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ABSTRACT
This article summarizes the development of the 2023 New Zealand ground-motion database
(NZGMDB). A preceding versionwas formally used as the central ground-motion database in
the ground-motion characterization modeling for the 2022 New Zealand (NZ) National
Seismic Hazard Model (NSHM) revision. The database contains ground motions for events
with a moment magnitude greater than ∼ 3.0 from the years 2000 to the end of 2022.
Several challenges associated with NZ earthquake source metadata are explained, including
determination of earthquake location, magnitude, tectonic classification, and finite-fault
geometry, among others. The site table leverages the site database developed as a part
of the 2022 NZ NSHM revision, and several definitions of source-to-site distance are com-
puted for the propagation path table. The ground-motion quality classification was initially
assessed using a neural network. Subsequent waveform quality verification was conducted
and additional quality criteria were enforced to ensure a sufficiently high-quality database.
Standard processing techniques were applied to the ground motions before intensity mea-
sure (IM) calculation. IMs in the database include peak ground acceleration, 5%-damped
pseudoacceleration response spectra, smoothed Fourier amplitude spectra, and other cumu-
lative and duration-relatedmetrics. The NZGMDB is publicly available and routinely updated
as new and higher quality data become available.

KEY POINTS
• A database was developed for ground-motion modeling

applications of the 2022 National Seismic Hazard Model

(NSHM) revision.
• Details of source, site, path, and record metadata and

computed intensity measures are provided.
• The database and corresponding flatfiles for common

ground-motion components are publicly available.

Supplemental Material

INTRODUCTION
New Zealand (NZ) is a tectonically diverse country with
opposing subduction zones beneath the North and South
islands that are joined by the nearly 500 km long right-lateral
Alpine fault (e.g., Gledhill et al., 2011, and references therein).
For nearly two decades, seismic waveform data have been
recorded in NZ with the GeoNet project, and hundreds of
thousands of events have been recorded, located, and cata-
loged. These data can be accessed and downloaded via an
International Federation of Digital Seismograph Networks
(FDSN) web service with popular tools such as the ObsPy
module (Beyreuther et al., 2010; Krischer et al., 2015). The
NZ earthquake catalog, including temporal, spatial, depth,

and magnitude constraints can be accessed using the GeoNet
Quake Search tool (see Data and Resources).

There have been several large and devastating ruptures since
2009. These include the 2009 moment magnitudeMw 7.8 Dusky
Sound, 2010 Mw 7.1 Darfield, 2011 Mw 6.2 Christchurch, and
2016 Mw 7.8 Kaikōura events (Fry et al., 2010; Gledhill et al.,
2011; Kaiser et al., 2012, Kaiser, Balfour et al., 2017), among
others. The wealth of available data provides the opportunity
to evaluate the predictive capabilities of ground-motion models
(Lee et al., 2022, 2024), develop NZ-specific adjustments to such
models, and/or develop entirely new models (Atkinson, 2022;
Stafford, 2022). A comprehensive ground-motion database with
associated source, path, and site metadata is an essential
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component needed for such endeavors within the broader
ground-motion characterization modeling for the 2022 NZ
National Seismic Hazard Model (NSHM) revision (Bradley
et al., 2022, 2024; Gerstenberger et al., 2022, 2024).

The Next Generation Attenuation (NGA) projects have
produced some of the most comprehensive ground-motion
databases to date. The Next Generation Attenuation-West1
Project (NGA-West1) project was the first of the NGA series
to develop a large high-quality ground-motion database of
global active shallow crustal earthquakes (Chiou et al., 2008).
Key features of this pioneering database were uniformly proc-
essed ground-motion records and comprehensive metadata
associated with ground-motion source, path, and site param-
eters. This was expanded upon subsequently in NGA-West2
(Ancheta et al., 2014) and the recent NGA-Sub (Mazzoni
et al., 2022) projects, as well as other analogs globally. Of par-
ticular note is the prior NZ-specific ground-motion database in
2017 developed by Van Houtte et al. (2017) and the accom-
panying site database of Kaiser, Van Houtte, et al. (2017).

Although only six years have passed since the prior NZ-spe-
cific effort of Van Houtte et al. (2017), we identified that addi-
tional efforts in record processing and metadata determination
and collection would allow for an expanded database, which
would provide a valuable resource for NZ ground-motion
modeling efforts. Further discussion of the database compared
with that of Van Houtte et al. (2017) is provided later in the
document. However, in summary, we increase the number of
events by a factor of ∼18 and the number of three-component
records by a factor of ∼8.

This article describes the implementation of procedures
for developing the New Zealand ground-motion database
(NZGMDB) version 3.4 (v.3.4). An earlier NZGMDB v.1.0
was published in 2022 (Hutchinson et al., 2022), and we have
since provided regular updates to expand and refine the catalog
with the input of the NZ seismic hazard modeling community.
The aim of the database is to continue to provide a central
resource for analysts and modelers to use in developing and test-
ing seismic hazard models for NZ’s geologically diverse settings.
The NZGMDB v.1.0 was used as part of the 2022 NZ NSHM
revision. Because of this earlier release, we have expanded the
database to include the years 2021 and 2022, recalculated quality
classification scores and intensity measures (IMs), including
Fourier amplitude spectra, for ground motions using updated
software and waveform data. Additional information was added
throughout the database’s constituent tables to aid in quality con-
trol and filtering for the analyst community. To ensure the high-
est quality data, we have implemented several quality control
measures, which are elaborated upon in the Verification of accel-
erometer versus seismometer data section.

OVERVIEW OF THE DATABASE
The 2023 NZGMDB v.3.4 is comprised of multiple tables that
collectively define ground-motion IMs and underlying

metadata associated with the earthquake rupture, wave propa-
gation path, local site conditions (Wotherspoon et al., 2022),
and instrument properties. Additional tables are included for
calculated station magnitude and phase arrival information
that are used in the determination of key parameters provided
in the other tables. Specifically, these tables are organized in
a relational database, the schema for which is depicted in
Figure 1. The constituent data within the relational database
include compiled data from numerous references and data-
bases, along with new data computed as part of this project,
as described in the subsequent sections. Flatfiles are provided
for user convenience, which summarizes key source, path, and
site parameters as well as calculated IMs associated with each
ground-motion record.

Presently, the NZGMDB contains high-quality ground
motions (defined in the Ground-motion classification section)
from earthquakes with moment magnitude greater than ∼3.0
over the period from 1 January 2000 to 31 December 2022. The
NZGMDB comprises 33,052 ground motions from 5422 earth-
quakes recorded at 362 different seismic instrument locations
(Fig. 2). The magnitude versus source-to-site distance and source
depth distributions are shown in Figure 3. Crustal and slab
events comprise 73% of earthquakes and 79% of records (Fig. 4).

EARTHQUAKE RUPTURE TABLE
The earthquake rupture table includes relevant event param-
eters for ground-motion modeling, for example, rupture loca-
tion, magnitude, and other geometric, tectonic, and kinematic
variables. Baseline estimates of location and magnitude were
collated from the available GeoNet catalog (GeoNet, 2022a).
We subsequently harmonized the earthquake rupture table val-
ues with respect to location and magnitude, for example, using
direct Mw estimates (Ristau, 2013) or, where unavailable, con-
verting local magnitudes (ML) to a corrected ML (cML) that is
equivalent toMw (Rhoades et al., 2021). A description of earth-
quake rupture table data fields is provided in Table 1 and is
elaborated upon in this section.

Earthquake locations
For many earthquakes (particularly those of small-to-moderate
magnitude), earthquake location information is derived from
hypocentral locations that are provided as latitude, longitude,
and depth coordinates. Unless otherwise indicated by the “reloc”
field, the location of these events originates from the GeoNet
database (GeoNet, 2022a). The location type (“loc_type”) and
location grid (“loc_grid”) fields of Table 1 provide further infor-
mation on how hypocenters were determined.

Location type indicates the method used to determine
earthquake hypocenters, as provided by the GeoNet database.
Before 2012, GeoNet utilized the CUSP location method
(Johnson, 1983; Lee and Stewart, 2018) with the GROPE loca-
tion algorithm. Currently, GeoNet locates earthquakes using
the LocSAT (Bratt and Nagy, 1991) and NonLinLoc (Lomax

292 • Bulletin of the Seismological Society of America www.bssaonline.org Volume 114 Number 1 February 2024

Downloaded from http://pubs.geoscienceworld.org/ssa/bssa/article-pdf/114/1/291/6203111/bssa-2023184.1.pdf
by University of Canterbury user
on 01 February 2024



et al., 2009) location methods with the SeisComp3 software
suite (Weber et al., 2007). Figure 5a is a histogram of the num-
ber of earthquakes by location type. Of these methods, regional
centroid moment tensor (CMT) solutions (Ristau, 2013) and
LocSAT were used for the greatest number of events (>1800
each), whereas NonLinLoc was been used for the fewest
(∼160). The number of located events is primarily dependent
on the length of time for which these methods have been used
for the GeoNet database. SIMUL (Thurber and Eberhart-
Phillips, 1999) is the method used for earthquake relocations,
which are discussed further below.

Spatial grids used for earthquake locations are provided in
the GeoNet database. These grids vary from 1D global velocity
models (iasp91) to 3D NZ-specific velocity models (nz3drx,
Eberhart-Phillips et al., 2010). The number of earthquakes
located within each of these grids is shown in Figure 5b. The
location grid, nz3drx, is used for both the NonLinLoc and
SIMUL methods. In total, the 1D location grids for CMT

and iasp91 comprise the majority of event locations. Note that
iasp91 and iaspei91 (for which there are only 3 events) are the
same models but are recorded in the GeoNet catalog seperately,
and thus are preserved this way in the NZGMDB. For the
NZGMDB, from 2012 onward, the LocSAT method is used in
combination with iasp91 for 1958 events and the NonLinLoc
method and relocated events (described subsequently) are used
in combination with nz3drx for 985 events.

For a subset of the NZGMDB event locations, earthquake
hypocenters have been relocated (Reyners et al., 2011). Over
100,000 relocations were computed for events that occurred from
January 2001–March 2010. Although nearly all events in NZ

Ground-motion IM tables

Station magnitude
table

Earthquake rupture
table

Phase arrival tableSite table

Propagation path
table

Figure 1. Schematic of the relational setting of six tables within the New
Zealand ground-motion database. Bold terms indicate properties that
provide relational connectivity between the different tables.
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during this time period were considered for relocation, earth-
quakes were excluded fromMay 2007 to June 2008 and for after-
shocks in the first 39 hr following the 2009Mw 7.8 Dusky Sound
earthquake due to incomplete phase picking at the time of pub-
lication. The relocated events are indicated by the “reloc” column
of Table 1. Figure S1, available in the supplemental material to
this article, shows the Euclidian location difference between
original and relocated hypocenter locations in the NZGMDB.
The lognormal mean and standard deviation of the hypocenter
differences are 2.5 and 1.1, respectively. The size of the location
differences illustrates that a substantial area for further improve-
ment is to significantly increase the proportion of events in the
NZGMDB that have been relocated.

Although true location uncertainties for both the original
GeoNet hypocenters and the relocated data are unavailable,
Reyners et al. (2011) compare the root mean square (rms)
arrival-time residuals between both the methods. They found
an average reduction of 24% in rms values from the GeoNet
hypocenters, which indicates that the 3D velocity structure
(Eberhart-Phillips et al., 2010) utilized by Reyners et al. (2011)
allows for more accurate locations. ML values in the Reyners
et al. (2011) relocated catalog were not recalculated and are iden-
tical to the values from the original GeoNet hypocenters. For this

database, the local relocated event magnitudes have been cor-
rected with the method described in the Earthquake Magnitude
Estimates section.

Earthquake magnitude estimates
Harmonization of magnitude estimates requires the determina-
tion of Mw for all events in the NZGMDB. Since 2003, manual
calculation of CMT solutions for earthquakes has been under-
taken (Herrmann, 2013; Ristau, 2013), with 1881 of those events
included in the NZGMDB, of Mw 3.0–8.0. The moment magni-
tudes and focal mechanisms of this CMT catalog can be consid-
ered as practically consistent with respect to variations in adopted
computational solutions over time (John Ristau, personal comm.,
2023). For events without Mw, we convert available magnitudes
to an Mw-equivalent corrected magnitude, when possible.

E

E

Crustal

Interface

Outer−rise

Slab

Undetermined

Magnitude
1
2
3
4
5
6
7
8

(b)(a)

Figure 2. (a) Distribution of New Zealand earthquakes by tectonic classifi-
cation (indicated by color). Earthquake magnitude is indicated by the size of
the color-filled circles. (b) Map of sites (shown as pink triangles) with high-
quality intensity measures used for this database. Note that there are some
stations outside of the map area. The color version of this figure is available
only in the electronic edition.
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(a) (b)

(c) (d)

Figure 3. (a,b) Magnitude–distance and (c,d) magnitude–depth distributions
of ground motions in the database. The color version of this figure is

available only in the electronic edition.

(a) (b)

Figure 4. Percentage of (a) events and (b) records by tectonic class. The color version of this figure is available only in the electronic edition.
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The majority of remaining events have ML estimates that are
retrieved from the GeoNet database (GeoNet, 2022a). These mag-
nitudes are adjusted with the equations of Rhoades et al. (2021) to
more closely represent the Mw unless waveform and/or instru-
ment response information is unavailable. This method uses a
newly developed NZ-specific reference attenuation model, which
was derived from fitting ML data toMw data through regression
analysis. The model includes correction terms for attenuation
over distance, hypocentral depth, and specific sites.

To recalculateML for each station where a phase arrival was
detected, we attempted to retrieve instrument response and
waveform data. Instrument response and/or waveform data
are not always available, especially for events in the early

2000s. For all available components (horizontal and vertical),
we calculate the peak displacement amplitude (in millimeters)
of the body waves after convolving the seismogram with the
response of the Wood–Anderson seismometer (with a gain
of 2800, a natural period of 0.8 s, and damping factor of
0.8). Preferably, amplitudes are computed from broadband
seismometers. For waveforms with a signal-to-noise ratio
(SNR) ≥ 3, the amplitude, hypocentral distance, and depth
are used as input to compute the stationML. Typically, we pre-
fer magnitudes on the vertical component; however, the mean
of the two horizontal components is used in rare circumstances
when vertical data are corrupt or otherwise unavailable. We
determine the inter-quartile range (IQR) of the magnitudes

TABLE 1
Earthquake Rupture Table

Short Name Full Name Description

evid Event identification number GeoNet event ID
datetime Event origin time Date and time are shown as: YEAR:MONTH:DAY HOUR:MIN:SEC UTC
lat Event origin latitude Latitude is provided in decimal degrees (°)
lon Event origin longitude Longitude is provided in decimal degrees (°)
depth Event origin depth Depth is provided in kilometers below sea level
loc_type Event location method See the Earthquake Locations section
loc_grid Event location grid See the Earthquake Locations section
mag Event magnitude Preferred magnitude value according to the scale of mag_type (see the Earthquake Magnitude

Estimates section)
mag_type Event magnitude type The method used to determine the magnitude, such as local, moment, and so on. Mw is preferred

when available
mag_method Event magnitude method Magnitude method used to determine the magnitude of the event
mag_unc Event magnitude uncertainty Derived from the standard deviation of the station magnitudes
mag_orig Original event magnitude Magnitude according to the original value (usually local)
mag_orig_type Original event magnitude type The method used to determine the magnitude, such as local, moment, and so on
mag_orig_unc Original event magnitude

uncertainty
Uncertainty as reported for the original event magnitude

ndef Number of defining phase picks Used to determine the event hypocenter (latitude, longitude, and depth)
nsta Number of stations Used to determine the event hypocenter
nmag Number of magnitude measures Used to determine the magnitude of the event
t_res Event origin time residual The averaged uncertainty of the predicted origin time provided in seconds (s)
reloc Relocated The source of the relocation information. “No” indicates no relocation
tect_class Event tectonic classification Options include crustal, interface, slab, outerrise, or undetermined (see the Tectonic Classification

section)
tect_method Tectonic class method The method used to determine the event tectonic class
domain_no Tectonic domain number The number of the tectonic domain in which the event ruptured (see the Tectonic Domain

Regionalization section)
domain_type Tectonic domain type Dominant tectonic behavior of the domain
strike Event strike Strike of the preferred event rupture plane (°) (see the Focal Mechanisms section)
dip Event dip Dip of the preferred event rupture plane (°)
rake Event rake Rake of the preferred event rupture plane (°)
aux_strike Event strike Strike of the auxiliary nodal plane (°)
aux_dip Event dip Dip of the auxiliary nodal plane (°)
aux_rake Event rake Rake of the auxiliary nodal plane (°)
f_length Fault rupture length Along-strike length of the fault rupture plane (km) (see the Finite-Fault Geometry section)
f_width Fault rupture width Down-dip width of the fault rupture plane (km)
f_type Fault rupture type Method used to determine the fault geometry and kinematics
z_tor Depth to top of fault rupture Measured with reference to the ground surface (km)
z_bor Depth to bottom of fault rupture Measured with reference to the ground surface (km)

The column labeled “short name” corresponds to the fields found in this table. For several fields, a section name in the description is referenced to provide further information
about the field.
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by subtracting the first quantile (Q1) from the third quantile
(Q3). We then determine the bounds for outlying station mag-
nitudes with the following equations:

lowerqe � Q1 − 1:5 × IQR, �1�

upperqe � Q3 � 1:5 × IQR, �2�

in which lowerqe and upperqe are the lower and upper bounds
for the accepted station ML, respectively. Finally, the recalcu-
lated mean of the station ML, excluding outliers, is used to
determine the cML.

From 2012 onward, the GeoNet database (GeoNet, 2022a)
provides magnitude results as a summary magnitude, M,
which is determined from a mixture of ML and M�mB� (esti-
mated Mw based on body-wave magnitude). We believe that
combining local and body-wave magnitude measures provides
little benefit, as body-wave magnitudes perform as a better
estimate on regional scales than local magnitudes. Oftentimes,
ML scales disproportionately on a regional scale, leading to
overestimated magnitudes. Fortunately, the GeoNet FDSN web

service (GeoNet, 2022c) provides alternative magnitude mea-
sures for events with preferred magnitude types of M. Of these
measures, we preferM�mB�,mB, ormB measurements, although
they are still not directly equivalent toMw. If only aML value is
reported, we perform a cML computation.

The number of determined earthquakes by magnitude type
is shown in Figure 5c. The bulk of events in the NZGMDB
(∼2513) have cML, whereas Mw and mB measures comprise
most of the remaining data. In some cases, ML measures could
not be corrected due to a lack of available waveform data from
the GeoNet FDSN web service. For these values, the ML–Mw

scaling relationship derived from Rhoades et al. (2021) can be
used; however, such a relationship cannot be applied to relo-
cated hypocenters. In very few cases, cML measures could not
be determined from vertical seismometer channels, so the

(a) (b)

(c) (d)

Figure 5. (a) Frequency of different methods used in earthquake locations,
(b) frequency of earthquakes by location grid used to locate events,
(c) number of earthquakes by magnitude type, and (d) magnitude distri-
bution of corrected local magnitudes (cML). The color version of this figure is
available only in the electronic edition.
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mean of the horizontal channels is reported as cML H. The
magnitude distribution of cML data is shown in Figure 5d.

Tectonic classification
The tectonic classification of an event (“tect_class” field) is
determined based on the location of the event relative to various
subduction geometry models. Possible classifications include
crustal, subduction interface, subduction intraslab, outer rise,
and undetermined.

Van Houtte et al. (2017) provided tectonic classifications
for the events in their study’s database, which considered
the proximity of the earthquake’s location to subduction inter-
face geometry models, as well as a manual review of focal
mechanisms. Therefore, tectonic classifications for those
events were adopted for the NZGMDB where available. For
events not included in Van Houtte et al. (2017), we utilize
two separate subduction zone geometry models, hikpuy and
kerpuy. hikpuy uses the Hayes et al. (2018) and Williams et al.
(2013) slab geometries for the Puysegur and Hikurangi sub-
duction zones, respectively. Alternatively, kerpuy uses the
Hayes et al. (2018) slab geometries for both the subduction
zones. The Williams et al. (2013) slab geometry is preferred
for determining tectonic class within the Hikurangi subduction
zone; however, it covers a smaller geographic region than the
Hayes et al. (2018) model, so it cannot always be employed. In
those circumstances, we use the Hayes et al. (2018) slab model
for Hikurangi. These models have been blended for an optimal
slab geometry (Charles Williams via Chris Rollins, personal
comm., 2021). The tectonic classification logic follows proce-
dures outlined in Mazzoni et al. (2022) with minor modifica-
tions (Dupuis et al., 2023). Figure 2a provides a map plot of
earthquake locations categorized by tectonic class.

Tectonic domain regionalization
The domain number of an earthquake (“domain_no” field)
corresponds to one of 28 NZ neotectonic domains (“domain_
type”) in which it occurred (Rattenbury, 2022). These domains
are classified based on the dominant fault type (strike-slip, nor-
mal, or reverse), which is listed as the domain type, and are
used to determine the general fault properties of encompassed
earthquakes. The tectonic domain type for each event is shown
in Figure S2. Any events outside of the tectonic domains doc-
umented in Rattenbury (2022) are considered compressional.

Focal mechanisms
The strike, dip, and rake of an event are determined via a pri-
oritized system with sources specified in the “f_type” field in
Table 1. Starting from the highest priority, we first choose strike,
dip, and rake from rigorously inverted finite-fault models
(“f_type” = “ff,” see the Finite-fault geometry section). If rigor-
ously inverted finite-fault models are unavailable, regional CMT
solutions (Herrmann, 2013; Ristau, 2013; GeoNet, 2022b), man-
ually reviewed by Lee et al. (2021), were used to determine the

most likely fault plane (“f_type” = “cmt”). Other regional CMT
solutions were compared with their neotectonic domains
(Rattenbury, 2022) to find the nearest strike to determine the
preferred fault plane (“f_type” = “cmt_unc”). Finally, if none
of the above were available, we used average fault orientations
from the 28 tectonic domains to determine strike, dip, and rake
(“f_type” = “domain”). Any events located outside of the tec-
tonic domains are considered compressional and are assigned
a standard strike, dip, and rake of 220°/45°/090°.

Figure 6 shows the distribution of strike, dip, and rake
values for finite-fault, CMT, and neotectonic-domain-derived
data. CMT-derived values appear to have broader distributions
than domain-derived values, particularly in the frequency of
dip values. Dominant frequencies are evident in both the
examples for strikes of 40° and 220°.

Finite-fault geometry
Finite-fault models that are consistent with those used in ground-
motion model development, where available, are used for com-
puting the rupture properties of earthquakes. Currently, the
NZGMDB uses finite-fault geometries for three events (with
GeoNet event references in parentheses): the 2010 Mw 7.1
Darfield earthquake (publicid: 3366146; Beavan et al., 2010;
Bradley, 2012), the 2011 Mw 6.2 Christchurch earthquake (pub-
licid: 3468575; Bradley and Cubrinovski, 2011; Beavan et al.,
2011), and the 2016 Mw 7.8 Kaikōura earthquake (publicid:
2016p858000; Bradley et al., 2017; Hamling et al., 2017). For
all other events, without event-specific finite-fault models, the
along-strike length (“f_length”), down-dip width (“f_width”),
depth to the top of the rupture (“z_tor”), and depth to the bottom
of the rupture (“z_bor”) were computed from scaling relation-
ships (Strasser et al., 2010; Leonard, 2010, 2014; Skarlatoudis
et al., 2016) to determine the fault geometry for source–receiver
propagation path information.

Along-strike length and down-dip width are computed
based on the empirical Mw-scaling relationships of Leonard
(2014) and Skarlatoudis et al. (2016) for crustal and subduction
interface earthquakes, respectively, based on comparisons of
global and NZ-specific studies (Michael Dupuis, personal
comm., 2022). First, the rupture areas are calculated using
the Mw-area scaling relationships. As Mw-length and Mw-
width scaling relationships are available from Leonard (2010),
dimensions of crustal earthquakes were proportioned to follow
the implied aspect ratio. Skarlatoudis et al. (2016) do not pro-
videMw-length andMw-width scaling relations, and hence the
length and width are set to be equal (i.e., simply the square root
of the area), given that the size of the events requiring such
assumptions does not saturate the available rupture widths
of the subducting interface zone. Although the Leonard (2010)
relationships are for crustal earthquakes, they were also used
for slab earthquakes in the NZGMDB v.1.0, because calcula-
tions were undertaken before rigorous investigations into slab
Mw-scaling relationships, and we found that the alternatives
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had little impact on calculated lengths and widths (and negli-
gible impacts on subsequently computed source-to-site distan-
ces). This update of the NZGMDB v.3.4 adopts the Strasser
et al. (2010) Mw-scaling relationships for slab earthquakes
from magnitudes 5.9 to 7.8 but retains the dimensions calcu-
lated by Leonard (2010) for earthquakes below magnitude 5.9.
However, as slab earthquakes are relatively deep, this does not
significantly influence any results using the current version of
the NZGMDB. For earthquakes with geometry estimated using
the Mw-scaling relations, we assume that the hypocenter or
centroid location, as described in the relevant earthquake cata-
log, is located in the middle of the rupture. Therefore, the depth
to the top of the rupture is determined by subtracting half of
the rupture’s vertical height (i.e., vertical distance from the top
of the fault to the bottom) from the hypocenter depth, whereas
ZBOR is simply the height of the fault added to ZTOR. In cases
for which ZTOR from an estimated finite-fault geometry would
be reported as a negative depth (i.e., above the ground surface),
it is corrected to a value of 0 (i.e., at the ground surface), with
the ZBOR value adjusted such that the correct down-dip width
is maintained.

It is noted that the prior NZ ground-motion database from
Van Houtte et al. (2017) included finite-fault information for 16
events post-2000 (which are in the database documented in this
article). For 13 of these events (i.e., excluding the three consid-
ered earlier), we concluded that they were not geometries that
were consistent with those used in ground-motion model devel-
opment (i.e., they had geometries that were inconsistent with
scaling relations, with many instances of significant zero slip

regions along their outer boundaries). At the present time,
due to time constraints, we have not revised these models to
be consistent, because the overwhelming majority of observa-
tions have source-to-site distances that are not affected by
the assumed fault geometries using the scaling-relation-based
approach above, which we preferred to use of internally incon-
sistent event-specific finite faults. This is an obvious area for
improvement in the near future.

SITE TABLE
The site table (Table 2) contains basic station information, as
well as geotechnical and geophysical site parameter data. A
map of all sites used for this database is shown in Figure 2b.
The collection and collation of strong-motion site information
was undertaken as a parallel workstream by Wotherspoon et al.
(2022), which the reader is directed to for more comprehensive
details. Here, we focus on a summary of the site characterization
information that is of direct relevance for ground-motion
modeling.

Time-averaged shear-wave velocity over the top 30 m of the
ground profile (VS30), site fundamental period (T0), depths to
1.0 and 2.5 km/s shear-wave velocity horizons (Z1:0 and Z2:5,
respectively), and other site data compiled in Wotherspoon

Figure 6. Frequency of strike, dip, and rake of the preferred rupture plane of
earthquakes as a function of determination method—centroid moment
tensor (CMT), neotectonic domain, or finite-fault model. The color version of
this figure is available only in the electronic edition.
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et al. (2022) are drawn from several sources. Data are priori-
tized based on a heuristic quality metric, Q1–Q3 with Q1
denoting the highest quality (Kaiser, Van Houtte, et al., 2017;
Wotherspoon et al., 2022), and the source references are
reported in the *_ref category for each site parameter.
Distributions of VS30 and Z1:0 values (the most common
primary and secondary site parameters in empirical ground-
motion modeling, respectively) for NZ stations are illustrated
in Figure 7, with histograms for both measured (Q1) and
inferred (Q2 and Q3) data.

PROPAGATION PATH TABLE
The propagation path table (Table 3) contains source–receiver
information, such as source-to-site distance and azimuth.
Several measures of source-to-site distance are included:
Repi, Rhyp, RJB, Rrup, Rx, Ry, RTVZ, and RXVF, which are described
in Table 3.

The propagation path table includes seven different source-
to-site distance measures. Repi and Rhyp are the epicentral and
hypocentral distances (in kilometers) from the event to the
instrument station. Both RJB and Rrup depend on the fault

geometry of the earthquake, which was described in the
Finite-Fault Geometry section. RJB is the shortest distance
(in kilometers) to the surface projection of the rupture plane.
Rrup is the shortest distance (in kilometers) to the rupture plane.
Rx is the horizontal distance (in kilometers) from the top edge of
the rupture measured perpendicular to the fault strike. Ry is
the horizontal distance (in kilometers) from the center of the
rupture measured parallel to the fault strike.

RTVZ is the decimal fraction of Repi that traveled through
the Taupō volcanic zone (TVZ). The polygon used to define
the TVZ dimensions is derived from neotectonic domain 4
(Havre trough–Taupō rift). RTVZ is included because the
TVZ is known to have higher anelastic attenuation than the
surrounding crust, which affects recorded ground motions
(e.g., McVerry et al., 2006). This value is reported from 0 (none
of the paths is within the TVZ) to 1 (the entire path is within
the TVZ). As an example, Figure 8 illustrates the propagation
path of event 1597193 to station WCDS through the TVZ,
which has a reported value of 0.490. RXVF is the Euclidean dis-
tance (in kilometers) from the intersection of Repi with the
TVZ to the seismic station; the value of the path shown is

TABLE 2
Site Table Information Adopted from Wotherspoon et al. (2022)

Short Name Full Name Description

net Site network name Seismograph network of site
sta Site station name Instrument station name
lat Site latitude Latitude of the site in decimal degrees
lon Site longitude Longitude of the site in decimal degrees
elev Site elevation Elevation of the site above sea level in meters
site_class Site classification Site classification is based on the NZS1170.5 site subsoil class approach (A–E; New Zealand Standards,

2004)
VS30 VS30 value Time-averaged shear-wave velocity of the top 30 m (m/s)
VS30 std – Standard deviation of VS30. All standard deviations in this table are in sigma of the natural log of the

metric
Q VS30 – Quality rating of VS30 measurement, ranging from 1 (well-constrained) to 3 (poorly constrained)
VS30 ref – VS30 source reference
T0 Site period Fundamental site period (s)
T0_std – Standard deviation of the fundamental site period (s)
Q_T0 – Quality rating of T0 measurement
D_T0 – Method for determining site period
T0_ref – T0 source reference
Z1.0 1.0 km/s shear velocity

depth
Depth (in m) to shear-wave velocities of 1.0 km/s

Z2.5 2.5 km/s shear velocity
depth

Depth (in km) to shear-wave velocities of 2.5 km/s

Z1.0_std – Standard deviation of Z1.0 (m)
Z2.5_std – Standard deviation of Z2.5 (km)
Q_Z1.0 – Quality rating of Z1.0 measurement
Q_Z2.5 – Quality rating of Z2.5 measurement
Z1.0_ref – Z1.0 source reference
Z2.5_ref – Z2.5 source reference
site_domain_no Site domain number Number of the tectonic domain the site is located within
basin Underlying basin Name of the modeled NZVM basin underlying the site

The column labeled “short name” corresponds to the fields found in the site table. The “full name” of the field is listed in the next column, followed by a “description” providing
further explanation of the field and units of measurement, where applicable.
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44.71 km. This is illustrated as
the blue portion of the path in
Figure 8. If the station is within
the TVZ, the value is set to 0,
whereas cases with no such
intersection have a reported
null value.

STATION MAGNITUDE
AND PHASE ARRIVAL
TABLES
The station magnitude table
(Table 4) provides additional
detail that underpins the Mw

values in the earthquake rupture
table. The motivation for this
separate table results from the
recognition that many events
contain only uncorrected ML,
and this table provides a basis
for improved magnitude esti-
mates through event reloca-
tions, cML estimates, and
potentially new direct Mw esti-
mates. The station magnitude
table contains both ML and
cML for source–receiver pairs.
Magnitude values are provided
from the original GeoNet

Figure 7. Z1:0 and VS30 distributions at recording sites. The color version of this figure is available only in the
electronic edition.

TABLE 3
Propagation Path Table Information

Short Name Full Name Description

evid Event identification number Identification number associated with the source earthquake
net Site network name Seismograph network of site
sta Site station name Instrument station name
r_epi Epicentral distance
r_hyp Hypocentral distance
r_jb Joyner–Boore distance
r_rup Rupture distance Measured in kilometers.
r_x Strike-perpendicular distance
r_y Strike-parallel distance
r_tvz Taupō volcanic zone distance The decimal fraction of Repi that traveled through the Taupō volcanic zone (TVZ)
r_xvf Station to TVZ distance Euclidean distance, measured in kilometers, from the intersection of the epicentral path with the TVZ to

the seismic station. If the station is within the TVZ, the value is set to 0. If there is not an intersection of the
propagation path with the TVZ, the value is null

az Site-source azimuth Azimuth, in decimal degrees, from the observing site to the earthquake source
b_az Source-site azimuth Azimuth, in decimal degrees, from the earthquake source to the observing site
reloc Relocated The source of the relocation information. “No” indicates no relocation
f_type Fault rupture type Method used to determine the fault properties (strike, dip, rake, length, and width). See the Finite-fault

Geometry section

The column labeled “short name” corresponds to the fields found in the propagation path table. The “full name” of the field is listed in the next column, followed by a
“description” providing further explanation of the field and units of measurement, where applicable. For several fields, a section label in the description is referenced to
provide further information about the field.
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database (mag, GeoNet, 2022a), as well as for the cML (“mag_-
corr”). See the Earthquake Magnitude Estimates section for
details on the procedure used to correct ML to be analogous
to Mw. Because the release of the NZGMDB v.1.0, the “SNR,”
“filtered,” and “amp_time” fields have been added. “SNR” is
the velocity time-domain SNR of the earthquake. “filtered” indi-
cates whether a high-pass filter of 1 Hz was used via ObsPy. For
filtered data, we correct for the gain of the filter using the iirfilter
and sosfreqz functions from scipy. “amp_time” indicates the
UTC datetime where the peak amplitude is measured. These
fields can help to provide metrics for filtering and quality control.

The phase arrival table (Table 5) includes information about
earthquake phases that are associated with located earth-
quakes. It is our intention to expand on this table with
first-motion information (compressional, dilatational, or inde-
terminate), take-off angles as determined within a 3D velocity

structure, and SH/SV and P
waveform amplitudes. This
information can be used for
the computation of focal
mechanism solutions.

GROUND-MOTION IM
TABLE
The ground-motion IM table
(Table 6) provides IMs for each
event at each station having
recorded data. IMs include peak
ground acceleration (PGA),
peak ground velocity (PGV),
and 5%-damped pseudospectral
accelerations (pSA) at 31 vibra-
tion periods ranging from T =
0.01–10 s, Fourier amplitude
spectra (FAS) from 0.1 to
100 Hz, and other IMs as dis-
cussed in the Ground-motion
IMs section.

Computed IMs are provided
for three orthogonal compo-
nents (000, 090, ver), as well
as the orientation-independent
50th percentile (median) and
100th percentile (maximum)
across all possible azimuths in
the horizontal plane, RotD50,
and RotD100 (Boore, 2010),
respectively. The following sec-
tions provide the specifics of
ground-motion extraction,
processing, and IM compu-
tation.

Ground-motion extraction
Ground-motion waveforms were extracted for analysis from
the GeoNet FDSN web service (GeoNet, 2022c; see Data and
Resources). Data were acquired from stations with detected
arrivals and/or within a radius of the hypocenter based on
the magnitude–distance scaling relationship shown in Figure
S3. This relationship was established by determining the
Rrup corresponding to PGV thresholds based on the Bradley
(2013) empirical ground-motion model. Although PGV
thresholds were initially chosen to correspond to shaking levels
of interest for ground-motion modeling studies, this resulted in
distances that we considered were too small for smaller Mw

earthquakes. Therefore, variable Mw-dependent PGV thresh-
olds were heuristically determined and corresponding Mw-
dependent Rrup were calculated. Finally, the search radius used
is the double of the calculated Rrup for each Mw to
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1597193

WCDS

Figure 8. Map showing the RTVZ path for event 1597193 to station WCDS. The Taupō volcanic zone (TVZ) is
represented by the orange shape overlying the North Island. The blue line is the portion of the path outside
of the TVZ; the red line is the portion of the path within the TVZ. The color version of this figure is available only in
the electronic edition.
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conservatively obtain more ground motions if available. This
follows a philosophy of obtaining more than typically needed,
as the user of the NZGMDB should apply their own acceptable
distance criteria for their specific application.

Waveforms are downloaded for all possible channels for
both accelerometers and seismometers to miniSEED files

(miniSEED, 2012). The time window twin in seconds is deter-
mined with the following equation:

twin � �Sarr � 1:2 × Ds595� − �Parr − 15�, �3�
in which Parr is the P arrival time, and Sarr is the S arrival time.
The Ds595 value is determined with a modified version of the

TABLE 4
Station Magnitude Table Information

Short Name Long Name Description

magid Magnitude identification
number

The magid is notated as the evid followed by an “m” and an index for the number out of the total station
magnitudes for that event, for example, 1503993m13

net Site network name Seismograph network of site
sta Site station name Instrument station name
loc Site location name Indicates the recording instrument at the site
chan Site channel Denotes the site channel used to measure amplitude and calculate station magnitude
evid Event identification

number
Identification number associated with the source earthquake

mag Event magnitude Uncorrected magnitude. See the Earthquake Magnitude Estimates section
mag_type Event magnitude type Magnitude type of the uncorrected magnitude. See the Earthquake Magnitude Estimates section
mag_corr Event corrected

magnitude
Corrected local magnitude. See the Earthquake Magnitude Estimates section

mag_corr_method Event magnitude
correction method

Method used to correct local magnitude (Rhoades et al., 2021). See the EarthquakeMagnitude Estimates
section

amp Preferred amplitude
measure

Set as the maximum amplitude of the signal in microns by default, convolved with the Wood–Anderson
response. See the Earthquake Magnitude Estimates section

amp_peak Peak amplitude Largest positive amplitude of the signal in microns, convolved with the Wood–Anderson response
amp_trough Trough amplitude Largest negative amplitude of the signal in microns, convolved with the Wood–Anderson response
amp_max Absolute amplitude Highest amplitude determined from the absolute value of the peak and trough values in microns,

converted to Wood–Anderson response
reloc Relocated The source of the relocation information. “No” indicates no relocation
SNR Signal-to-noise ratio The ratio of the maximum amplitude to the peak noise
filtered High-pass filter Indicates whether or not a high-pass filter was necessary to attain an SNR ≥ 3 for
amp_time Maximum amplitude

datetime
The datetime of the measured maximum amplitude

The column labeled “short name” corresponds to the fields found in the station magnitude table. The “full name” of the field is listed in the next column, followed by a
“description” providing further explanation of the field and the units of measurement, where applicable. For several fields, a section in the description is referenced to
provide further information about the field.

TABLE 5
Phase Arrival Table Information

Short Name Long Name Description

arid Arrival identification number The arid is notated as the event identification number, followed by an “a” and the index for the number
out of the total station arrivals for that event, for example, 1503993a13

datetime Phase arrival time Date and time are shown as YEAR:MONTH:DAY HOUR:MIN:SEC UTC
net Site network name Seismograph network of site
sta Site station name Instrument station name
loc Site location name Indicates the recording instrument at the site
chan Site channel Denotes the site channel of the associated phase arrival
phase Phase arrival name Name of the phase arrival (e.g., P or S phases)
t_res Arrival-time residual The arrival-time residual is the time difference between the observed and predicted arrival times

in seconds (s)
evid Event identification number Identification number associated with the source earthquake

The column labeled “short name” corresponds to the fields found in the phase arrival table. The “full name” of the field is listed in the next column, followed by a “description”
providing further explanation of the field and the units of measurement, where applicable.
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equations of Afshari and Stewart (2016), as described sub-
sequently. An additional term (FD) was added for earthquakes
with Mw greater than 5.0 to compensate for increasingly longer
wave trains observed in NZwith distance (R) andmagnitude (M):

FD � �0:124 × R� 20:46� × �M − 5�, �4�

which modifies equation (2) of Afshari and Stewart (2016):

lnDs � ln�FE � FP � FD� � FS, �5�
in which DS is the significant duration of shaking, FE and FP are
the earthquake source and path duration terms, and FS is a site
term. FD is estimated from empirical observation from several NZ
events, including the 2016 Kaikōura, 2011 Christchurch, and 2009
Dusky Sound earthquakes, among others.

Ground-motion classifications
No further preprocessing steps are performed before classifying
the quality of the waveforms. Waveform records are selected for
extraction and classification based on several factors.

1. The event magnitude as reported by GeoNet is equal to or
exceeds the magnitude threshold (currently 4.0).

2. Station metadata (latitude, longitude, and elevation) are
available for the recording instrument.

3. If a station has multiple recording instruments, high sam-
ple-rate accelerometers are preferred (HN, 80–200 Hz), fol-
lowed by lower sample-rate accelerometers (BN, 50 Hz). In
the future versions of the GMDB for which other instru-
ment channels will be included, their inclusion within this
hierarchy will be given due consideration.

4. Instrument response for the given instrument and time
period is available.

The quality of the data is assessed with a ground-motion
classification (GMC) neural network (Dupuis et al., 2023),
which is a deep learning-based model specifically developed
for predicting the quality of each individual component of
ground motions in NZ. For training input, the waveform rec-
ord quality score was manually labeled based on the percentage
of pre-event noise to the PGA value, the amount of the

TABLE 6
Ground-Motion Intensity Measure Table Information

Short Name Long Name Description

gmid Ground-motion
identification number

The gmid is notated as the event identification number, followed by “gm” and the index for the
number out of the total ground motions for that event, for example, 1519274gm54

evid Event identification number Identification number associated with the source earthquake
net Site network name Seismograph network of site
sta Site station name Instrument station name
loc Site location name Indicates the recording instrument at the site
chan Site channel Denotes the first two letters of the site channel of the ground motion
component Ground-motion component Denotes the component used to compute intensity measures, which can be 000, 090, ver,

rotd50, or rotd100
PGA Peak ground acceleration Measured in g
PGV Peak ground velocity Measured in cm/s
CAV Cumulative absolute velocity Measured in g-s
IA Arias intensity Measured in m/s
Ds575 5%–75% significant

duration
Duration of shaking between 5% and 95% accumulation of Arias intensity (s)

Ds595 5%–95% significant
duration

Duration of shaking between 5% and 75% accumulation of Arias intensity (s)

MMI Modified Mercalli intensity Intensity scale measured from 1.0 (not felt) to 12.0 (extreme) (Worden et al., 2012)
score_mean_(X, Y, Z) Classification score Mean quality score (generally 0–1) of the ground motion for 090, 000, and Z channels. Verticals

not provided in RotD50 and RotD100 tables
f_min_mean_(X, Y, Z) Minimum frequency Mean minimum viable frequency (Hz) of the ground motion for 090, 000, and Z channels.

Verticals not provided in RotD50 and RotD100 tables
f_max_mean_(X, Y, Z) Maximum frequency Mean maximum viable frequency (Hz) of the ground motion for 090, 000, and Z channels.

Verticals not provided in RotD50 and RotD100 tables
multi_mean_(X, Y, Z) Multiple score Mean multiple score (generally 0–1) of the ground motion for 090, 000, and Z channels.

Verticals not provided in RotD50 and RotD100 tables
pSA(T) Pseudoacceleration

response spectra
Measured in g for various periods denoted by _period, for example, pSA_1.0. See the Ground-
Motion Intensity Measures section

FAS(f) Fourier amplitude spectra Measured in g for various frequencies denoted by _frequency, for example, FAS_1.0. See the
Ground-motion IMs section

The column labeled “short name” corresponds to the fields found in the ground-motion intensity measure table. The “full name” of the field is listed in the next column, followed
by a “description” that provides further explanation of the field and units of measurement, where applicable. For several fields, a section number in the description is referenced to
provide further information about the field.
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waveform coda captured, any instrument malfunctions, and
the presence of phases from multiple earthquakes within single
records. Additional quality criteria are discussed in Dupuis
et al. (2023). From these criteria, a quality score of 0–1 was
given to the records, with 0 indicating the lowest quality
and 1 the best quality. The labeled quality scores for the model
development are at discrete values (i.e., either 0, 0.25, 0.5, 0.75,
or 1.0), given the difficulty in providing more accuracy in the
quality labeling. GMC gives mean predictions of quality score
on a continuous scale (0–1).

Besides the quality score, GMC was also trained to predict
the minimum usable frequency (“fmin”) and the probability of
a record containing multiple events. fmin was first labeled on a
scale of 0.01–10 Hz based on the amount of noise contamina-
tion, the spectral SNR (i.e., SNR ≳ 2), and other Fourier ampli-
tude characteristics such as low-frequency slope. The signal is
considered to be the part of the record after the P arrival, and
the noise (typically 15 s) is the portion before P arrival. Spectral
SNR was computed as the smoothed FAS of the signal divided
by that of the noise. GMC fmin predictions are on a continuous
scale between 0.01 and 10.0 Hz. Further, GMC also gives a
probability scale for whether records may contain multiple
events, ranging from 0 (no more than one event) to 1 (exceed-
ingly likely that there is more than one event). Although not
predicted by the GMC, the maximum usable frequency (fmax)
is determined as the minimum value between the highest fre-
quency with SNR > 3 and 80% of the Nyquist frequency.

In addition, we identify potentially clipped records using the
“clipping_ann” function of the “gmprocess” module (Hearne
et al., 2019). In the flatfiles, we provide a probability
(“clip_prob”) from 0 to 1, on whether the data are potentially
clipped and flag any data with a “clip_prob” value higher than
0.2 (true). In certain cases, the neural network (Bellagamba
et al., 2019) fails to classify waveforms, and the “clipped” and
“clip_prob” fields are filled with null values.

Finally, we proceed with records passing the following
additional screening: (1) only strong-motion sensors (HN
and BN channels, as further discussed in the Verification of
accelerometer versus seismometer data section); (2) event
depth < 500 km; (3) rupture distance Rrup < 1000 km; (4)
quality score (X, Y, Z) > 0.5; (5) fmin (X, Y, Z) < 2 Hz; (6)
fmax (X, Y, Z) > 4 Hz; (7) probability of multiple events (X,
Y, Z) < 0.2; and (8) clip_prob (X, Y, Z) < 0.2.

Ground-motion preprocessing
The prioritized data determined via the GMC neural network
and other criteria are preprocessed before calculation of IMs.
Preprocessing is performed almost entirely with the ObsPy
Python suite (Beyreuther et al., 2010; Krischer et al., 2015)
and is modeled after the procedures of Van Houtte et al.
(2017). Waveforms are first demeaned, detrended, padded
with the first and last values to the beginning and the end,
respectively, and then tapered. Padding the data helps to

eliminate anomalous spikes caused by instrument response
removal and filtering. Instrument sensitivity is removed in
the frequency domain via ObsPy, and any waveforms mea-
sured in velocity are differentiated to acceleration. The three
components are rotated to the ZNE orientation, and the
zero-pads are trimmed. The units of acceleration are converted
to units of gravity (g � 9:810 m=s2). A high-pass Butterworth
filter with a corner frequency of 0.05 Hz with four filter corners
is applied in the frequency domain to minimize very long-
period noise while preserving as much of the signal as possible.
We tested this method with shorter (seconds) and longer
(minutes) records to ensure that no anomalous spikes were
generated at the beginning or end of the waveforms from
the filtering process after trimming the data. Finally, the data
are output to ASCII formatted text files.

Ground-motion IMs
Preprocessed data are used as input to calculate IMs. IMs are
computed for 000 (NS), 090 (EW), and vertical (Z) compo-
nents, as well as the RotD50 and RotD100. pSAs are calculated
for 31 periods of 0.01, 0.02, 0.03, 0.04, 0.05, 0.075, 0.1, 0.12,
0.15, 0.17, 0.2, 0.25, 0.3, 0.4, 0.5, 0.6, 0.7, 0.75, 0.8, 0.9, 1.0,
1.25, 1.5, 2.0, 2.5, 3.0, 4.0, 5.0, 6.0, 7.5, and 10.0 s. FAS are com-
puted for 100 frequencies logarithmically spaced from 0.1 to
100.0 Hz. Further IMs include PGA, PGV, cumulative absolute
velocity (CAV), Arias intensity (IA), Ds575 (5%–75% significant
duration), Ds595 (5%–95% significant duration), and modified
Mercalli intensity (MMI). Although pSA has been calculated
for up to 10.0 s vibration period for all records, this does
not imply that the long period pSA are all usable. The predicted
minimum usable frequencies from the GMC must also be con-
sidered when determining the maximum vibration period that
is usable for each application.

The numbers of records per event and per station are shown
in Figure 9a,b, respectively. From years 2000 to 2022, the num-
ber of records gradually increases (Fig. 9c), and this coincides
with increased availability of waveform data and the addition
of new stations to the NZ network. The year 2016 contains an
anomalously high number of records due to the Kaikōura
earthquake sequence.

FLATFILES
For the convenience of the users of the NZGMDB, we have
provided flatfiles of the ground-motion IM tables (Table 7).
The flatfiles provide event, site, path metadata, and IMs, and
are discussed in the sections indicated in the “Description” col-
umn. Flatfiles are provided for five ground-motion components,
000, 090, vertical, RotD50, and RotD100.

DISCUSSION
Earthquake locations and focal mechanism solutions
As earthquake locations are reviewed, we intend to improve the
catalog by relocating all events possible using a new application
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of the maximum intersection (MAXI) method (Font et al., 2004)
and the recent New-Zealand-wide 3D velocity model (Eberhart-
Phillips et al., 2020). The efficacy of this method and the
robustness of the results will be compared to other proven
methods, such as SIMUL (Thurber and Eberhart-Phillips,
1999), NonLinLoc (Lomax et al., 2009), and hypoTD (Guo
and Zhang, 2016).

A large percentage of the
GeoNet database is comprised
of events without regional
CMT or focal mechanism sol-
utions (GeoNet, 2022a). This
percentage is even larger for
earthquakes that were not
included in the NZGMDB.
Computing the best estimate
focal mechanism solutions for
events will help to better deter-
mine earthquake rupture prop-
erties rather than relying on
the fault properties of the
encompassing neotectonic
domain. We can use the deep
learning approach of Ross
et al. (2018) to automatically
determine the polarities of P
arrivals. In combination with
the S/P amplitude ratios, the
P polarities are used as input
with the focal mechanism
determination program
HASH (Hardebeck and
Shearer, 2002, 2003). We have
developed a functional imple-
mentation of these methods
and intend to update the
NZGMDB with these results
in the future version.

Metadata uncertainties
Uncertainties in metadata are neither comprehensively quanti-
fied or considered in our current version of the NZGMDB,
nor other comparable ground-motion databases, for example,
NGA-Sub (Mazzoni et al., 2022). For instance, uncertainties
in earthquake location and faulting parameters are not provided,
because this information is often unavailable through GeoNet.

(a) (b)

(c)

Figure 9. Frequency of observations (a) per event, (b) per station, and (c) number of ground-motion records by year.
The color version of this figure is available only in the electronic edition.

TABLE 7
Columns Provided in the Ground-Motion Intensity Measure Flat Files

Data Source Column Names Description

Event metadata ev_lat, ev_lon, ev_depth, mag, mag_type, tect_class, domain_no,
domain_type, strike, dip, rake, f_length, f_width, f_type, z_tor, z_bor, reloc

See Table 1

Site metadata VS30, VS30 std, Q VS30, T0, T0_std, Q_T0, Z1.0, Z1.0_std, Q_Z1.0, Z2.5,
Z2.5_std, Q_Z2.5, site_domain_no

See Table 2

Propagation path metadata r_epi, r_hyp, r_jb, r_rup, r_tvz, r_xvf See Table 3
Clipping metadata clipped, clip_prob See the Verification of accelerometer

versus seismometer data section

The data source indicates the source table within the database for the metadata included in the flat file. “Column names” are the specific data pulled from the data source. The
description indicates the section where additional information about these data can be found.
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In addition to earthquake location and faulting parameters,
magnitude uncertainty is given for cML and estimated by propa-
gating the method uncertainty of Rhoades et al. (2021)
with the standard deviation of stationmagnitudes. This accounts
for 37% of events. For the remaining events with a direct Mw

from CMT or mB, uncertainty is not quantified due to the lack
of relevant information from GeoNet. For site metadata, a
heuristic quality metric, Q1–Q3 (Kaiser, Van Houtte, et al.,
2017; Wotherspoon et al., 2022), is assigned for each site
parameter.

Uncertainty quantification for metadata in ground-motion
databases represents a clear area for improvement. For
instance, location uncertainty can potentially be estimated
based on the rms of the arrival times. The previously noted
MAXI-3D method (Font et al., 2004) performs uncertainty
estimations by computing the statistical significance of nearby
nodes to the maximum intersection using the F-test (also
known as Harley’s test) to produce uncertainty clouds. One
can also compute the best-fit error ellipses to the uncertainty
clouds in the X-Y direction and calculate the standard
deviation in the Z direction. Currently, we have tested this
method for the years 2000–2022 and are performing a system-
atic comparison with the original GeoNet hypocenters.

Verification of accelerometer versus seismometer
data
Comparison of strong-motion channel HN (high sample-rate
accelerometer) with broadband channel HH (high sample-rate
seismometer) data helped to identify discrepancies between
IMs deconvolved with respect to instrument response for col-
located instruments at various stations (GeoNet, 2022d). A col-
laborative effort was organized with GNS Science to identify
and correct these issues. Most of these issues were attributed
to the response files used for Obsidian strong-motion datalog-
gers (see Data and Resources), which have since been cor-
rected. This updated data will be implemented into the
future versions of NZGMDB.

Comparison with prior New Zealand database
The prior NZ database, developed by Van Houtte et al. (2017),
contains 276 events from 1968 to 2016. The NZGMDB devel-
oped here is significantly larger, with IMs for 5422 events.
Because lower-magnitude data and subsequent years are added
to the database, the number of events with high-quality IMs will
further expand. Currently, 33,052 three-component records are
used to compute high-quality IMs. By comparison, only 4148
high-quality ground-motion recordings were included in the
Van Houtte et al., 2017) database.

The NZGMDB expands the number of stations used from
334 to 362. Although Van Houtte et al. (2017) includes 219
records before 2000, the NZGMDB includes IMs from the start
of 2000 until the end of 2022 but will be expanded with future
updates. We have not attempted to process data before 2000

due to the paucity of high-quality waveforms, limited metadata
quality, and a general lack of a sufficient number of recordings
per event (to constrain event-specific residual terms), but we
may do so given time at a future date.

CONCLUSIONS
Our first complete version of the NZGMDB v.1.0, as a part
of the 2022 NZ NSHM revision, provided a central database
of IMs for events from the GeoNet database with magnitudes
approximately greater than 3.0 from the beginning of the year
2000 until 31 December 2020. We have since expanded this
catalog to December 2022 in the NZGMDB v.3.4 as well as
completely recomputed GMCs, IMs, and corrected magni-
tudes, while adding additional metrics to the tables for data
quality control and filtering. Among many possibilities, these
data can be used for evaluating and developing ground-motion
models, assessing site conditions, and investigating attenuation
and other ground-motion properties.

The NZGMDB has been developed with continuous
updates in mind, expanding the date and magnitude range
as further processing is performed. In addition, the modular
nature of the NZGMDB allows for the inclusion of further data
or updates, such as focal mechanism solutions and hypocenter
relocations. Finally, we will continue to update the data with
the latest information from other sources, such as site infor-
mation in the site table and recomputed IMs for recalibrated
instruments, to maintain an accurate and reliable catalog. We
hope to implement the addition of ground motions from the
seismometer network, but this requires quality assurance mea-
sures before doing so.

DATA AND RESOURCES
The latest version of the New Zealand ground-motion database
(NZGMDB) can be accessed and downloaded at https://osf.io/q9yrg/?
view_only=05337ba1ebc744fc96b9924de633ca0e (last accessed
November 2023). The code used to build the NZGMDB is available at
https://github.com/ucgmsim/nzgmdb (last accessed November 2023).
Maps in this article were generated with the Python package PyGMT
(Uieda et al., 2021), which uses the Generic Mapping Tools (GMT) soft-
ware package (Wessel et al., 2019). The New Zealand (NZ) earthquake
catalog can be accessed using the GeoNet Quake Search tool at https://
quakesearch.geonet.org.nz (last accessed January 2023). Ground-motion
waveforms were extracted for analysis from the GeoNet International
Federation of Digital SeismographNetworks (FDSN)web service available
at https://www.geonet.org.nz/data/tools/FDSN (last accessed January
2023). Response files used for Obsidian strong-motion dataloggers can
be accessed from https://github.com/GeoNet/help/blob/main/metadata-
changes/strongmotion_obsidian4x_response.md (last accessed January
2023). The supplemental figures, which complement this article, are
included online as supplemental material.
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