Fry et al. (2010) [51] Beavan et al. (2010) [52] 

2010 Darfield* 7.08 - - - - - 0 - - 1 Beavan et al. (2012) [53] Holden et al. (2011) [54],  Barnhart et al. (2011) [55], 
Elliot et al. (2012) [56], Atzori et al. (2012) [57] 

2011 Christchurch February 6.19 59 67 136 8 10 0.5 -43.53 172.72 2 Holden (2011) [58] 
Barnhart et al. (2011) [55], Beavan et al. (2012) [53], 

Elliot et al. (2012) [56], Atzori et al. (2012) [57], 
Serra et al. (2013) [59] 

2011 Christchurch June* 5.99 - - - - - 3 - - 2 Holden & Beavan (2012) [60] Beavan et al. (2012) [53], Elliot et al. (2012) [56], 
Atzori et al. (2012) [57] 

2011 Pegasus 1 5.79 45 63 105 3 10 1 -43.47 172.78 2 Ristau et al. (2013) [61]  
2011 Pegasus 2 5.85 57 51 123 6 10 1 -43.47 172.76 2 Ristau et al. (2013) [61] Beavan et al. (2012) [53] 
2013 Cook Strait 6.58 234 75 164 13 12 7 -41.63 174.31 2 Holden et al. (2013) [62] Hamling et al. (2014) [63] 
2013 Lake Grassmere 6.60 234 74 168 18 18 1.5 -41.72 174.18 1 Hamling et al. (2014) [63] Holden et al. (2013) [62], Kaneko et al. (2016) [64] 
2014 Eketahuna 6.31 213 56 247 8 10 32 -40.61 175.83 2 Holden (unpublished)  
2016 Christchurch Valentines 5.76 58 72 156 5 9 4 -43.47 172.78 2 Kaiser et al. (2016) [65] seismic Kaiser et al. (2016) [65] geodetic 
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MODELS OF RUPTURE SURFACES 

Published source models 

For large earthquakes, defining the rupture surface is important 
for deriving source-to-site distance metrics. While moment 
tensor solutions define the focal mechanism with two possible 
orthogonal fault planes, the orientation and size of the true 
rupture area needs to be determined using other methods. The 
fault geometry and orientation can be obtained from observed 
surface rupture, by inverting for the co-seismic slip distribution 
using either seismic or geodetic data, or by observing 
aftershock distributions.  

Three earthquakes in the database have observed, onshore, 
surface ruptures: the 1968 Inangahua earthquake, 1987 
Edgecumbe earthquake and the 2010 Darfield earthquake. Both 
the Edgecumbe and Darfield events had complex geometries, 
with the Edgecumbe earthquake having eleven observed 
segments rupturing the ground surface [38], and the Darfield 
earthquake having three distinct right-lateral segments in the 
surface rupture [66]. In the Inangahua event, surface rupture 
was observed in numerous locations, and the event had a 
complex source-time function, which also suggests multi-
segment rupture [36].  

Twelve earthquakes have co-seismic slip distributions, 
determined either by inverting seismic waveform or geodetic 
data, or both. For the cases where more than one model of the 
slip distribution was available, the merits of alternative models 
were examined in detail before the selection of a preferred 
model. For earthquakes where a preferred co-seismic slip 
distribution model is available, a web repository of the slip 
distribution files has been created at 
info.geonet.org.nz/x/TQAdAQ. All of the rupture models are 
provided in a common file format. Although the Inangahua and 
Edgecumbe earthquakes also have slip models determined from 
geodetic data [36, 38], these are not well constrained by data 
and hence are not provided on the web repository. 

Fifteen earthquakes have fault dimensions that have been 
approximated from aftershock distributions. These approximate 
dimensions have been extracted from special studies, which are 
indicated in the references in Table 1.  

To summarise, a total of 30 earthquakes in the New Zealand 
Strong Motion Database have either a published slip model, or 
published fault geometry. Table 1 shows the following 
variables from these events: strike angle; dip angle; rake angle; 
depth to the top of rupture (ZTOR); fault length (L); fault width 
(W); the top centre latitude; and, the top centre longitude. 
However, due to the multi-segment ruptures of the Edgecumbe 
and Darfield earthquakes, no length, width, or top centre co-
ordinates are given for these events, and the strike, dip and rake 
angle correspond only to the dominant fault segment. For the 
complex rupture of the 13 June 2011 Christchurch earthquake 
[60], no fault dimensions are given. The full source models for 
these events can instead be found at the web repository. 

Inferred fault geometries 

In addition to the 30 earthquakes with ‘known’ fault plane 
orientations and dimensions, we have indicated a preferred fault 
orientation for 57 other events. These preferred orientations are 
mostly for earthquakes that were deemed to have occurred on a 
subduction interface, as well as events where a given fault plane 
orientation is preferred based on regional tectonics. For the 
remaining events, no preferred fault orientations are indicated.  

For the events where the fault dimensions are unavailable, 
indicative fault geometries have also been provided. First-order 
estimates of fault dimensions are inferred from M0 and an 

assumed value for the stress drop Ds, using the relation of 
Eshelby (1957) [67], for the case of a circular crack in a 
homogeneous, elastic, Poissonian medium with uniform stress 
drop: 

r = 7
16

M0

Δσ

1
3 																																																																(2) 

where r is the source radius. M0 values are available for all 
events, but Ds values are difficult to determine and 
observational studies tend to exhibit very large variability. In 
this study, average Ds values for various tectonic settings have 
been used in equation (2). The stress drop for each earthquake 
may differ significantly from this value, hence the purpose of 
the following values are only to provide a first-order estimate 
of the source dimension. For crustal events, a value of 5 MPa 
has been adopted, which is an average value for events in 
Canterbury [68], the Edgecumbe earthquake [69] and 
aftershocks of the Arthur’s Pass earthquake [70]. The same 5 
MPa value is adopted for subduction slab events, based on the 
observations of Hikurangi slab events by Reyners et al. (2010) 
[37], although recent work using an different method shows that 
stress drops for events around the Hikurangi Margin may 
average around 10 MPa [71]. For subduction interface events, a 
value of 2 MPa has been adopted, which is an average value 
determined for global subduction interface earthquakes [72]. 
For all of the events with inferred fault geometries, the 
hypocentre is assumed to be located in the centre of the fault 
plane. 

DISTANCE METRICS 

In addition to focal depth (h), epicentral distance (Repi) and 
hypocentral distance (Rhyp), the following finite-fault distance 
metrics are provided in this database: 

• The rupture distance, Rrup, defined as the shortest Cartesian 
distance between the recording site and the modelled fault. 

• The Joyner-Boore distance, Rjb, defined as the distance 
between the recording site and the surface projection of the 
ruptured area. 

• A hanging wall variable, Rx, defined as the station distance 
perpendicular to the fault strike from the surface projection 
of the up-dip edge of the fault plane. 

• A second hanging wall variable, Ry, defined as the station 
distance parallel to the fault strike from the midpoint of the 
surface projection of the up-dip edge of the fault plane. 

• The depth to the top of the rupture, ZTOR. 

Schematic examples of Rx, Ry and ZTOR are shown in Figure 8. 
This figure is adapted from Chiou and Youngs (2008) [73]. For 
the 12 earthquakes with an available co-seismic slip 
distribution, the rupture areas are trimmed such that the model 
only includes areas with more than 50 cm of slip. The finite-
fault distance metrics are then calculated from the trimmed fault 
plane. This is the same procedure that was adopted for the 
NGA-West2 database [15], and its purpose is to acknowledge 
that patches with little slip are unlikely to radiate large 
quantities of energy. For the 1968 Inangahua and 1987 
Edgecumbe earthquakes, finite fault distances are calculated 
relative to published single-segment geodetic source models 
[36, 38], although there is considerable uncertainty in these 
values. Dowrick and Sritharan [74] calculated Rrup for 
Inangahua earthquake records relative to the geodetic slip 
model, and while their exact values could not be reproduced in 
this study, the Rrup values calculated in this study are mostly 
within 1-2 km.  

For events where no preferred fault plane is available, the Rrup 
and Rjb values are taken as the average distances from the two 



 

 

orthogonal fault planes, determined using the circular crack 
models described earlier. However for these events, no Rx and 
Ry values are provided. For the earthquakes with ruptures 
consisting of multiple segments, Rx and Ry are calculated 
relative to closest segment. A comparison of the finite fault 
distances Rrup and Rjb to the hypocentral and epicentral distances 
respectively is shown in Figures 9a and 9b. Note that 
occasionally, Rjb is greater than Repi. This is an illustration of 
the uncertainty in earthquake location, where the inverted slip 
distribution is in a different location to the preferred 
hypocentre. The Mw – Rrup distribution of the records in the 
database is shown in Figure 10. 

The final distance measure provided in the database is the 
volcanic path distance, Rvol, which is a variable that has 
traditionally been included in New Zealand ground motion 
models. To define the boundary for the Taupo Volcanic Zone 
(TVZ), the ‘whole TVZ’ model of Wilson et al. (1995) [75] was 
used, based on the recommendations of Cousins et al. (1999) 
[76]. Due to uncertainties in the depth extent for the whole TVZ 
model, this variable is only provided for events with focal 
depths less than 40 km, and is set to zero otherwise.  

The provided distance measures are likely to be the most 
uncertain variables in the database. Absolute earthquake 
locations still tend to carry a lot of uncertainty, although the 
New Zealand velocity models, seismometer station spacings 
and the earthquake location methods are continually improving. 
It is difficult to provide meaningful statistical uncertainty 
measures for the distance variables, due to the problem of 
quantifying uncertainties in the velocity model. Hence no 
indications of distance uncertainty have been provided as part 
of this database. The distance uncertainties should be 
considered when analysing this database. 

RECORD PROCESSING 

In addition to calculating metadata related to the source and 
wave-propagation path, a database of uniformly-processed 
recordings has been developed. This is generally the most 
challenging task of database development, primarily due to the 
sheer volume of strong-motion accelerometric data currently 
available, and its highly variable quality. At the time of writing, 
the GeoNet strong-motion catalogue consists of nearly 70,000 
recordings, beginning in 1966. In this study, strong motion 
recordings from this catalogue have been visually examined to 
remove low-quality recordings, and individually processed to 
remove any noise that is contaminating the signals. This 
analysis results in a database of 4,148 high-quality New 
Zealand strong-motion recordings. 

The majority of the records have been collected since the 
introduction of GeoNet in 2001, as illustrated in Figure 11. 
While there were many significant events between 1968 and 
2001, they tend to be poorly recorded due to the sparse network 
during this time period, and the lower quality of instruments. 
More than half of the data are recorded on the now-obsolete 
Etna instruments (Figure 12). The Basalt, EpiSensor and CUSP 
instruments collectively contribute around 35% of the 
recordings, and the remaining data are from older models 
operated prior to the introduction of GeoNet. 

The processing of the records for the New Zealand Strong 
Motion Database differs from standard GeoNet processing [77]. 
The flowchart in Figure 13 summarises the differences between 
the two methods. Both methods take a ‘Volume 1’ recording as 
the input, which is the terminology for a digitised, uncorrected 
acceleration recording, and output a ‘Volume 2’, corrected 
recording. This terminology was introduced in the 1970s from 
Caltech data processing [78, 79]. While the Volume 1 records 
are usually referred to as ‘uncorrected’, in reality some process-

Figure 9:  Comparison of finite fault distance metrics to point-source metrics, (left) rupture distance Rrup against hypocentral 
distance Rhyp, and (right) Joyner-Boore distance Rjb against epicentral distance Repi. Values of Rjb = 0 km (representing 

stations situated directly on top of the rupture plane) are shown at 0.1 km, to enable plotting on a log scale. 

Figure 8:  Schematic example showing calculation of 
variables Rx, Ry and ZTOR (adapted from Chiou and Youngs, 

2008) 
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ing has been applied to these records. To obtain Volume 1 data, 
any baseline shifts in the raw accelerograms are removed and, 
where necessary, the data are converted to units of acceleration 
(mm/s2) by removing the static sensitivity values. As part of the 
New Zealand Strong Motion Database project, the processing 
from raw accelerograms to Volume 1 files was not changed, but 
each step of the standard GeoNet Volume 1 to Volume 2 
procedure was reviewed and tested. Findings of the reviews and 
descriptions of the changes from the standard GeoNet 
processing are detailed in the remainder of this section. 

Removal of mean 

The first alteration to the standard GeoNet processing is with 
the mean-removal procedure, which currently removes the 

mean of the entire acceleration trace. This has now been 
changed to allow selection of pre-event windows, if available, 
from which the trace mean is removed. The reason for this 
alteration is to ensure the velocity and displacement traces start 
at approximately zero, and to retain the asymmetric character of 
some near-fault acceleration signals (e.g. one-sided velocity 
pulses). 

Zero padding 

The standard GeoNet processing uses an acausal (zero-phase) 
filter to remove low-frequency noise, and the use of acausal 
filters result in long filter transients appearing in the time 
domain. The duration of the filter transient depends on the 
sharpness of the high-pass filter’s frequency response. Before 
using acausal filters, acceleration signals must be zero-padded 
in the time domain to account for the filter transient, to ensure 
correct computation of velocity and displacement waveforms. 
For the standard GeoNet processing, Hodder (1983) [77] adds 
five seconds to the start and end of all processed time-series (i.e. 
a total of ten seconds). Converse & Brady (1992) [80] and 
Boore (2005) [81] suggest that the length of zero-padding 
should equal 

c
zpad f

nrollT 5.1
= ,     (3)

 

where Tzpad is the zero-pad length in seconds, nroll is the filter 
roll-off parameter of a Butterworth filter (equal to half of the 
filter order) and fc is the filter high-pass corner. Boore (2005) 
[81] also suggests that the zero pads should be retained in the 
processed Volume 2 files, for the distributed acceleration, 
velocity and displacement time-series to be compatible. For 
some strong-motion recordings, equation (3) leads to very long 
pre-event zero pads (e.g. nroll = 1, fc = 0.02 Hz, and Tzpad = 75 
seconds), which greatly increases the data storage requirements 
if all of the zero pads are to be retained. However, it was found 
that the GeoNet procedure, which retains a fixed ten seconds of 
the padded portion of the time-series, is sufficient for 
displacement time-series to be satisfactorily recovered from the 
partially pad-stripped accelerations, even when fc = 0.02 Hz. 
Therefore, no modifications to this standard GeoNet processing 
step have been made for the New Zealand Strong Motion 
Database, and ten seconds of the padded time-series are 
included in the Volume 2 files. 

High-pass filtering 

For routine strong-motion data processing, GeoNet uses a 
sinusoidal transition filter, which requires the selection of a 
transition band for the frequency response function to decay 
from unity to zero. The frequency response of the high-pass 
filter is as follows: 
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where fI and fT are the filter initiation and termination 
frequencies respectively. All Volume 2 data distributed by 
GeoNet use a default transition band of 0.10-0.25 Hz for the 
high-pass filter, which is recommended by Hodder (1983) [77] 
as a trade-off between retaining useful information and 
minimising the impulse response of the filter. However, many 
large magnitude earthquakes in the New Zealand Strong Motion 
Database have significant low-frequency energy beneath this 
frequency band e.g. less than 0.10 Hz, which forces the high-
pass filter to have a narrower transition band. Figure 14 shows

Figure 12: Proportion of recordings corresponding to each 
instrument type (excluding scratch plate data). Details of 

each instrument type can be found on the GeoNet website. 

Figure 11: Number of high-quality strong-motion 
recordings in the New Zealand catalogue, against time. 

 

Figure 10:  Magnitude-distance distribution of the 
recordings in the database. 



 

 

 

Figure 13:  (Left) Summary of the standard GeoNet processing procedure (Hodder, 1983), and (right) summary of the New 
Zealand Strong Motion Database procedure. 

 

the acceleration, velocity, and displacement impulse response 
of the sinusoidal transition filter for different transition bands, 
and compares this with the impulse response of a two-pole, two-
pass Butterworth filter. While the sinusoidal transition filter 
performs well for the 0.10-0.25 Hz band, the duration of the 
displacement impulse response is much longer for the narrower 
transition band of 0.01-0.04 Hz. The two-pass, two-pole 
Butterworth filter has a slightly shorter impulse response than 
the sinusoidal transition filter. A further advantage of the 
Butterworth filter is that it is simple to control the shape of the 
filter, but the sinusoidal transition filter requires interpolation 
in log space if a preferred logarithmic fall-off rate is to be 
obtained. For these reasons, the Butterworth filter is adopted for 

high-pass filtering this collection of New Zealand strong motion 
data. 

The frequency response of an acausal Butterworth filter is 
expressed by the following equation 

n
c

n
c
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+
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where n is the order of the filter. Figure 15 plots the frequency 
response of the Butterworth high-pass filter compared to the 
sinusoidal transition filter of Hodder (1983) [77]. 
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Figure 14 – (Left) Comparison of the impulse response of a high-pass, sinusoidal filter with a 0.10-0.25 Hz transition band and a 
two-pass, two-pole, acausal, Butterworth high-pass filter with a corner frequency of 0.25 Hz. (Right) Same as left, but with a 

sinusoidal transition band of 0.01-0.04 Hz and Butterworth corner frequency of 0.04 Hz. 

 

As noted by Ancheta et al. (2014) [15], an acausal Butterworth 
filter significantly reduces Fourier amplitudes at the filter 
corner (gain of -6 dB), and they suggest the minimum usable 
frequency for the data is where the frequency response of the 
filter is -1/2 dB. Adopting this criterion for the two-pass, two-
pole acausal Butterworth high-pass filter used for the New 
Zealand database, the minimum usable frequency is 1.7 times 
the filter corner.  

Separate filter corner frequencies are chosen for the vertical 
components of recordings in the database, but the same filter 
corner has been chosen for the two horizontal components, to 
ensure simple and robust calculation of average horizontal 
response spectra. 

Decimation 

Another feature of the standard GeoNet procedure is the 
decimation of recordings down to 50 Hz, then low-pass filtering 
in the 24.5-25.5 Hz transition band. The original purpose of the 

decimation was to reduce the data storage requirements, which 
was a problem at the time the procedure was developed but is 
less of an issue in the present day. In many cases, the removal 
of high-frequency information through decimation or low-pass 
filtering tends to have little influence on high-frequency 
pseudo-spectral acceleration values. This is because path and 
site attenuation usually removes the majority of high-frequency 
energy [82], and the amplitudes of high-frequency spectral 
accelerations are usually controlled by lower-frequency energy. 
However, Grazier (2012) [83] uses the GeoNet standard 
processing procedure to show that decimation and over-filtering 
of high-frequencies can result in the loss of critical information 
that affects high-frequency pseudo-spectral acceleration (PSA) 
values, and as a result the peak ground acceleration (PGA) can 
be erroneously reduced by up to 33%. In light of this work, 
recordings in the New Zealand Strong Motion Database are no 
longer decimated, and low-pass filter corners are selected on a 
record-by-record basis. 



 

 

 

Low-pass filtering 

The sinusoidal transition filter of Hodder (1983) [77] is 
preferred to a Butterworth filter for low-pass filtering. As the 
New Zealand strong motion waveform database has the dual 
purpose of providing both acceleration response spectra and 
Fourier amplitude spectra of acceleration, the objective is to 
remove high-frequency noise (to prevent adverse effects on 
high-frequency response spectral accelerations), while 
distorting the Fourier amplitudes as little as possible. The 
sinusoidal transition filter, with a transition bandwidth of 1 Hz, 
causes no observable ringing or rippling in the time and 
frequency domains of the signal respectively, and allows the 
usable bandwidth of the Fourier spectrum to extend up to the 
initiation frequency of the filter. The steeper decay of the 
sinusoidal transition filter, and the ease at which the maximum 
usable frequency can be defined, are attractive features of the 
sinusoidal filter that make it preferable to the Butterworth filter. 

Baseline correction 

No baseline corrections are applied in the standard GeoNet 
processing procedure, with any distortions and offsets of the 
baseline being removed by the low-pass filtering. This method 
removes any evidence of permanent ground displacement in the 
signal, which arises from the fling-step effect. Boore (2001) 
[84] showed that it is difficult to find a baseline-correction 
procedure that can accurately recover the residual 
displacement, but found that acceleration and displacement 
response spectra are relatively insensitive to the type of baseline 
correction for oscillator frequencies less than 0.05 Hz. Figure 
16 shows how the processing of signals with fling effects can 
affect the displacement time-history and acceleration response 
spectrum, for the DFHS recording from the 2010 Darfield 
earthquake. While the peak ground displacement (PGD) is a 
factor of three larger for the baseline-corrected recording than 
when the baseline offsets are removed by high-pass filtering, 
there is little influence on the acceleration response spectrum 
for frequencies greater than 0.04 Hz. 

Burks & Baker (2014) [85] further investigated the effect of the 
signal processing of fling-step ground motions, and showed that 
the ‘collapse capacity’ of a nonlinear SDOF (single degree of 
freedom) system with a fundamental frequency of 0.33 Hz is 
not significantly affected by the signal processing (i.e. high-
pass filtering or baseline correction). This indicates that the 
dynamic effects of fling may be preserved even if static offsets 

are removed by filtering. Despite these results, it is still unclear 
whether the static offsets will affect structures with lower 
fundamental frequencies than 0.33 Hz e.g. base-isolated 
structures. In order to provide the most realistic ground-motion 
time-series possible for future engineering purposes, efforts 
have been made to preserve static offsets in the New Zealand 
Strong Motion Database through baseline correction.  

Unfortunately, a significant problem with baseline correction is 
subjectivity. Removing the baseline is effectively applying a 
high-pass filter to the data, and can be performed using a variety 
of different schemes, each of which represents a filter with 
different frequency response characteristics. As the cause of 
baseline offsets cannot be determined in many circumstances, 
there is no universally-accepted procedure for baseline 
correction. For the New Zealand Strong Motion Database, 
filtering is generally preferred over baseline-corrections, except 
where filtering results in loss of useful signal information, or 
leads to unrealistic response characteristics. For example, near-
source recordings from the 2010 Darfield earthquake contain 
significant long-period energy down to 0.01 Hz. Rather than 
applying a high-pass filter with a corner frequency of 0.01 Hz, 
which results in large filter transients in the time-domain, the 
record-specific baseline-correction procedure described in 
Boore (2001) [84] was applied. While this scheme results in 
broadly similar permanent displacements to geodetic 
observations [86], the residual displacement of the baseline-
corrected signal may not always be reliable, as the apparent 
static offsets may be caused by instrument errors or tilts, rather 
than by tectonic processes [87]. 

Comparison between New Zealand and PEER processing 

The procedure used to process the New Zealand database is 
slightly different from international processing routines. To 
compare the New Zealand database processing with that of the 
Pacific Earthquake Engineering Research (PEER) Center, 
response spectra from the 2010 Darfield and 2011 Christchurch 
earthquakes are examined. Recordings from these earthquakes 
were processed independently for the New Zealand Strong 
Motion Database and the NGA-West2 database [15], and 
therefore a direct comparison can be made between the two 
procedures. For 111 records from these two events, the ratios of 
response spectra calculated using the two routines are shown in 
Figure 17.  

The response spectra calculated by the two different procedures 
are broadly similar. For 90% of the recordings, the differences 
in spectral accelerations are mostly within 10%. For a small 
number of recordings, significantly different choices of high-
pass filter corners have resulted in large differences between the 
processing techniques at low oscillator frequencies. These 
recordings were identified and re-examined, but the original 
filter corners chosen for the New Zealand database were 
retained.  

For other recordings, the New Zealand processing gives 15-
20% higher spectral accelerations at oscillator frequencies 
around 10-20 Hz. The recordings with this discrepancy are all 
rock sites in the New Zealand National Seismograph Network 
with 50 Hz sampling rates. The PEER procedure uses a 
Butterworth filter for low-pass filtering, which has a more 
gradual roll-off than the sinusoidal-transition filter used for the 
New Zealand database. Rock-site recordings tend to have more 
high-frequency energy contributing to spectral accelerations at 
high oscillator frequencies. It is likely that the PEER filter is 
unintentionally removing some of this high-frequency energy, 
resulting in lower spectral accelerations. Overall, any 
differences in spectral accelerations as a result of the different 
processing procedures are considered minor. 

Figure 15: Frequency response of the two-pass, two-pole 
Butterworth high-pass filter with fc = 0.04 Hz, and 

sinusoidal transition high-pass filters with a transition band 
between 0.01 and 0.04 Hz. 
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Figure 16: The effect of filtering and baseline correction on the displacement time-histories (left) from the DFHS recording from 

the 2010 Darfield earthquake, and (right) RotD50 acceleration response spectra. In this case, a simplified baseline correction 
procedure is used, by removing a straight line fit between the first and last points of the velocity trace. 

 

 

 

 

 

VISUAL REVIEWS OF RECORDINGS 

Data screening 

For each three-component recording, the acceleration, velocity 
and displacement time-series and Fourier amplitude spectra of 
acceleration were visually examined for quality. Records were 
discarded if there were problems with the waveforms e.g. 
glitched signals or clipping. Excessively noisy signals were 
discarded such that the maximum permissible high-pass filter 
corner was 1 Hz and the minimum permissible low-pass filter 
initiation frequency was 10 Hz.  

Records were also discarded if part of the signal was missing, 
such that the maximum motions were likely to have been 
missing. This occurs frequently for older events in the database, 
particularly where the recording instrument triggered on the S-
wave arrival, rather than the P-wave arrival. For these records, 
the horizontal components were only retained if the largest 
signal amplitudes were likely to be captured by the remaining 
S-wave, coda and surface-wave portion of the signal. However, 
the vertical component was always removed for late-triggered 

recordings, as the largest signal amplitudes for vertical traces 
can occur in the vicinity of the P-wave arrival. 

In addition, several near-source recordings from the Canterbury 
earthquake sequence were removed if they were from a site 
where surface liquefaction was observed (as indicated on the 
liquefaction maps of [88]), as liquefaction is not an effect that 
is typically considered in ground motion modelling. Those 
interested in examining these data can obtain the records from 
GeoNet’s standard strong motion data repository 
(ftp.geonet.org.nz/strong/processed/Proc). 

In some cases, the vertical trace was discarded due to poor 
quality, but the horizontal components could be retained. If one 
of the two horizontal components was deemed to be of poor 
quality, both horizontal components were discarded. This was 
to ensure that orientation-independent horizontal spectral 
accelerations could be calculated for all records in the database. 
This has resulted in a different number of horizontal response 
spectra than vertical response spectra in the database (4,148 vs 
3,596 respectively). 

Selection of high-pass filter corners 

To select the high-pass filter corner, first the Fourier amplitude 
spectra of acceleration (FAS) are plotted for all three 
components of the signal. To determine where the noise level 
exceeds the signal at low frequencies, a line that is consistent 
with increasing proportional to f2 is plotted through the point 
corresponding to the maximum of the filtered displacement 
spectrum. If the low-frequency spectrum is increasing at a 
shallower rate than this line, it may be an indication that noise 
is contaminating the earthquake signal at these frequencies. 
This procedure [89] ensures that the peak spectral 
displacements of the processed record are not produced by 
long-period noise, which is indicated by a flat low-frequency 
portion in the unfiltered Fourier amplitude spectrum of 
acceleration (e.g. the portion of the spectrum in Figure 18 at 
frequencies lower than about 0.02 Hz).  A low-frequency shape 
of the FAS of acceleration proportional to f2 is also consistent 
with the Brune (1970) model of the far-field source spectrum, 
for frequencies lower than the corner frequency, fc.  

An example of the selection of a high-pass filter corner, fHP, is 
shown in Figure 18. Using the chosen filter parameters, the final 
acceleration, velocity and displacement time-series were then 
reviewed for problems, such as long-period noise in the 

Figure 17: 5%-damped spectral acceleration ratio (New 
Zealand processing divided by the PEER NGA-West2 

database processing) against oscillator frequency for 111 
recordings from the Darfield and Christchurch earthquakes 



 

 

displacements, or if the velocities and displacements appear 
unphysical. Figure 19 compares the unfiltered and filtered 
acceleration, velocity and displacement time-series for the 
recording shown in Figure 18. 

For a large number of records in the database, the selected high-
pass filter corner frequency may be higher than the source 
corner frequency. Figure 20 shows the chosen filter corners 
against magnitude, along with the Brune (1970) [90] source 
corner frequency assuming two alternative values for stress 
parameter Δσ = 1 and 5 MPa. The latter value is the average 
stress parameter determined for the Canterbury earthquakes 
dataset by Oth and Kaiser (2014) [68]. While Akkar and 
Bommer (2006) [91] recommend discarding recordings with 
the high-pass filter frequency greater than the source corner 
frequency, this criterion is difficult to enforce given that the 

stress parameter is unknown for most events, and varies 
strongly between events. For this reason, the records have been 
retained in the database, however researchers using this 
database should consider how this issue will affect their 
analysis. 

Selection of low-pass filter parameters 

The selection of the low-pass filter parameters tends to be more 
straight-forward than the high-pass filter. High-frequency 
Fourier amplitudes of earthquake signals tend to decay 
exponentially because of path and site attenuation (modelled by 
Q and κ0 respectively), hence it is generally very clear where 
the exponential decay of the signal amplitudes become flat 
when the signal decreases beneath the amplitudes of the noise 
level. The low-pass sinusoidal transition filter requires the 
selection of an initiation frequency, fI, and a termination 
frequency, fT. For the New Zealand database, the transition 
bandwidth was fixed at 1 Hz, following Hodder (1983) [77]. 
Figure 18 shows an example of how fI is chosen. 

Flagging potentially problematic recordings 

Recordings with known, strong, source effects, such as 
directivity or fling steps, have been identified and flagged.  
There are two reasons for this flag: 1) these records may need 
to be treated separately in ground-motion prediction equations; 
and 2) it allows records exhibiting velocity pulses to be easily 
identified for ground-motion selection in the time-domain 
analysis of structures. For recordings in the Canterbury 
earthquake sequence, this flag has already been calculated by 
Joshi (2013) [92], using the pulse identification algorithm of 
Shahi & Baker (2014) [93] in conjunction with manual 
interpretation of the results. However, for the remainder of the 
dataset, this has yet to be analysed and hence all other records 
are flagged as ‘neutral directivity’. It is expected that a more 
complete representation of recordings in New Zealand that 
exhibit characteristic near-fault effects will become available in 
the future. 

Records with a late trigger have also been flagged. These 
records have been interpreted to contain the maximum motions 
that occurred at the site (i.e. the horizontal response spectra are 
considered valid), but other researchers or practitioners may 
prefer to exclude these records from their analyses. 

Figure 18:  Example of high-pass and low-pass filter 
selection for the WDFS recording from the Mw6.6 Cook 
Strait earthquake in July 2013, showing the unfiltered 

Fourier amplitude spectrum of acceleration. 

 

Figure 20:  The high-pass Butterworth filter corner 
frequencies that have been selected for horizontal 

recordings in the database, compared with the theoretical 
Brune (1970) source corner frequency assuming stress 

parameters of 1 and 5 MPa. 

Figure 19:  Comparison of unfiltered (Volume 1) and 
filtered (Volume 2) acceleration, velocity and displacement 

traces for the WDFS recording (S15E component) from 
the Mw6.6 Cook Strait earthquake in July 2013, using the 
filter parameters shown in Figure 18. Time starts at -5 s 

due to zero-padding of the Volume 1 waveforms. 
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CALCULATION OF RESPONSE SPECTRAL 
ORDINATES 

Many previous ground motion models adopt the geometric 
mean spectral acceleration of two horizontal components to 
represent the average horizontal ground motion intensity, 
however this measure depends on the as-recorded sensor 
orientations. The New Zealand Strong Motion Database instead 
provides orientation-independent RotDnn response spectra 
[94], where ‘Rot’ signifies that the horizontal time-series are 
rotated between 0 and 180˚, where for any rotation angle θ and 
as-recorded horizontal components a1(t) and a2(t), 

)sin()()cos()(),( 21 qqq tatataROT +=  , (6)
 

the ‘nn’ denotes the fractile of the spectra (i.e. nn = 50 is the 
median, and nn = 100 is the maximum) and the ‘D’ indicates 
that the rotations are specific to each oscillator period. The New 
Zealand Strong Motion Database provides RotD50 and 
RotD100 (i.e. average horizontal and maximum horizontal 
respectively) acceleration response spectra for 1, 2, 3, 5, 7, 10, 
15, 20, 25, 30 and 40% oscillator damping. The response 
spectra have been calculated by evaluating Duhamel’s integral 
at 22 frequencies between 0.1 and 100 Hz.  

The minimum usable frequency of the response spectra is 
defined as 1.7 times the high-pass filter corner. The maximum 
usable frequency is more difficult to determine, as the low-pass 
filter of this study is much steeper than the likely high-
frequency shape of the earthquake Fourier spectrum. While 
Douglas & Boore (2011) [82] find that accurate response 
spectra can be obtained up to 100 Hz regardless of the low-pass 
filtering, this largely depends on the characteristics of the 
recording. For example, a rock recording with a low rate of 
decay of the high frequencies may still have significant energy 
at frequencies above the low-pass filter frequency, and this can 
have a large effect on the high-frequency response spectral 
ordinates. Akkar et al. (2011) [95] opted to discard records 
where the filtered spectral acceleration differed by more than 
10% from the unfiltered spectral acceleration, however this 
criterion is difficult to apply to many older recordings in the 
New Zealand database, which have a Nyquist frequency of 25 
Hz. Rather than discarding potentially informative recordings, 
this study adopts the approach of Ancheta et al. (2014) [15], 
where it is assumed that the high-frequency filtering has a 
negligible effect on the high-frequency spectral accelerations 
and PGA, and the maximum usable frequency is 100 Hz. The 
left frame of Figure 21 plots the number of usable pseudo-
spectral acceleration values against oscillator frequency.  

Only RotD50 and RotD100 response spectra are provided in the 
database. For some applications, it may be of research interest 
to calculate the fault-normal and fault-parallel acceleration 
response spectra. However, large earthquakes often have 
complex geometries with ruptures on multiple faults (for 
example the 2010 Darfield and June 2011 Christchurch 
earthquakes [60]), and this complicates the definition of fault-
normal and fault-parallel directions. For this reason, these 
spectra are not provided as part of this database, however 
interested researchers may calculate response spectra at any 
desired orientation from the processed time-series. 

CALCULATION OF FOURIER SPECTRAL 
ORDINATES 

Fourier amplitude spectra (FAS) of acceleration, calculated 
from the whole time-series using the Cooley-Tukey Fast 
Fourier Transform algorithm [96], are also supplied as part of 
the New Zealand Strong Motion Database. It is preferable for 
Fourier amplitudes to be calculated at the same frequency steps 
for all recordings, and to achieve this, a constant signal duration 
is necessary. The majority of records in the database have 50, 
100 or 200 Hz sampling rates (time-steps of 0.02, 0.01 and 
0.005 s respectively) for which it is simple obtain a common 
duration. These records are zero-padded to long durations, such 
that the number of data points for recordings sampled at 50, 100 
and 200 Hz is 216, 217 and 218 respectively. In this case, the 
common duration is 1310.72 s. One station in the database, a 
Global Seismograph Network station in South Karori (GeoNet 
station code SNZO), samples at 80 Hz. For recordings from this 
station, the common duration is 204.8 s and 214 samples. To 
downsample the calculated Fourier amplitude spectra to a more 
manageable number of data points, the FAS are smoothed to 
100 equally-spaced points per decade on a log scale between 
0.1 and 100 Hz, using a Konno & Ohmachi (1998) [97] filter 
with a b-value equal to 40. 

Different variants of the average horizontal component are 
provided. For many applications, the ‘geometric mean’ 
horizontal FAS will be most appropriate. However, other 
analysts may prefer to use an orientation-independent averaging 
of the horizontal components. For this purpose, the quadratic 
mean spectrum of the two horizontal components is also 
provided, i.e. 

( )22
2

1 )()(
2
1)( fYfYfYqm +=

 
,                          (7) 

 

 
Figure 21:  (Left) Total number of available horizontal (dark lines) and vertical (light lines) spectral acceleration values at each 
oscillator frequency, and (right) same as left, but for the number of usable Fourier amplitudes against frequency for horizontal 

and vertical spectra. 



 

 

where Y1(f) and Y2(f) are the Fourier amplitude spectra of the 
two as-recorded horizontal components, and Yqm is the 
quadratic mean spectrum. For these spectra, the smoothing is 
performed on the energy spectral density (square of the FAS). 
An example of smoothed and unsmoothed Fourier amplitude 
spectra for a recording in the New Zealand database is shown 
in Figure 22. The right frame of Figure 21 shows the number of 
usable Fourier amplitudes of acceleration against frequency. 

Similar to the response spectral database, some researchers may 
be interested in analysing Fourier amplitude spectra at a given 
horizontal orientation, or may be interested in analysing the 
phase spectrum. As processed time-series are distributed as part 
of the New Zealand Strong Motion Database, Fourier spectra at 
any rotation angle can be calculated from the orthogonal 
horizontal time-series. 

SCRATCH PLATE DATA 

In addition to the response and Fourier spectra, scratch plate 
data are provided for the 1968 Inangahua and 1987 Edgecumbe 
earthquakes. As the original records could not be easily located, 
RotD50 values are not determined. Instead, only geometric 
mean and RotD100 PGA values are calculated, using the data 
given in Dowrick & Sritharan (1993) [74] and Cousins et al. 
(1988) [98]. 

ACCELEROGRAMS FOR STRUCTURAL ANALYSES 

While there are 4,148 recordings in the strong-motion database, 
not all of these records are suitable for time-domain analysis of 
structures. A key consideration for the selection of 
accelerograms, which is often neglected in practice, is the high-
pass filtering. For structures that are sensitive to low 
frequencies, it is important that the records also contain useful 
information at low frequencies. It is recommended that only 
records where the lowest usable frequency is less than or equal 
to 0.1 Hz (i.e. longest usable period greater than or equal to 10 
s) should be used in time-domain structural analysis. 
Additionally, only records of sufficient duration to capture all 
significant body and surface wavetrains should be used. Should 
engineers wish to use New Zealand records for their structural 
analysis, the online webpage includes a list of 598 
accelerograms in the database that are considered usable for 
structural analyses. All of these records, with the record-
specific processing applied, are available from 
http://info.geonet.org.nz/x/TQAdAQ. 

This is not considered a complete list of records that may be 
required for structural analysis, and for large magnitude 
(particularly scenarios representing Hikurangi subduction, 
Alpine Fault and Wellington Fault events, among others), 
accelerograms will need to be gathered from overseas 
catalogues. 

CONCLUSION 

This study has compiled strict and consistent source and path 
metadata from strong New Zealand earthquakes. This 
information is combined with waveform information and site 
metadata [1] into a publicly-available database. This database 
can be considered a source of high-quality New Zealand 
earthquake data, which can be used in seismic hazard and risk 
studies. In particular, it is anticipated that this database will 
have a key role in testing the applicability of overseas strong-
motion seismology research to New Zealand tectonic 
environment (e.g. [99]).  

The standard GeoNet strong-motion processing procedure has 
been modified for the New Zealand Strong Motion Database. 
While the GeoNet procedure performs well for most recordings 
in the database, the modifications have been made to ensure 
every recording is the best possible representation of the 

earthquake ground-motion. In particular, the updated 
processing provides more realistic waveforms for the large-
magnitude, short-distance recordings that are of great 
engineering interest. 

There has been a strong focus on making the database useful for 
a number of different applications. In particular, a subset of the 
provided time-series provided may be used as input for time-
domain analysis of structures, the horizontal and vertical 
response spectral data may be used for ground motion model 
development, ground-motion simulation validation or other 
engineering seismology research, and the Fourier spectra may 
be used in a variety of earthquake seismology studies. It is 
intended to keep this database reasonably up-to-date as large 
events continue to be recorded around the country. In the future, 
our intention is to further update the database with additional 
events and recordings as the relevant data become available, as 
well as adding new variables where possible. 
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Figure 22:  An example of a smoothed Fourier amplitude 
spectrum of acceleration for the CACS recording from the 
13 June 2011 M6 Christchurch earthquake, compared to 

unsmoothed Volume 1 and Volume 2 Fourier spectra. ‘fHP’ 
corresponds to the high-pass filter corner, and dashed 

vertical lines represent the usable frequency range of the 
Fourier spectrum (lower limit corresponding to 1.7 times the 

high-pass filter corner, upper limit corresponding to 
initiation frequency of low-pass filter). 
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ABSTRACT 

An important component of seismic hazard assessment is the prediction of the potential ground motion 
generated by a given earthquake source. In New Zealand seismic hazard studies, it is commonplace for 
analysts to only adopt one or two models for predicting the ground motion, which does not capture the 
epistemic uncertainty associated with the prediction. This study analyses a suite of New Zealand and 
international models against the New Zealand Strong Motion Database, both for New Zealand crustal 
earthquakes and earthquakes in the Hikurangi subduction zone. It is found that, in general, the foreign 
models perform similarly or better with respect to recorded New Zealand data than the models specifically 
derived for New Zealand application. Justification is given for using global models in future seismic hazard 
analysis in New Zealand. Although this article does not provide definitive model weights for future hazard 
analysis, some recommendations and guidance are provided.  

 

 

INTRODUCTION 

Empirical ground-motion models (also known as attenuation 
relations or ground-motion prediction equations) relate 
ground-motion intensity measures that are of interest to the 
engineering and risk communities, such as peak ground 
acceleration (PGA), peak ground velocity (PGV) and spectral 
acceleration (SA), to a set of variables that describe the effects 
of the source, wave propagation path and local site conditions. 
These models are a key ingredient of probabilistic seismic 
hazard assessment (PSHA), and despite the recent rise in 
popularity of simulated ground motions, are currently the most 
accepted way of modelling ground motions within a 
probabilistic framework. Therefore, the performance of 
ground-motion models against New Zealand seismic data is of 
strong interest to seismic hazard and risk assessments.  

There are an ever-increasing number of site-specific PSHA 
studies being undertaken in New Zealand, but very little 
guidance on appropriate ground-motion models that can be 
used in a New Zealand context. It has been common practice 
to only apply New Zealand specific ground-motion models in 
local PSHA studies, despite the availability of numerous 
published models that are deemed suitable for global 
application [1]. Previous seismic hazard studies in New 
Zealand have largely avoided using global models, 
presumably because it was unclear how these models perform 
with respect to recorded data in New Zealand. Instead, hazard 
analysts have preferred to use New Zealand specific ground 
motion models, in case New Zealand earthquakes are in some 
way systematically different from other recorded international 
earthquakes. 

The consequence of this practice is that only a very small 
number of models are available for application. As a result, 
many seismic hazard assessments within New Zealand, even 
today (e.g. [2-4]), are undertaken using a single ground-
motion model. The pitfalls of the single-model approach have 
been known for more than 30 years [5]. As ground-motion 
model parameters cannot be estimated with certainty, 

alternative parametric forms and parameter values must be 
considered. This uncertainty associated with model forms and 
parameters, typically referred to as ‘epistemic uncertainty’ in 
earthquake engineering practice, is a key consideration if the 
estimates of seismic hazard are to be robust. By applying only 
one model, or at most two models, New Zealand seismic 
hazard assessments give little consideration to epistemic 
uncertainty, and hence are falling behind the international state 
of the art. 

The objective of this article is to take a first step towards 
addressing this problem, using the New Zealand Strong 
Motion Database described in this issue [6, 7]. Nine empirical 
ground-motion models are assessed against the New Zealand 
data, and justification is given for using internationally-
derived models in New Zealand PSHA. Additionally, 
recommendations for a ground-motion model logic tree are 
provided, to improve how epistemic uncertainty is managed in 
New Zealand PSHA. 

HISTORY OF EMPIRICAL GROUND MOTION 
MODELLING IN NEW ZEALAND 

This article begins with a summary of previous efforts to 
model the behaviour of ground motions from large New 
Zealand earthquakes. While there have been several hundred 
ground-motion models developed around the world [8], there 
have been surprisingly few developed specifically for use in 
New Zealand. To my knowledge, the first New Zealand model 
for an instrumental ground motion measure was the peak 
ground acceleration (PGA) model of Matuschka (1980) [9]. 
The first response spectral model to have widespread use in 
New Zealand was the Katayama [10, 11] Japanese model, 
modified for New Zealand conditions by Peek (1980) [12], 
Mulholland (1982) [13] and McVerry (1986) [14] to account 
for the frequency response of Japanese strong-motion 
instruments, the apparent lower variability observed in New 
Zealand data, and different rates of path attenuation 
respectively. This modified model was adopted by Matuschka 



 

et al. (1985) [15] in the first response-spectrum based seismic 
hazard model for New Zealand, which was then used for the 
development of the earthquake loadings standard in 
NZS4203:1992 [16].  

The first attempt at deriving a statistical response spectrum 
model using New Zealand data was by Matuschka and Davis 
(1991) [17], although the dataset at the time was far too sparse 
to obtain a robust, well-behaved model. Several years later, 
Zhao et al. (1997) [18] developed the first high quality 
database of New Zealand strong-motion data from 1966-1995, 
supplemented with some short-distance international data, to 
develop a peak ground acceleration (PGA) expression for New 
Zealand crustal and subduction earthquakes. This database 
was expanded by Cousins et al. (1999) [19] with weak-motion 
recordings from the New Zealand National Seismograph 
network, and an alternative PGA equation was developed. It is 
an interesting historical note that the Cousins et al. (1999) 
equation may have been the first published equation 
worldwide to model regional attenuation effects, by including 
a separate term for ray paths within the Taupo volcanic zone. 

A ground-motion model with a long history in recent New 
Zealand seismic hazard assessment is the McVerry et al. 
(2006) [20] model, which provides response spectra and PGA 
predictions for crustal and subduction zone earthquakes. This 
model was derived using the Zhao et al. (1997) dataset, and 
uses the form of the Abrahamson and Silva (1997) [21] model 
as the base for the crustal model, and the Youngs et al. (1997) 
[22] equation as the base for the subduction model. The model 
has been through numerous developmental stages over the 
years. An early prototype was used in the 1998 version of the 
National Seismic Hazard Model [23], before its first 
publication as a brief conference paper in McVerry et al. 
(2000) [24]. The full model was eventually published in 2006, 
in this journal. Since then, there have been three modified or 
alternative models published. The first modification was to 
better model earthquakes from the subducting Pacific plate 
beneath the North Island [25]. A variant of the model was 
presented in McVerry (2011) [26], which allows the site effect 
terms to vary continuously with site period, and finally an 
alternative subduction model was developed to incorporate 
simulated motions from the Hikurangi subduction interface for 
Wellington [27]. A common criticism of the McVerry et al. 
(2006) model is its lack of reproducibility, due to an incorrect 
term in the published equation. In the nonlinear part of the site 
term for Class D sites, the median rock PGA should be the 
median rock spectral acceleration at the spectral period of 
interest (G. McVerry, pers. comm.). This unpublished 
amendment to the equation is available from the author upon 
request.  

A suite of models of the Arias Intensity [28] for New Zealand 
crustal earthquakes was developed by Stafford et al. (2009) 
[29], also using a New Zealand dataset supplemented with 
foreign recordings. Although the Arias Intensity has been 
demonstrated to be well correlated with damage to short-
period structures, it is unclear how often this model is used in 
New Zealand seismic hazard assessment. Additionally, 
Stafford (2006) [30] developed an empirical model for the 
Fourier amplitude spectrum of New Zealand crustal 
earthquakes using the same dataset. 

The most recent model for New Zealand data is that of 
Bradley (2013) [31], for crustal earthquakes. Like the 
McVerry et al. (2006) model, this study considered the New 
Zealand dataset too sparse to directly derive an equation, and 
hence adopted an overseas equation as a base model. The 
model itself is largely the same as the Chiou et al. (2010) [32] 
modification of the Chiou and Youngs (2008) [33] equation, 
with some additional modifications to correct for residual 
biases in small magnitude scaling, class A site response, 
anelastic attenuation in the New Zealand crust, normal faulting 

events and volcanic path attenuation. Due to deficiencies in 
modelling Christchurch data, particularly at long periods, 
Bradley (2015) [34] developed some Christchurch-specific 
modifications for the Bradley (2013) model, to better represent 
systematic source and site effects for various sub-regions 
within and around the city. 

The current published version of the National Seismic Hazard 
Model (NSHM) [2] only utilises the McVerry et al. (2006) 
equations to model the behaviour of ground-motion within 
New Zealand. However, the Canterbury seismic hazard model 
of Gerstenberger et al. (2014) [35] uses versions of both the 
McVerry et al. (2006) and Bradley (2013) models in a logic 
tree framework, with weights on the logic tree branches 
determined by expert elicitation. This logic tree has been 
updated since its 2014 publication, with the branches 
corresponding to the Bradley (2013) model replaced by 
branches with the Bradley (2015) modified model, although 
the branch weights remain unchanged (M. Gerstenberger and 
G. McVerry, pers. comm.). 

CONSIDERED MODELS 

The objective of this article is to assess the performance of 
these New Zealand models, and also to test internationally-
developed models against New Zealand data. Six models for 
shallow crustal events in active regions are considered here, 
hereafter referred to as ‘crustal models’, as well as four 
models for subduction interface and subducted slab events, 
hereafter referred to as ‘subduction zone models’.  

The first two crustal models are the McVerry et al. (2006) and 
Bradley (2013) equations, as these are the primary response 
spectral models currently used in New Zealand seismic hazard 
and risk studies. Four global models from the Next Generation 
Attenuation West2 (NGA-W2) project [36] are also included 
in this comparison, as these four are widely considered to be 
the best ground-motion models currently available for shallow 
crustal earthquakes in tectonically active regions. These 
models are the Abrahamson et al. (2014) [37], Boore et al. 
(2014) [38], Campbell and Bozorgnia (2014) [39] and Chiou 
and Youngs (2014) [40] models. The fifth NGA-W2 model, 
Idriss (2014) [41], is only intended for use at sites with VS30 ≥ 
450 m/s, hence is not considered in this study due to its limited 
range of applicability. 

For subduction zones, the first considered model is the New 
Zealand specific McVerry et al. (2006) equation. Additionally, 
the three subduction zone models recommended for global 
application by Stewart et al. (2015) [1] are also included, 
namely the Abrahamson et al. (2016) [42], Atkinson and 
Boore (2003) [43, 44] and the Zhao et al. (2006) [45] models. 

The considered models are not intended to be an exhaustive 
list of all published equations. The reason for limiting the 
number of models is a practical one, to ensure simple 
implementation across the various open-source PSHA 
software currently available. Additionally, preference was 
given to models that are derived from global datasets, rather 
than from specific, foreign, regional datasets. 

METHOD FOR COMPARISON 

Performance evaluation of models 

There are many ways to test the performance of the six crustal 
and four subduction zone models. In the past decade, 
numerous studies have been undertaken to test the goodness-
of-fit of ground motion models against strong-motion datasets, 
usually by analysing model residuals (observed data minus 
model prediction). For example, Scherbaum et al. (2004) [46] 
analysed the total model residual i.e. 
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where y is a ground-motion variable e.g. the logarithm of the 
peak ground acceleration (PGA), µ(X | β) is the logarithm of 
the model prediction given the predictors X and model 
parameters β, and ε is the total model residual. The Scherbaum 
et al. (2004) study developed a set of criteria for ranking the 
performance of models, which depend on a residual likelihood 
parameter denoted as the LH value, the absolute value of the 
mean and median of the normalised residuals, and the 
normalised residual standard deviations. This approach was 
adopted by Douglas et al. (2006) [47] and Douglas and 
Mohais (2009) [48] to investigate the behaviour of strong-
motion data in the French Antilles, and by Allen and Brillon 
(2015) [49] to evaluate models against data from British 
Columbia. 

This concept was extended by Stafford et al. (2008) [50], to 
account for the fact that most ground-motion models assume 
that the total residual may be partitioned into an event-specific 
component and a record-specific component i.e. 

ijiijijy ehbµ ++= )|(X  ,  (2) 

where ηi is the between-event residual for earthquake i and εij 
is the within-event residual for record j from a given 
earthquake i. In this method, the LH value is calculated for 
both the between-event and within-event residuals. 

Scasserra et al. (2009) [51] introduced a new method to 
examine the performance of global ground-motion models 
against an Italian dataset with respect to the models’ 
magnitude, distance and site effects scaling. Alternatively, 
Allen and Wald (2009) [52] tested ground-motion models 
against a global dataset by analysing residuals against key 
model parameters. 

Around the same time, Scherbaum et al. (2009) [53] 
introduced a new framework for data-driven testing of ground-
motion models, derived from information theory. This 
approach uses a measure known as the Kullback-Leibler (KL) 
divergence, to measure the difference between continuous 
distributions P and Q, denoted as DKL(P||Q). In the context of 
ground motion, recorded observations can be interpreted as 
realisations of a complex process, described by a continuous 
random variable with distribution P. The KL divergence 
represents the loss of information when a ground-motion 
model Q is used to approximate P, and can be represented by 

QEPEQPD PPKL 22 log)(log)||( --=  , (3)
 

in units of bits, where EP is the statistical expectation with 
respect to P. In ground-motion modelling, P is unknown, 
hence the first term in equation (3) cannot be calculated. 
However, given that the objective is to compare different 
ground-motion models against P, this term can be considered a 
constant that cancels out. The second term can be 
approximated by calculating the negative average sample log-
likelihood (LLH), given the observations y, 

å
=

-=-
N

i
iyqN

QLLH
1

2 )]([log1),( y  , (4)
 

where q(y) is the density of Q and i = 1, … , N are the 
samples. Given that ground motion models are derived by 
assuming the logarithm of the spectral acceleration is normally 
distributed,  
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where y̅ is the median model prediction, yi is the sample and σy̅ 
is the model standard deviation. This equation assumes that 
each sample is independent. The advantage of this approach is 
that the output is a distance measure with a reasonably simple 
interpretation, and the method was adopted by Beauval et al. 
(2012) [54], Delavaud et al. (2012) [55], Mousavi et al. (2012) 
[56], Edwards and Douglas (2013) [57] and Haendel et al. 
(2015) [58] to evaluate models against a French, global, 
Iranian, Australian and Chilean dataset respectively.  
Bradley (2013) [31] took the same approach as Allen and 
Wald (2009) to select the Chiou and Youngs (2008) NGA 
equation as the basis for his ground-motion model, but 
avoided using statistical performance parameters for model 
evaluation, with the justification that the strong-motion dataset 
was too sparse. Since that study, a significant amount of large-
magnitude, short-distance data have been recorded from the 
Canterbury and Cook Strait sequences. In this author’s 
opinion, this now enables a data-driven statistical evaluation 
of the performance of published ground-motion models 
against New Zealand data, as presented in later sections of this 
paper. 

To evaluate the performance of the nine considered ground-
motion models against the New Zealand dataset, the methods 
of Allen and Wald (2009) and Scherbaum et al. (2009) are 
adopted. As a first step, the model residuals are calculated and 
analysed with respect to the model predictor. The –LLH value, 
as a proxy for the KL divergence, is subsequently calculated, 
and this information is used to examine the performance of the 
nine ground-motion models compared to New Zealand data. 
The –LLH approach is valid when models are independent of 
the test dataset. This condition is mostly satisfied in this study. 
Some of the older events were used to derive the McVerry et 
al. (2006) model, although the total number of common events 
in the overall test dataset is small. Similarly, the Darfield and 
Christchurch earthquakes were part of the dataset used to 
derive the NGA-W2 models, although these are only two of 
many large magnitude earthquakes used to derive these 
models. 

Consistent measures of horizontal ground motion 

Direct comparison of ground-motion models can be 
complicated, given that they predict a variety of different 
intensity measures. For example, the McVerry et al. (2006) 
model, which underpins the NZS1170.5:2004 code spectra 
[59] has separate coefficients for predicting geometric mean 
response spectra, and the larger of the two as-recorded 
horizontal components of ground-motion. On the other hand, 
the Bradley (2013) model is based on an alternative intensity 
measure, GMRotI50 [60], which was used in the NGA West 1 
project [61] as an orientation-independent measure of 
horizontal seismic intensity, but was replaced in the NGA-W2 
project by an alternative measure called RotD50 [62]. The four 
NGA-W2 global models are all in terms of an orientation-
independent measure of the horizontal response spectrum, 
RotD50, as is the New Zealand database. The global 
subduction models are in terms of the geometric mean, except 
for Atkinson and Boore (2003), which uses ‘both horizontal 
components’. 

The comparison in this paper is solely in terms of RotD50 (the 
calculation of which can be found in [6], this issue). This 
necessitates some models being converted from alternative 
intensity measures, using previously-published conversion 
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correlations. To convert the three geometric mean subduction 
models and the McVerry et al. (2006) geometric mean crustal 
model to RotD50, a Christchurch-specific equation has been 
derived by Bradley and Baker (2015) [63]. Figure 1a plots the 
model of Bradley and Baker (2015) against Canterbury data 
from the New Zealand Strong Motion Database. In general, 
the Bradley and Baker (2015) model is similar to the 
Canterbury data (from which it was derived), except at long 
periods. The discrepancy at long periods is likely to arise from 
different processing of the waveforms. The wider New 
Zealand dataset is systematically different from the Bradley 
and Baker (2015) model for periods greater than around 0.4 s 
(Figure 1b), and a different conversion is applied (shown as 
the blue lines in Figure 1b). 

The Bradley (2013) ground motion model is converted from 
GMRotI50 to RotD50 using the following equation for the 
median (approximated from Figure 3 of Boore, 2010 [62]): 
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The Boore (2010) standard deviation results are approximated 
as a linear trend in log(T) space between 0.01 and 10 s, 
varying from 0.05 to 0.08 ln units. In addition to the different 
horizontal component definitions, the McVerry et al. (2006) 
model is different from the others considered here in that it 
predicts 5%-damped absolute acceleration response spectra, 
while the other models in this study predict 5%-damped 
pseudo acceleration response spectra. While the difference 
between the two types of spectra is not necessarily negligible, 
the difference has been ignored for the purposes of this 
comparison. 

Subset of database 

The selection of data is a key issue in model comparison and 
will influence the results, particularly given that the New 
Zealand strong-motion dataset is imbalanced with respect to 
magnitude and distance. The method for data selection is 
different for crustal and subduction zones. 

To evaluate the performance of crustal models, a subset of the 
New Zealand database with moment magnitude MW ≥ 5 and 
rupture distance Rrup ≤ 200 km is utilised, with the added 
constraint that each event must have at least three recordings. 
The purpose of this constraint is to obtain a more reliable 

partitioning of the total residual into between-event and 
within-event components. For crustal earthquakes, the number 
of records selected for comparison against response spectral 
period is shown in Figure 2a, with the magnitude-distance 
distribution of records for PGA and T = 10 s in Figure 2b. 
This subset of the New Zealand database contains data from 
the recent Canterbury and Cook Strait earthquake sequences, 
as well as older events such as the 1968 Inangahua and the 
1994 Arthur’s Pass earthquakes. There are significantly fewer 
data at T = 10 s than for PGA, due to the amplitudes of many 
earthquake recordings in the database falling to the amplitude 
of the long-period noise by 10s period. 

To select data for subduction model comparisons, it was 
decided to separate the data from the Fiordland and Hikurangi 
subduction zones, given their very different interface 
orientations and crustal properties [64, 65]. While there are 
larger magnitude data available for the Fiordland subduction 
zone (up to Mw7.8), for brevity, the comparison of this paper 
is solely in terms of Hikurangi data, given the closer proximity 
of the Hikurangi subduction zone to infrastructure. The subset 
of the New Zealand database utilised for model comparison is 
all Hikurangi interface or Hikurangi slab events with MW ≥ 5 
and Rrup ≤ 200 km. Using this subset, the number of available 
records against oscillator period are shown in Figure 2c, and 
the magnitude-distance distribution of the dataset is shown in 
Figure 2d. The largest events in this subset of the database are 
the 2007 Gisborne M6.6 and 2014 Eketahuna M6.3 
earthquakes, both events that occurred within the subducting 
Pacific plate, hence the data is unable to constrain the large 
magnitude scaling for Hikurangi subduction interface 
earthquakes. 

ANALYSIS OF RESIDUALS 

For the data in Figure 2, this section examines the residuals of 
the six crustal models and four subduction zone models 
against the model predictors Mw and Rrup. The residuals are 
separated into between-event and within-event components, as 
demonstrated in equation (2). In a first step, the between-event 
residuals are calculated using the following equation from 
Abrahamson and Youngs (1992) [66]: 

22
1

2 )(

ft

µt
h

+

-
=

å
=

i

n

j
ijij

i n

y
i

  , (7)

 
Figure 1: The ratio of the RotD50 spectral acceleration intensity measure to the geometric mean spectral acceleration against 
period. Results from the Canterbury data (a) and the wider New Zealand database (b) are represented by circles, with error bars 
representing standard deviations. Thick and thin red lines represent mean and ±1 standard deviation of the Bradley and Baker 
(2015) model respectively, while the blue dashed line represents the conversion used in this study. 
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Figure 2: (a) The number of crustal earthquake recordings used for the subset of the New Zealand database, and (b) comparison 
of magnitude-distance distribution of data for PGA (circles) and a spectral period of 10 s (squares) for the crustal database in (a). 
(c) The number of Hikurangi subduction zone records used in this comparison, separated into those from slab and interface 
events, and (d) the magnitude-distance distribution of the subduction zone records in (c), for PGA (circles) and T = 10 s (squares). 

 

where ni is the number of recordings associated with the 
earthquake i, and τ and ϕ are the given ground-motion model’s 
expression for the between- and within-event variability 
respectively. Where applicable, τ and ϕ correspond to an 
average of the record-specific values associated with event i. 
The purpose of this equation is to ensure a stable partitioning 
of residuals in the case where an event has few recordings. If 
an earthquake only has one recording, the between-event 
component of the residual is given as τ2/(τ2 +ϕ2) times the total 
residual, but if the event has a large number of recordings then 
ηi tends to the mean residual. The within event residuals εij are 
then calculated as per equation (2). While equation (7) doesn’t 
exactly represent the inter-event term for the models 
considering nonlinear site response [67, 68], it is considered 
an acceptable approximation for the purposes of the 
exploratory analyses in this section. 

Figures 3, 4 and 5 show residual plots for the six crustal 
models at PGA, T = 1 s and T = 5 s respectively. While an 
exhaustive comparison is possible for each response spectral 
period, only these three oscillator periods are shown for 
brevity. These periods are selected as examples of the short, 
mid-range and long period behaviour of the six models. 
Additionally, Figure 6 shows the PGA within-event residuals 
against NZS1170.5 site classifications. Figures 7 and 8 show 
PGA and T = 1 s spectral acceleration residuals for the four 

subduction zone models against the Hikurangi subduction 
zone dataset. There are too few data in the Hikurangi dataset at 
long periods to warrant a comparison here. 

Crustal models 

Behaviour at PGA 

Figure 3 shows how the six crustal models represent New 
Zealand PGA data, with between-event residuals against Mw 
in the left column, and within-event residuals against Rrup in 
the right column. With respect to Mw, the McVerry et al. 
(2006) model performs very well for magnitudes greater than 
6, but significantly overpredicts the smaller magnitude data by 
around 80% on average. Conversely, the Bradley (2013) 
model provides good fits for the smaller magnitudes, but 
underpredicts the large magnitude data by around 20%. The 
Abrahamson et al. (2014), Boore et al. (2014) and Campbell  
and Bozorgnia (2014) models have similar behaviour to the 
McVerry et al. (2006) model, but the overprediction at 
magnitudes 5 to 6 is not as pronounced. These over-
predictions  of the small magnitude data may be related to the 
fact that  mainshocks and aftershocks are not distinguished 
between in the New Zealand database, however the NGA-W2 
models model lower motions for  aftershocks. The model with 



 

 
Figure 3: Residuals for the six crustal models considered in this study, with respect to the New Zealand PGA dataset. The left 
column is the between-event residual against magnitude, and the right column is the within-event residual against distance. Also 
indicated on each plot is loess fit to the residuals, with 95% confidence intervals. 

the smallest bias with respect to magnitude is the Chiou and 
Youngs (2014) model, which fits the data well, particularly for 
the large magnitudes. All models have little bias in the within-
event residuals with respect to the rupture distance, Rrup, 
although there is a hint of underprediction at short distances 
and over-prediction at 20-50 km distance. This effect is most 
pronounced for the McVerry et al. (2006) model, with 
underpredictions of around 50% on average, for Rrup < 10 km. 

Behaviour at T = 1 s 

At T = 1 s, the McVerry et al. (2006) model has similar trends 
to those at PGA. The Abrahamson et al. (2014) model tends to 
underpredict the M > 6 data, by around 60-70% on average. 
The Bradley (2013) and Boore et al. (2014) models also tend 
underpredict the larger magnitudes. The Campbell and 
Bozorgnia (2014) and Chiou and Youngs (2014) models have
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Figure 4: Residuals for the six crustal models considered in this study, with respect to the New Zealand spectral acceleration 
dataset at T = 1 s.  

little bias with respect to earthquake magnitude for the T = 1 s 
New Zealand data. 

With respect to distance, all models overpredict the New 
Zealand dataset at 20-50 km, the reasons for which are not 
currently clear. Of note is that there are two recordings with 
Rrup approximately equal to 3.5 km, which all models greatly 
underpredict by up to an order of magnitude. These recordings 
are from the June 2011 M6 earthquake from the Canterbury 
sequence, recorded at the Godley Drive and Panorama Drive 
rock sites in the Port Hills. Both of these sites are highly 

influenced by topographic amplification, which is an effect 
that is not currently considered in empirical ground-motion 
models. In particular, the Godley Drive record has the largest 
horizontal PGA in the database (PGARotD50 = 1.48 g), but has 
been shown to have strong topographic amplification at T =  1 
s [69]. This explains the very large discrepancy between these 
data and the model predictions, particular in Figure 4. The lack 
of consideration for topographic effects is a shortcoming of 
empirical ground-motion models, and further research is 
necessary. 



 

 
 

 
Figure 5:  Residuals for the six crustal models considered in this study, with respect to the New Zealand spectral acceleration 
dataset at T = 5 s.  

Behaviour at T = 5 s   

The T = 5 s abscissa has been included in this paper (Figure 5) 
to illustrate the long-period behaviour of the ground-motion 
models, which is important for tall buildings and base-isolated 
structures.  

The McVerry et al. (2006) model is not pictured in Figure 5 as 
the maximum period it is defined for is 3 s. The other models 
all underpredict the data, particularly for Mw > 6. The 
underprediction is strongest for the Bradley (2013), 
Abrahamson et al. (2014) and Boore et al. (2014) models, in 
the order of 20-50%. The Campbell and Bozorgnia (2014) and 
Chiou and Youngs (2014) models appear to be the best 
representations of the data at this oscillator period. 

It appears that the models do not have major biases against 
distance, which suggests that they are reasonably representing 
the average path effects at long periods. 

Site Class Dependence 

Figure 6 shows the variation of the within-event residuals 
against NZS1170.5 site class [59]. Only PGA is shown here 
for brevity. The McVerry et al. (2006) model does not provide 
predictions for class E sites, hence for the purpose of these 
plots, the class D site terms were applied to class E sites. The 
McVerry et al. (2006) model generally performs well for 
classes B to D, but significantly overpredicts class A sites. 
This is not a surprising result, given that the model does not 
discriminate between class A and class B. 

While the global models and the Bradley (2013) model do not 
include NZS1170.5 site class as a predictor, the model 
residuals are assessed against the site classification to examine 
any bias. All of these models show a strong over-prediction of 
class A sites, but do not have significant biases against other 
site classes. While Bradley (2013) modified the Chiou and 
Youngs (2008) model to account for class A site response, the  
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Figure 6:  Model within-event residuals for shallow crustal events against NZS1170.5 Site Classifications, for PGA. The global 

models do not use NZS1170.5 site class as a predictor, but the residuals are calculated using the models’ VS30 and Z1 site response 
models before comparing these residuals against NZS1170.5 site class. 

 
Figure 7:  Residuals for the four subduction models considered in this study, with respect to the Hikurangi subduction zone 
spectral acceleration dataset at PGA. Squares and circles represent data from interface and slab events respectively.  



 

 Figure 8:  Residuals for the four subduction zone models considered in this study, with respect to the Hikurangi zone spectral 
acceleration dataset at T = 1 s. Squares and circles represent data from interface and slab events respectively.

modified model still shows a strong overprediction with 
respect to class A sites. However, this result has limited 
interpretability, due to the lack of availability of measured site 
parameters for any class A sites in New Zealand [7]. 

Subduction zone models 

Behaviour at PGA 

Figure 7 shows how the four subduction zone models 
represent Hikurangi PGA data, with squares representing 
recordings from interface events and circles representing 
recordings from events within the subducted slab. For slab 
events, the Abrahamson et al. (2016) and Zhao et al. (2006) 
models have little bias in the between-event residual against 
Mw, while the McVerry et al. (2006) model overpredicts the 
small magnitudes, and the Atkinson and Boore (2003) model 
underpredicts nearly all of the Hikurangi slab data. For the 
interface events, it is difficult to make any inferences on 
model performance, given that the magnitude range of interest 
is primarily greater than 8.  

For the within-event residuals, the four models show little bias 
with respect to distance for the slab events. There may be 
indications that the four models are not capturing systematic 
path effects for the Hikurangi interface data, although the data 
are too few to conclude this with any certainty. 

Behaviour at T = 1 s 

For spectral accelerations at T = 1 s, Figure 8 shows that all 
models except for Atkinson and Boore (2003) are able to 
reasonably represent the Hikurangi slab data. One event of Mw 
= 6.35 is significantly overpredicted by the models, but this 

event had a focal depth greater than 150 km, so is beyond the 
models’ range of applicability. It is again difficult to make 
conclusions on the model performance for interface events, 
with such few data at large magnitudes.  

With respect to distance, all models significantly 
underestimate one data point at Rrup = 32 km, which 
corresponds to the Waipawa recording of the 1993 Tikokino 
earthquake. It is unlikely that this can be attributed to a site 
effect, because a collective analysis of all recordings at this 
site does not reveal a systematically-large positive residual. As 
such, it may be that the path terms of the subduction models 
are not entirely appropriate for predicting the distance-
dependence of ruptures from the Hikurangi subduction zone, 
although it is difficult to make this conclusion from a single 
data point and further investigation is necessary. 

Summary 

Many plots similar to Figures 3-8 can be made, against a 
variety of model predictors and for all spectral periods. 
However, they become increasingly difficult to interpret, 
particularly for the crustal models and their strong observed 
biases against Mw and Rrup. Therefore, the following section 
addresses the performance of models in a more objective way, 
by assessing the overall fit of the models to the New Zealand 
data. 

EVALUATION OF MODEL PERFORMANCE 

Mean bias 

To summarise the overall behaviour of the six crustal models 
against the New Zealand dataset, Figure 9a plots the mean 
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total residual for all models, against period. Of the two New 
Zealand equations, the McVerry et al. (2006) equation 
overpredicts the data on average across all periods. Comparing 
to Figures 3-5, this is a general reflection of the McVerry et al. 
(2006) equation overpredicting the small magnitudes. The 
Bradley (2013) model underpredicts on average at mid-range 
and very long periods, but is generally unbiased at the other 
periods. Overall, the bias of the international models is of 
similar order to the Bradley (2013) model, but slightly larger. 
However, it should be noted that on average, all models 
underpredict the data for T ≥ 3 s and overpredict the data for T 
≤ 0.2 s.  

Figure 9b shows the mean total residual against period for the 
four subduction zone models considered in this study. The 
Abrahamson et al. (2016) and Zhao et al. (2006) models have 
the least bias across all periods with respect to the Hikurangi 
dataset. The McVerry et al. (2006) and Atkinson and Boore 
(2003) models overpredict and underpredict the data 
respectively, across all their predicted periods. 

LLH values 

While the mean bias gives an overview of the median model 
performance, another informative way of comparing models is 
using the negative average sample log-likelihood (–LLH) 
value, as a proxy for the KL divergence, DKL. Period-
dependent –LLH values are calculated for each model using 
equation (4). To avoid sampling bias from well-recorded 
events, the –LLH values in this section are derived using a 
bootstrap procedure. 200 sets of random samples are taken 
from the database with replacement, and the mean and 
standard deviation of the –LLH value is calculated. To check 
that the computations of the parameters are stable, the 
database size is divided in two, and then in four, before the –
LLH is recalculated. A similar procedure was adopted by 
Edwards and Douglas (2013) [57]. 

Table 1 shows the crustal model –LLH values for PGA, T = 1 
s and T = 5 s, for the three bootstrapped databases. Table 2 is 
similar to Table 1, but is for the subduction zone models. The 
mean –LLH values are very stable, and dividing the dataset 
into four has almost no influence. The standard deviation of 
the –LLH increases as the size of the dataset decreases, 
however it still remains reasonably low. As such, the –LLH 

values derived here can be considered robust. Figures 10a and 
10b show the –LLH values against period for the six crustal 
models and four subduction zone models respectively. As the 
–LLH value can be thought of as a measure of distance, the 
smaller the –LLH, the closer the model to the observed data. 

Of the six crustal models, the McVerry et al. (2006) has the 
largest –LLH value across all of its predicted periods. The 
Bradley (2013) model has the smallest –LLH values across the 
short periods, and still performs well at all but the longest 
periods. For the mid-range periods, the Campbell and 
Bozorgnia (2014) model is generally the closest to the New 
Zealand data, while for the longest periods the Abrahamson et 
al. (2014) model is closest to the data. The four NGA-W2 and 
the Bradley (2013) models are all reasonably close to the New 
Zealand data. 

For the subduction zone models, Abrahamson et al. (2016) 
and Zhao et al. (2006) are inseparable as the closest models to 
the Hikurangi dataset. The McVerry et al. (2006) model is 
further from the New Zealand dataset, but is closer than the 
Atkinson and Boore (2003) model for periods less than 2 s. 
While there are no relevant data that can inform model 
performance for a Hikurangi mega-thrust event, this plot does 
indicate that the Abrahamson et al. (2016) and Zhao et al. 
(2006) models might be good representations of ground 
motion from events within the subducting Pacific Plate. 

Effect of data selection 

The results of this analysis are strongly dependent on the 
subset of data from which the performance metrics are 
calculated. For example, Figure 11 plots the mean bias and –
LLH values of the crustal models, for a subset of the crustal 
database that is most relevant for PSHA, where all data is from 
an event with MW ≥ 6 and the recordings are at rupture 
distances Rrup < 100 km. The results are quite different for this 
subset of the database. The McVerry et al. (2006) model 
becomes one of the closer models to the data at mid-range 
oscillator periods. The Bradley (2013) model is still one of the 
best performing models at short periods, but becomes one of 
the more distant at periods of most engineering interest, and 
underpredicts the data on average by 20-40%. Of the global 
models, the Campbell and Bozorgnia (2014) model appears to 
generally be the closest model, except for T > 5 s. 

 
Figure 9:  The mean bias of (a) the six crustal ground-motion models against the New Zealand data and (b) the four subduction 
zone models against data associated with the Hikurangi subduction zone. In both, plots positive values represent underprediction 
and negative values represent overprediction. 



 

 

Figure 10 –The mean -LLH of the (a) six considered crustal ground-motion models and (b) four considered subduction zone 
models, against the bootstrapped New Zealand database. The smaller the –LLH value, the closer the model is to the data. 

 

Table 1 – Stability of the –LLH values calculated for the six crustal models. 

Crustal model Period -LLH (all data) -LLH (half of 
dataset) 

-LLH (quarter 
of dataset) Rank 

McVerry et al. (2006) 
PGA 2.20 ± 0.07 2.22 ± 0.10 2.22 ± 0.16 6 
1 s 2.11 ± 0.07 2.13 ± 0.10 2.12 ± 0.13 6 
5 s - - - - 

Bradley (2013) 
PGA 1.48 ± 0.04 1.50 ± 0.05 1.49 ± 0.08 1 
1 s 1.79 ± 0.05 1.79 ± 0.06 1.79 ± 0.08 3 
5 s 1.43 ± 0.02 1.44 ± 0.04 1.44 ± 0.06 3 

Abrahamson et al. (2014) 
PGA 1.57 ± 0.04 1.58 ± 0.05 1.57 ± 0.07 3 
1 s 1.88 ± 0.04 1.87 ± 0.06 1.87 ± 0.08 5 
5 s 1.47 ± 0.03 1.48 ± 0.04 1.47 ± 0.06 4 

Boore et al. (2014) 
PGA 1.82 ± 0.05 1.84 ± 0.08 1.84 ± 0.11 5 
1 s 1.77 ± 0.04 1.77 ± 0.06 1.77 ± 0.07 2 
5 s 1.42 ± 0.03 1.42 ± 0.04 1.42 ± 0.06 1 

Campbell & Bozorgnia 
(2014) 

PGA 1.73 ± 0.05 1.74 ± 0.07 1.73 ± 0.11 4 
1 s 1.73 ± 0.04 1.73 ± 0.05 1.73 ± 0.06 1 
5 s 1.43 ± 0.03 1.43 ± 0.04 1.44 ± 0.06 2 

Chiou & Youngs (2014) 
PGA 1.51 ± 0.04 1.52 ± 0.05 1.51 ± 0.07 2 
1 s 1.84 ± 0.04 1.84 ± 0.06 1.84 ± 0.07 4 
5 s 1.62 ± 0.03 1.63 ± 0.05 1.62 ± 0.07 5 

      

 

Table 2 – Stability of the –LLH values calculated for the four subduction zone models. 

Subduction zone model Period -LLH (all data) -LLH (half of 
dataset) 

-LLH (quarter 
of dataset) Rank 

McVerry et al. (2006) 
PGA 2.32 ± 0.13 2.34 ± 0.19 2.34 ± 0.25 3 
1 s 2.15 ± 0.08 2.17 ± 0.11 2.15 ± 0.15 3 

Abrahamson et al. (2006) 
PGA 1.57 ± 0.04 1.57 ± 0.05 1.58 ± 0.08 1 
1 s 1.68 ± 0.04 1.68 ± 0.06 1.68 ± 0.09 2 

Atkinson & Boore (2003) 
PGA 4.56 ± 0.22 4.52 ± 0.36 4.57 ± 0.46 4 
1 s 4.03 ± 0.14 4.03 ± 0.19 4.05 ± 0.28 4 

Zhao et al. (2006) 
PGA 1.67 ± 0.05 1.69 ± 0.08 1.67 ± 0.11 2 
1 s 1.67 ± 0.04 1.67 ± 0.06 1.66 ± 0.09 1 
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Figure 11:  The mean bias (a) and –LLH values (b) of the six crustal ground-motion models against a larger magnitude, shorter 
distance subset of the New Zealand database, with all recordings from events with Mw ≥ 6 and having rupture distances Rrup < 
100 km. 

 

RECOMMENDATIONS FOR HAZARD ASSESSMENT 
IN NEW ZEALAND 

Figures 9, 10 and 11 show that in general, the global models 
tend to represent the New Zealand data just as well as the New 
Zealand specific Bradley (2013) model, particular at the long 
periods, and better than the McVerry et al. (2006) model at all 
periods. This result shows that it is justifiable, at least in the 
short term, to use the NGA-W2 crustal models and global 
subduction zone models in New Zealand seismic hazard 
analyses. 

For PSHA, the typical next step is to derive a logic tree that 
accounts for the epistemic uncertainty in the model 
predictions. The use of logic trees in ground motion 
characterisation is a highly controversial topic that has been 
heavily debated over the last decade [70-77]. This section 
attempts to provide guidance to seismic hazard analysts for a 
ground-motion model logic tree in New Zealand PSHA.  

It is acknowledged that obtaining consensus on a ground-
motion logic tree is very difficult, hence the subsequent 
content of this section only represents the opinion of this 
author. The recommendation in this section is not intended to 
be strictly applied in all site-specific seismic hazard studies in 
New Zealand, however the proposed logic tree may be 
considered a null hypothesis position that can be altered as 
required.  

Crustal models 

Model selection 

The first challenge in logic tree development is the selection of 
candidate models. Cotton et al. (2006) [78], and later Bommer 
et al. (2010) [79] provide a set of performance criteria to 
include, or exclude, ground motion models for PSHA. One 
criterion common to both studies, the exclusion of models that 
have been superseded by more recent publications, has 
particular importance for New Zealand PSHA. Recall that the 
McVerry et al. (2006) model is based heavily on the form of 
Abrahamson and Silva (1997), which has since been 
superseded by Abrahamson and Silva (2008) [80] and now 
Abrahamson et al. (2014). The same applies for Bradley 

(2013), which is very similar to the Chiou and Youngs (2008) 
and Chiou et al. (2010) models that have now been superseded 
by Chiou and Youngs (2014). While it may be argued that the 
models are optimised to different datasets and hence are 
independent of their base models, it should be noted that many 
of the most important parameters of the New Zealand models 
are fixed to be the same as their superseded base model, for 
example the coefficients that control large magnitude scaling, 
near-source distance saturation, hanging wall effects and 
nonlinear soil response. 

The issue with including a superseded model is that the 
superseded and updated models tend to be quite similar. 
Figures 9a and 10a show that there are similarities between the 
Bradley (2013) and Chiou and Youngs (2014) models. 
Examination of the models’ forms shows that there are some 
model terms that are unchanged from the Chiou and Youngs 
(2008) to the Chiou & Youngs (2014) model. The logic tree 
framework requires each branch to be independent, which 
should be adhered to at least in a practical sense. However, in 
this case the Bradley (2013) and Chiou and Youngs (2014) 
models cannot be considered practically independent. By 
having duplicate models in a logic tree, the weight to that 
model’s form is disproportionately increased, hence including 
both the Bradley (2013) and Chiou & Youngs (2014) models 
is controversial. The Bradley (2013) and Chiou and Youngs 
(2014) models perform almost identically at short periods, and 
the better performing model at longer periods depends on the 
period of interest. It is therefore difficult to select the preferred 
model of the two. If both models are to be included in PSHA, 
care needs to be taken to ensure that these models are 
weighted appropriately. This is addressed further in the ‘model 
weights’ section.  

The McVerry et al. (2006) model is slightly more independent 
of Abrahamson et al. (2014), particularly the version where 
the site effects are modelled as a continuous function of the 
fundamental site period [26]. However, it greatly overpredicts 
the small magnitudes, primarily due to a lack of magnitudes 
less than 5.75 in the database from which it was derived. 
Bommer et al. (2010) [79] recommend excluding models 
where the range of applicability of the model is too small to be 
useful in the range required by PSHA, which in the NSHM is 
a minimum magnitude of 5.25 [2]. If this criterion is to be 



 

strictly applied, the McVerry et al. (2006) model should be 
removed from the NSHM. It is my opinion that this criterion 
can be relaxed if, and only if, there is quantification of the 
uncertainty in a model’s parameters due to limited data. This 
uncertainty can then be included as additional epistemic 
uncertainty, using the method detailed in Al Atik & Youngs 
(2014) [81], and would reflect that the uncertainty is much 
larger at M5 than at M6. Should this information become 
available for the McVerry et al. (2006) model, then it can be 
included on a ground-motion model logic tree with the 
increased epistemic uncertainty, but without it, in my opinion 
it should be assigned zero weight. 

While the inclusion of global models will strongly reduce the 
influence of the two New Zealand specific models, both New 
Zealand models have some useful behaviour that is not well 
constrained by the data. In particular, both the McVerry et al. 
(2006) and the Bradley (2013) models have terms to represent 
the strong attenuation in the Taupo Volcanic Zone (TVZ). The 
TVZ attenuation terms of the two New Zealand models are 
reasonably similar, hence either term (or a weighted 
combination of both) can be attached to the four NGA-W2 
models for modelling crustal sources around the TVZ. This 
will allow the NGA-W2 models to be used for estimating the 
seismic hazard from TVZ sources. Likewise, the Christchurch-
specific ground-motion model modifications proposed by 
Bradley (2015) improve ground-motion modelling with 
respect to Canterbury data. These modifications are specific to 
the Bradley (2013) model. While similar Christchurch-specific 
modifications to the NGA-W2 models are not available in the 
literature, the public availability of the New Zealand Strong 
Motion Database [6] enables reasonably straight-forward 
derivation of similar modifications for the NGA-W2 models. 

The four NGA-W2 models satisfy all the criteria of Cotton et 
al. (2006) and Bommer et al. (2010), and models for their 
coefficient uncertainties are quantified in Al Atik & Youngs 
(2014) [81]. As such, the four NGA-W2 models are 
considered of sufficient quality to include on a logic tree for 
New Zealand PSHA.  

Model weights 

Assigning objective weights to the ground motion models is 
fraught with difficulty. The process is somewhat aided by the 
–LLH values illustrated in Figure 10a. As discussed by 
Scherbaum et al. (2009) [53], logic tree weights can in 
principle be directly derived from the –LLH values illustrated 
in Figure 10a, using the following formula: 
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where wi is the KL weight for model i. However, this criterion 
is difficult to apply, given that the Bradley (2013) and Chiou 
and Youngs (2014) models are closely related. Additionally, 
the –LLH weighting approach has been criticised because, by 
normalising by the number of samples in equation (4), the 
weights do not converge to the ‘true model’ with increasing 
evidence [82]. A Bayesian framework may therefore be 
preferable, where prior weight distributions are updated by the 
model likelihood function to obtain posterior weight 
distributions. However, the posterior weights are highly 
dependent on the subjective definition of the prior distribution.  

Internationally, there are different approaches for assigning 
model weights. For the recent European Seismic Hazard 
Model, the KL weights are considered a starting point only, 
with final model weights determined by expert elicitation [55, 
83]. In the Western United States, equal weights are applied to 
the five NGA-W2 models [81]. For New Zealand, the best 

way forward might be to formally engage international and 
local experts to collectively derive some consensus model 
weights, or to collectively define a consensus prior distribution 
for the weights.  

Unfortunately, this recommendation does not immediately 
address the current issue, where seismic hazard assessments 
are performed in New Zealand using only one or two ground-
motion models. I therefore propose an interim solution. Until 
consensus model weights are derived, my opinion is that the 
Abrahamson et al. (2014), Boore et al. (2014) and Campbell 
and Bozorgnia (2014) models should be assigned equal 
weights of 0.25, with the remaining 0.25 being shared equally 
between the Chiou and Youngs (2014) and Bradley (2013) 
models. In addition, the epistemic uncertainty model proposed 
by Al Atik and Youngs (2014) [81], which accounts for the 
epistemic uncertainty that arises from the limited dataset, 
should be applied. This consideration of epistemic uncertainty 
beyond the between-model uncertainty acknowledges that less 
is known about large magnitudes events, given the global 
scarcity of large magnitude data. While the Al Atik and 
Youngs (2014) epistemic variance model doesn’t directly 
apply to the Bradley (2013) model, nor is it directly applicable 
for New Zealand conditions, in my opinion it is an acceptable 
approximation until a more robust New Zealand specific 
model is derived. The adoption of this logic tree would be a 
significant improvement on current practice, with much better 
management of the epistemic uncertainty. It is unlikely that 
this logic tree will be appropriate for all site-specific seismic 
hazard assessments in New Zealand, but in my opinion it is a 
useful starting point. The model selection and model weights 
can be modified, if there is sufficient evidence to show that  
the application of the proposed logic tree is inappropriate.  

This recommendation does not immediately apply to the 
Canterbury seismic hazard model [35], where a ground motion 
model logic tree developed from expert elicitation already 
exists. However, it is nevertheless recommended that hazard 
analysts consider deriving Canterbury-specific modifications 
to the four NGA-W2 models using the New Zealand Strong 
Motion Database, and including these on a ground-motion 
logic tree. This would allow greatly improved PSHA for 
Canterbury, while still adequately managing and quantifying 
the epistemic uncertainty. In the interim, the published logic 
tree for the Canterbury seismic hazard model, as modified to 
include the work of Bradley (2015) [34], should be adopted. 

Subduction zone models 

Given that there are relatively few global subduction zone 
models, and also given the sparse Hikurangi dataset, it is 
difficult find compelling evidence for excluding subduction 
zone models in New Zealand PSHA. The Atkinson and Boore 
(2003) model is furthest from the New Zealand dataset, but the 
dataset is comprised of predominantly small magnitude events 
and does not evaluate the model’s behaviour at magnitudes of 
interest in hazard. Stewart et al. (2015) [1] recommend that 
Abrahamson et al. (2016), Atkinson and Boore (2003) and 
Zhao et al. (2006) models be used in PSHA globally, although 
the authors acknowledge that the inclusion of the Atkinson & 
Boore (2003) model is controversial. Given that the Hikurangi 
dataset is insufficient to evaluate the models’ behaviour where 
it is of most interest for hazard, I recommend adopting the 
Stewart et al. (2015) model set, but with the addition of the 
McVerry et al. (2006) model, given its reasonable fit to the 
Hikurangi dataset, its special consideration for Hikurangi-
specific deep slab events [25], and the ability to consider 
information from Hikurangi subduction zone simulations in 
the hazard calculations [27].  

An additional recommendation of the Stewart et al. (2015) 
study is to replace the linear site terms of Zhao et al. (2006) 
with the Abrahamson et al. (2016) site terms, to consider 
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nonlinear soil response. However, applying the alternative site 
terms to the Zhao et al. (2006) model led to a poorer fit with 
respect to the Hikurangi dataset, hence it may be preferable to 
retain the Zhao et al. (2006) model in its published form. 

The Stewart et al. (2015) study only provides 
recommendations on model selection, hence model weights 
must be determined by the hazard analyst. Given that, even 
globally, there are few data at the magnitudes of interest to 
New Zealand PSHA (up to Mw9), defining weights on 
subduction zone models is a difficult task. For subducted slab 
events, a proposed interim solution is equal weights on the 
four subduction zone models considered in this study. For 
Hikurangi subduction interface events, the standard 
framework of assigning model weights may not be 
appropriate, as the four selected models are unlikely to 
collectively capture the full range of epistemic uncertainty. 
Some guidance on potential alternative frameworks, based on 
recent international experience, is available in Abrahamson et 
al. (2014) [84]. 

DISCUSSION AND CONCLUSION 

Although the modern view is that it is ill-advised, New 
Zealand has a history of only using a single ground-motion 
model in seismic hazard analysis, thereby ignoring the 
epistemic uncertainty [2-4]. This article recommends that the 
global NGA-W2 models and the Bradley (2013) model should 
be incorporated into New Zealand PSHA, applied with equal 
weights and the additional epistemic variance model of Al 
Atik and Youngs (2014). This logic tree is not expected to be 
applicable to all site-specific hazard analyses in New Zealand, 
but represents a null hypothesis position that can be deviated 
from if there is sufficient evidence that it is inappropriate. 
Given that there is a significant research effort underway to 
better account for epistemic uncertainty in New Zealand 
PSHA, the life expectancy of this recommendation is likely to 
be short. While a more robust epistemic uncertainty model 
will be developed in the near future, the purpose of this article 
is to improve New Zealand seismic hazard analysis in the 
interim, by better acknowledging the epistemic uncertainty in 
ground motion modelling.  In Canterbury, the logic tree of 
Gerstenberger et al. (2014) should be adopted, modified to 
allow use of the work of Bradley (2015) [34], although the 
inclusion of global models should also be considered. 

Some additional consideration will be necessary for 
calculating hazard at long periods. As illustrated in Figures 9a 
and 11a, all crustal models consistently underpredict the New 
Zealand dataset at periods greater than four seconds. In this 
case, no weighted combination of the models will be a good 
representation of New Zealand data. Instead, a scaled 
backbone approach [77] to epistemic uncertainty is likely to be 
a more appropriate method for quantifying the long period 
seismic hazard in New Zealand. This approach should be 
considered for site-specific hazard assessment for tall 
buildings and base-isolated structures. 

For subduction zone models, the New Zealand database 
cannot inform model selection for predicting the ground 
motion from a Hikurangi mega-thrust event. However for 
modelling ground motion from events in the subducted slab, in 
my opinion the McVerry et al. (2006), Abrahamson et al. 
(2016), Atkinson and Boore (2003) and Zhao et al. (2006) 
models should be used with equal weights. 
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