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Abstract
Analysis of prediction–observation residuals from the empirical ground-motion
models (GMMs) used in the 2022 New Zealand National Seismic Hazard Model
(NZ NSHM) update indicates a general underprediction of ground motions in the
period range of 0:5� 2 s for soft sedimentary basin sites in Wellington. This study
uses residual analysis to quantify this underprediction, understand the spatial
distribution of these residuals and the specific conditions that cause them, and
investigate options for the development of non-ergodic site-response adjustments
to the GMMs. All 15 GMMs used in the NZ NSHM were evaluated, and the
variability in site-response residuals between different models and different tectonic
types of earthquake sources was quantified. Sites are regionalized based on different
geomorphic features, such as individual basins and valleys. For example, average site
terms are calculated for Te Aro, Thorndon, Miramar, Lower Hutt, Upper Hutt, and
several smaller valleys. The period at which maximum underprediction occurs at
these sedimentary basin and valley sites was found to correlate well with the
fundamental site period of the soil profile (T0), suggesting improvements can be
made to regionalized GMMs by incorporating site period into the site-response
prediction for sedimentary basin sites.
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Introduction

Historically, empirical ground-motion models (GMMs) have utilized the ergodic assump-
tion (Anderson and Brune, 1999) to predict the mean and standard deviation of earth-
quake ground-motion amplitudes for sites within broad tectonic categories. Combining
ground-motion observations from similar tectonic regions around the world produces suf-
ficient data to constrain global models that are, on average, unbiased. However, because
of region-specific variations in earthquake source characteristics, path attenuation, and
geologic/geomorphic site conditions, these ergodic global models have large aleatory vari-
abilities (Kotha et al., 2016; Lavrentiadis et al., 2023) and can be biased for specific
regions. Bias and variability can also arise from limitations on the data used to constrain
these models, for example, the sparsity of soft-soil sites in ground-motion databases (e.g.,
Campbell and Bozorgnia, 2014).

The comparison of residual standard deviations between global models and site-specific
applications illustrates a reduction in variability when site response is constrained at a site
using residual analysis from observations (Atkinson, 2006; Lin et al., 2011; Rodriguez-
Marek et al., 2011). This reduction in standard deviation, or total sigma, can be on the
order of 10%–15% and can be increased to approximately 40% when single-path effects
are considered for a given source region and site combination. Efforts continue to further
reduce the extent to which the ergodic assumption is employed in empirical GMMs by cre-
ating region- or site-specific models.

These models range from regional-scale models that include non-ergodic components
for the source, path, and site (Abrahamson et al., 2019; Landwehr et al., 2016; Macedo
and Liu, 2022; Sung et al., 2023; Villani and Abrahamson, 2015), to site-specific and
basin-specific models that focus on non-ergodic site effects (Rodriguez-Marek et al.,
2014; Sung and Abrahamson, 2022). For example, Parker and Baltay (2022) and Nweke
et al. (2022) used earthquake observations in the Los Angeles sedimentary basin to
empirically constrain site response in the area, while Sung and Abrahamson (2022) used
3D simulations of the Cascadia subduction zone to adjust the Abrahamson and Gülerce
(2020) GMM to account for amplification of the Seattle basin. In NZ, Bradley (2013)
modified the Chiou and Youngs (2014) GMM based on a NZ-specific crustal earthquake
data set, and Bradley (2015) developed non-ergodic adjustment factors for application of
this GMM to the Canterbury region. These models sit on an ergodic continuum (e.g.,
Chapter 8 in Baker et al., 2021) that ranges between the extremes of ergodic, and fully
non-ergodic, and is governed by the extent of region- and site-specific data used to con-
strain the model.

The NGA-West2 (Bozorgnia et al., 2014) and NGA-Sub (Bozorgnia et al., 2022) proj-
ects were global efforts to improve GMMs for crustal and subduction regions, respec-
tively. The GMMs developed, which are commonly used in nationwide and site-specific
probabilistic seismic hazard analyses (Gerstenberger et al., 2024; Petersen et al., 2020),
include global versions and regionalizations for broad geographic regions. For example,
the Kuehn et al. (2020), Abrahamson and Gülerce (2020), and Parker et al. (2022)
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GMMs have regionalization for Japan, Cascadia, Taiwan, Alaska, and other regions
around the world. The Next Generation Attenuation (NGA)-West2 and NGA-Sub
GMMs were used in the 2022 New Zealand National Seismic Hazard Model (NZ
NSHM) update (Bradley et al., 2024). Although some of the NGA-Sub models include
NZ-specific regionalizations, these models encompass NZ as a whole, not individual
basins such as the Wellington basin. In addition, these NZ-specific regionalizations are
constrained with a sparse data set, particularly for the magnitude and distance bins that
dominate the hazard (Bradley et al., 2024). These sentiments highlight that additional
work is required to regionalize models to account for small-scale basin-specific site
amplification globally, and in a New Zealand context.

The Wellington basin, in the capital city of NZ, has been observed to strongly amplify
ground motions, especially in the vibration period range of T = 0:5� 2 s (Adams et al.,
2012; Bradley et al., 2018; de la Torre et al., 2024; Kaiser et al., 2020). Studies from the
2022 NZ NSHM have demonstrated that empirical GMMs generally underpredict the
observed site amplification in Wellington due to combined basin and site effects for soft
sedimentary basin sites (de la Torre et al., 2024; Kaiser et al., 2022). Wellington has a high
seismic hazard as it is underlain by the Wellington and Aotea faults, and is in close prox-
imity to the Hikorangi subduction zone, making it critical to understand patterns of site
amplification and the performance of GMMs in this region.

This article focuses on quantifying the performance of empirical GMMs at predicting
site-specific ground motions in the Wellington region of New Zealand. It is the first study
that rigorously and systematically assesses residuals in the Wellington region. Unlike prior
non-ergodic site-response studies that have considered a single GMM (e.g., Atkinson,
2006; Bradley, 2015; Rodriguez-Marek et al., 2011; Sung and Abrahamson, 2022), this
study evaluates all 15 GMMs used in the NZ NSHM logic tree for developing site and
basin-specific regionalizations of site-response residuals for all the GMMs. Models from
different tectonic types are compared, and the variability between these models is assessed.
Site terms are grouped geographically by specific basin or valley sub-regions in Wellington
to understand small-scale fluctuations in basin and site effects.

Ground motions and sites considered

Ground-motion database

We considered the data set of Lee et al. (2023), which is based on a subset of the New
Zealand ground-motion database (NZ GMDB) v1.0 (Hutchinson et al., 2022). The
remaining data set, after application of the filtering criteria imposed by Lee et al. (2023),
contains 17,081 ground motions across New Zealand, of which 4,691 records exist at sites
in the Wellington Region, including the Lower Hutt and Upper Hutt valleys. The filtering
criteria by Lee et al. (2023) include minimum magnitude (3.5 and 4.5 for crustal and sub-
duction, respectively), maximum rupture distance (300 and 500 km for crustal and sub-
duction, respectively), accelerometer channels only, and a minimum usable frequency. In
addition, we impose a minimum number of three records per event and site for each inten-
sity measure (IM) to robustly calculate event and site residuals. Figure 1 shows the distri-
butions of MW and Rrup for the NZ-wide data set and the Wellington region subset. The
Wellington subset of ground motions are colored by tectonic type of the event correspond-
ing to each ground motion, showing that the database has significantly more shallow crus-
tal than subduction interface or slab ground-motion records. As tabulated in the top right
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corner of Figure 1, the Wellington region subset contains 3533 crustal, 496 interface, and
662 slab ground-motion records.

The spatial distribution of earthquake epicenters for the NZ-wide and Wellington
region subsets of ground motions is shown in Figure 2 for crustal, and slab and interface
subduction sources. The majority of crustal events recorded at Wellington SMSs are
located around the north-east corner of the South Island, which could result in some map-
ping of path effects into the site residuals if the path effects of crustal events originating
from the South Island and Cook Strait are not well captured. However, with inclusion of
all tectonic types, there is generally good azimuthal coverage. In subsequent results, we
show that site residuals are relatively consistent between tectonic type, illustrating that
mapping of path effects to site terms is a second-order effect in this data set.

Figure 1. Earthquake source and ground-motion MW and Rrup distributions for the NZ-wide and
Wellington ground-motion data sets. The subset of ground motions recorded at Wellington strong
motion stations (SMSs) are color-coded by tectonic type of the event as follows: blue for crustal, orange
for interface, and yellow for slab. The gray markers represent the entire NZ-wide database for which the
mixed-effects regression was performed to calculate partitioned residuals. The sub-figures are as follows:
(a) source-to-site distance (Rrup) histogram; (b) magnitude versus source-to-site distance scatter plot;
and (c) magnitude histogram (frequency counted by record). The blue line shows the Mw-dependent Rrup

filter used by Lee et al. (2023).
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Sites in the Wellington region

SMS sites in the greater Wellington region, including the surrounding hills and valleys,
were subdivided based on location, geomorphic categorization, basin geometry, and site-
response characteristics. The sub-regions considered generally correspond to specific sedi-
mentary basins and valleys. These sub-regions include Te Aro, Thorndon, Lower Hutt,
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Figure 2. A map showing the spatial distribution of stations and earthquake epicenters used in this
study. The colors in the legend distinguish between the Wellington region (‘‘Well’’ in legend) subset of
ground motions, and the NZ-wide subset for which the residual analysis was performed. Focal
mechanisms for events with ground motions recorded at Wellington stations are color-coded based on
event tectonic type. The size of all focal mechanisms is scaled by moment magnitude. The location of
SMS in the Wellington region is shown in blue triangles.
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Upper Hutt, Miramar, Karori, Porirua, and Wainuiomata, as identified on the map in
Figure 3. Figure 4 provides more zoomed-in versions of Figure 3 for different regions and
identifies the station IDs for all SMS. The Wellington Central Business District (CBD)
spans across the Te Aro and Thorndon areas. Sites were also divided into four geomorphic
categories including basin, basin edge, valley, and hill by Tiwari et al. (2023) using category
definitions by Nweke et al. (2022). Table 1 provides metadata and site characteristics for
all the sites in the greater Wellington region, including the depth to a shear wave velocity
(VS) of 1000 m/s (Z1:0) and the time-averaged VS in the upper 30 m (VS30). The site metrics
provided are based on the NZ site database by Wotherspoon et al. (2023). Importantly,
some of these site parameters are classified as Q3 (i.e., the lowest quality ranking) in the
database. These parameters are identified with a ‘‘*’’ in Table 1. A Q3 designation suggests
that the parameter was inferred from regional-scale maps or is poorly constrained by data,
and is not a site-specific measurement. While many of the basin sites analyzed in this study
have Q1 or Q2 site parameters, this variable quality of site input parameters could contrib-
ute to the bias and variability observed in the residual analysis.

Methodology

Residual analysis

The performance of GMMs on a region-by-region and site-by-site basis is assessed using
mixed-effects residual analysis to decompose the residual into its various components (e.g.,
Al Atik et al., 2010; Bradley, 2015). The total prediction residual, Des, for spectral accelera-
tion at a given oscillator period, T, can be expressed as:

Des = ln SAObs
es � ln SAGMM

es ð1Þ

where ln SAObs
es is the natural logarithm of the observed spectral acceleration at an oscilla-

tor period T , for earthquake e at site s; ln SAGMM
es is the natural logarithm of the respective

spectral acceleration predicted by a GMM. The IMs considered in this study are 5%-
damped RotD50 response spectral accelerations (Boore, 2010) at 30 vibration periods
between 0.01 and 10 s.

To identify systematic trends in prediction bias for a given GMM m, earthquake e, and
site s, the prediction residual in Equation 1 is partitioned as:

Dm
es = am + dBm

e + dS2Sm
s + dW 0, m

es ð2Þ

where for each IM, a is a constant representing overall model bias for all earthquakes and
sites considered, dBe is the between-event residual for earthquake e, dS2Ss is the site-to-site
residual for site s, and dW 0

es is the ‘‘remaining’’ within-event residual for earthquake e at site
s. dBe, dS2Ss, and dW 0

es residuals are assumed to be normally distributed with zero mean
and variances of t2, f2

S2S , and f2
SS , respectively. Treating all terms as independent, the total

variance, s2
T , for model m, is then expressed as:

(sm
T )2 = (tm)2 + (fm

S2S)2 + (fm
SS)2 ð3Þ
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GMMs investigated and weighting scheme

All 15 GMMs used in the 2022 NZ NSHM (Bradley et al., 2024) are included in the subse-
quent analysis. In addition to model-specific mixed-effects residuals, we also sought to
compute a resulting weighted average over all GMMs considered. The model-specific
weight (wm

T ) is comprised of two parts:

wm
T = wm

NSHM3wm
Ngm ð4Þ

where wm
NSHM was the weight given to the model in the NSHM logic tree (see Table 2;

Bradley et al., 2024; Gerstenberger et al., 2024) and wm
Ngm is a function of the number of

ground motions that were used in the mixed-effects residual analysis for each tectonic
type. Specifically, this was done because there are nearly 10 times more crustal events than
subduction events in the data set; therefore, it is logical that the resulting residuals are

Figure 3. A map showing the location of all sites in the greater Wellington region. Site symbols are
color-coded by T0 and the symbol shape indicates the geomorphic category assigned to each site as
indicated in the legend. Zoomed-in versions with SMS labels are shown in Figure 4.
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more statistically stable. Hence, wm
Ngm was assigned in proportion to the error in the sample

mean, which scales as 1=
ffiffiffiffi
N
p

. For example, crustal models had a weighting of:

wm
Ngm, crustal =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NGM , crustal

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NGM , crustal

p
+

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NGM , slab

p
+

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NGM , interface

p ð5Þ

where (NGM , crustal, NGM , slab, NGM , interface) = 3538, 506, 666ð Þ as previously discussed with ref-
erence to Figure 1. Table 2 lists the considered models, their tectonic type, and respective
weights. A detailed description of the models in the context of the NZ NSHM is given by
Bradley et al. (2024).

Figure 4. Maps identifying the station ID for all SMS considered in the Wellington region divided into
regions as (a) Porirua, (b) Upper Hutt, (c) Wellington CBD, Karori, and Miramar, and (d) Lower Hutt and
Wainuiomata. The locations of each subfigure, relative to the entire Wellington region, are identified in
Figure 3. Site symbols are color-coded by T0 and the symbol shape indicates the geomorphic category
assigned to each site as indicated in the legend.
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Computation of the weighted mean, dS2Ss, and between-model variability, sB�m
S2S, s

As described in the ‘‘Residual analysis’’ section, the site-to-site residual is calculated for
every site s and GMM m and is denoted as dS2Sm

s . The weighted mean of dS2Sm
s , for all

GMMs at a given site, s, is calculated as:

dS2Ss =
XNGMMs

m = 1

dS2Sm
s 3wm

T ð6Þ

where wm
T are the total weights for each GMM given in Table 2, and NGMM = 15 is the num-

ber of GMMs considered. To quantify the variation in dS2S values computed from the dif-
ferent GMMs, we compute a between-model standard deviation, sB�m

dS2Ss, as the weighted
standard deviation of all the site terms from all the GMMs at a given site s, specifically:

sB�m
dS2S, s =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XNGMMs

m = 1

wm
T 3(dS2Sm

s � dS2Ss)
2

vuut ð7Þ

We subsequently also consider the mean and standard deviation of dS2Ss for all sites in
a particular region R (e.g., the basin sub-regions of Thorndon, Te Aro, and Lower Hutt),
which are expressed as:

dS2SR =
1

Nsites

XNsites

s = 1

dS2Ss ð8Þ

fS2S, R =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

Nsites � 1

XNsites

s = 1

(dS2Ss � dS2SR)
2

vuut ð9Þ

Table 2. Empirical GMMs and weights used in this study based on the NZ NSHM.

Model ID Reference Tectonic type
and weight, wm

Ngm

NSHM weight,
wm

NSHM

Total weight, wm
T

A22 Atkinson (2022) Crustal: 0.552 0.28 0.15456
S22 Stafford (2022) 0.39 0.21528
ASK14 Abrahamson et al. (2014) 0.066 0.036432
CY14 Chiou and Youngs (2014) 0.066 0.036432
CB14 Campbell and Bozorgnia (2014) 0.066 0.036432
BSSA14 Boore et al. (2014) 0.066 0.036432
Br13 Bradley (2013) 0.066 0.036432

A22 Atkinson (2022) Interface: 0.209 0.27 0.05643
AG20 Abrahamson and Gülerce (2020) 0.25 0.05225
K20 Kuehn et al. (2020) 0.24 0.05016
P21 Parker et al. (2022) 0.24 0.05016

A22 Atkinson (2022) Slab: 0.239 0.28 0.06692
AG20 Abrahamson and Gülerce (2020) 0.25 0.05975
K20 Kuehn et al. (2020) 0.24 0.05736
P21 Parker et al. (2022) 0.23 0.05497
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where Nsites is the number of sites within the region. Finally, the average between-model
standard deviation across all sites in a region is defined as:

sB�m
dS2S, R =

1

Nsites

XNsites

s = 1

sB�m
S2S, s ð10Þ

Residual analysis results

Between-model variability in site-specific residuals

Figure 5 illustrates the site-to-site residuals, dS2Sm
s , and the systematic site term,

am + dS2Sm
s , for all GMMs at two example basin sites in the Wellington CBD. For both

sites, all GMMs underpredict (positive residuals) in the period range corresponding to
basin amplification in the Wellington basin (i.e., T = 0:5� 2 s) and is most pronounced
around the experimentally measured fundamental site period, T0.

Figure 5. Site-to-site residuals, dS2Sm
s (top panels), and systematic site terms, am + dS2Sm

s (bottom
panels), as a function of period for two example basin sites in the Wellington region. For each site, dS2Sm

s

from individual GMMs are included as well as the weighted mean (dS2Ss) and standard deviation (sB�m
S2S, s)

of all GMMs from Equations 6 and 7. Lines for individual GMMs are color-coded by tectonic type (i.e.,
crustal, interface, and slab).
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It is apparent from Figure 5 that the between-model variability is significantly lower for
dS2Sm

s than for am + dS2Sm
s for both sites. Considering that dS2Sm

s represents repeatable
site effects at site s, whereas am + dS2Sm

s represents repeatable source, path, and site effects
at site s; this illustrates that the variability in unexplained site response between the
GMMs is relatively low compared with the unexplained source and path effects. This is
likely because several of the GMMs use similar formulations for the site response, thus
yielding similar site-response predictions. The variability in the overall model bias is higher
(bottom panels of Figure 5), implying that there are greater differences between GMMs in
components other than the site-response models (e.g., more complicated path and source
effects). This point is highlighted again in Figure 6, which shows that the average of sB�m

S2S, s

across all sites in the Wellington region (sB�m
dS2S ; Equation 10) is approximately 0:12� 0:19

in natural log units compared with the average between-model variability in am + dS2Sm
s

that ranges from 0:3� 0:45 in natural log units. Figure 6 also shows that sB�m
dS2S is even

lower between models of the same tectonic type. When the variability in bias is also
included (i.e., Figure 6b) the subduction GMMs have significantly higher variability
between models for T\1 s. However, for T.1 s, different crustal GMMs use fundamen-
tally different approaches for how they constrain the long-period amplitudes, resulting in
a large increase in sB�m

a + dS2S for these crustal GMMs. For further discussion on the total
bias for individual GMMs, the reader is referred to Lee et al. (2023).

Interestingly, the site terms between interface and slab events are different even though
the predictions for these subduction ground motions use the same base GMMs (refer to
Table 2). For example, in Figure 5, the peak value of the site terms for interface events is
approximately 50% lower than that from slab and crustal events. Figure A.1 in the Online
Supplemental Material, which plots site terms for all sites in three of the basin sub-region

(a)

(b)

Figure 6. Mean between-model standard deviations of (a) dS2Sm
s and (b) am + dS2Sm

s for crustal,
interface, slab, and all models for all sites in the Wellington region.
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separated by tectonic type, also shows that the interface models produce lower peak values
of the site term than slab and crustal models across the board. This illustrates, in our opin-
ion, that source and path effects are being mapped into the systematic site term. This is one
reason why some previous studies include an additional path-to-path term in the regression
and consider single-path effects (e.g., Al Atik et al., 2010; Lin et al., 2011; Rodriguez-
Marek et al., 2011).

Previous studies focusing on the removal of the ergodic assumption in site-response
models of GMMs have generally focused on a single GMM (e.g., Atkinson, 2006; Bradley,
2015; Rodriguez-Marek et al., 2011; Sung and Abrahamson, 2022); however, in probabilis-
tic seismic hazard analysis (PSHA) applications, a logic tree containing many GMMs is
required (Chapter 6 in Baker et al., 2021). One of the novelties of this study is the consider-
ation of all GMMs in the logic tree and investigation into how non-ergodic site-response
adjustments can be applied in such a framework. Subsequent sections focus on the average
site-to-site residual between GMMs, dS2Ss, rather than that of individual models.

The rational for calculating and presenting these average site terms is to retain the natu-
ral between-model variability, which partially accounts for the epistemic uncertainty in the
ground-motion modeling process. In the weights-on-models logic tree approach of hazard
predictions, if a site term for a specific site and model pair is used as an adjustment to the
mean prediction for each model, the resulting between-model variability will be heavily
reduced. This suppressed variability is not desirable and will likely partially carry into sce-
narios that dominate the hazard, which are outside the data set considered here. This
between-model variability is retained by using the mean site term as an adjustment to all
models.

Average and standard deviation of dS2Ss for all sites in the Wellington region

In Figure 5, it was illustrated that, for two basin sites, the site-to-site residuals indicate
relative underprediction at approximately T = 0:5� 2 s. To rule out that this is a regional
bias, specific to the entire Wellington region (i.e., Figure 3), site terms for all sites in
Wellington (in comparison with those for all sites in NZ) are plotted together in Figure 7.
Because the residual partitioning (Equation 2) is performed for the NZ-wide data set, the
average site-to-site residual is zero at all periods for all sites in Figure 7a, but not for the
Wellington subset in Figure 7b. Nonetheless, the average of all site terms from the
Wellington region is relatively small, with a maximum deviation of approximately �0:25

units for T’3 s and a 68% confidence interval, graphically depicted by the dS2Ss6fS2S

range, which emcompasses zero for all periods. Hence, in general, we see no significant
regional bias in Wellington sites when all sites of all geomorphic categories are combined.

To further interrogate site residuals in Wellington, site-to-site terms can be examined by
geomorphic category to explore causative features not captured by the site-response mod-
els. Figure 8 plots the average and standard deviation of site-to-site residuals for basin,
basin-edge, valley, and hill sites. This illustrates that basin sites are the only category where
the average site response is underpredicted for T = 0:5� 2 s, with a maximum residual of
;0:25 natural log units at T’0:8 s. The site periods, T0, for most basin sites fall within this
T = 0:5� 2 s period range (Table 1), so this average underprediction is consistent with the
underprediction observed near the site period for two example basin sites in Figure 5.
Outside this period range, the average site response for basin sites is overpredicted with a
minimum value of ;� 0:25 units at T’0:1s. All other categories and the combination of
all sites have average residuals close to zero around T = 1 s. For T = 2� 5 s, the valley sites
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demonstrate significant overprediction relative to all other categories with a minimum
value of ;� 0:4 units at T’3 s. This may be because the VS30-based site scaling and basin
response scaling in GMMs are constrained on data from substantially larger basins. Large
basins produce amplification over a wide period range, extending into longer periods, as
opposed to the shallower and narrower valleys in Wellington which produce narrowband
amplification close to their correspondingly shorter site period.

The segregation of mean site-to-site residuals by geomorphic categories in Figure 8 also
illustrates that the site-to-site standard deviation is reduced for basin sites, and to a lesser
extent valley sites, compared with all sites together. This is because the nature of the site
response for these basin sites is relatively similar between sites compared with other cate-
gories, such as hill and basin-edge sites, for which there is significantly higher variability
between-site responses. This is shown in Figure A.2 in the Online Supplemental Material
where site terms for individual basin sites resemble one another given that the sites are all
within similar basins. Figure A.2 in the Online Supplemental Material also shows the
higher variability between hill sites which may be complicated due to topographic effects
that can amplify or deamplify ground motions at different periods depending on the local
concavity and size of the topographic feature (e.g., Rai et al., 2017).

Overall model bias and components of standard deviation

To continue the discussion in the previous subsection regarding the differences in bias
between subsets of data (e.g., all NZ sites versus Wellington sites only), residual partition-
ing was performed for different subsets of the ground-motion database. Previously, and in
all other figures outside of this subsection, results are based on residuals from a NZ-wide
regression analysis. In this section, the residual analysis via Equation 2 was also performed
for both Wellington sites only and Wellington basin sites only (i.e., basin, basin-edge, and
valley categories) to understand the sensitivity of residuals and their uncertainties to the
region and data set considered. When performing the Wellington region regressions, the
between-event residuals (dBm

e ) were not constrained using the NZ-wide regression;

(a) (b)

Figure 7. Weighted average site-to-site residuals, dS2Ss, as a function of period for (a) all sites in New
Zealand and (b) sites in the Wellington region. The residual partitioning was performed for the entire
NZ-wide database, which is why the average for each period is non-zero for the Wellington subset.
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therefore, we acknowledge that there may be some unforeseen trade-offs between dBm
e and

dS2Sm
s .

As suspected from inspecting the site terms of all the sites in the Wellington region in
the previous subsection (i.e., in Figure 7), Figure 9 illustrates that the bias from the NZ-
wide and Wellington subset regressions are not significantly different. Bias for the two
Wellington subsets are nearly identical to each other, and they generally follow similar
trends to the NZ-wide bias, although they deviate slightly for T = 0:03� 0:1 s, with a max-
imum difference of ;0:25 natural log units at ;0:08 s. This confirms that there is not sig-
nificant bias for the Wellington region relative to the rest of the country, but also in an
absolute sense.

Figure 10 plots the three components of standard deviation and the total standard
deviation (Equation 3). Specifically, these components are the between-event (t), site-to-
site (fS2S), single-station (fSS), and total (sT ) standard deviations. The overlines indicate
that these values are averaged over all GMMs considered, as the residual calculation is
performed for each model separately. As expected from existing literature (e.g., Sung and
Abrahamson, 2022), the site-response variability components fS2S and fSS are lower when
a smaller region (i.e., Wellington only) is considered. fS2S and fSS for the Wellington-only
data sets are approximately 50% lower than those from the NZ-wide data set where all
regions in NZ are combined. This reduction in variability for a smaller region highlights
one of the issues with global models, which combine ground motions from different
regions. Even for a relatively small region like NZ, there are distinct ground-motion char-
acteristics between different sub-regions, creating an inflated aleatory variability when
they are combined. Such reductions in the total sigma can have significant implications
for the hazard computed via PSHA (e.g., Abrahamson et al., 2019; Anderson and Brune,
1999; Bommer and Abrahamson, 2006).

Figure 8. Category mean and standard deviation of site-to-site residuals for sites grouped by
geomorphic category.
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Figure 10. Standard deviations from the mixed-effects regression, averaged across all GMMs, including
the between-event (t), site-to-site (fS2S), single-station (fSS), and total standard deviations (sT). As in
Figure 9, the regression was performed on the NZ-wide database, a subset including all sites in
Wellington, and a subset including only basin sites in Wellington.

Figure 9. Mean overall model bias across all GMMs (a) for three data sets. The mixed-effects
regression was performed on the NZ-wide database and on subsets including all sites in Wellington, and
basin sites in Wellington (i.e., basin, basin-edge, and valley categories). The 6s for Wellington basin sites
is shown in dashed yellow lines.
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As a comparison, Figure 10 also includes standard deviation estimates from two pub-
lished papers focusing on single-station standard deviation in other regions of the world
(Japan and Taiwan, respectively; Lin et al., 2011; Rodriguez-Marek et al., 2011). The val-
ues obtained from the residual analysis in this study are similar to these other studies, sug-
gesting that the performance of GMMs in NZ is comparable to other regions. We note
that the estimates of residuals at long periods (e.g., T.7 s) are more uncertain, given the
relatively few number of records that have maximum useable periods up to 10 s. For this
reason, the results from the Wellington basin sites in Figures 9 and 10 do not extend to
T = 10 s.

Dependence of residuals on site characteristics

To further understand causative parameters for site response and the observed patterns in
residuals, it is useful to determine whether the site residuals are dependent on any easily
attainable or already-available site parameters. The dependence on site residuals on four
site parameters is investigated in Figure 11 for Wellington basin sub-regions (i.e., excluding
hill sites). The residual is quantified using three simple metrics: Tres, the period at which
the maximum of dS2Ss occurs; and dS2Ss(T = Tres) and dS2Ss(T = T0), which are the values
of dS2Ss at Tres and T0, respectively. The dependence of each of these metrics to the follow-
ing site parameters is assessed: VS30, T0, Z1:0, and the closest distance to the basin edge
(Dbasin�edge), which was calculated as the shortest Euclidean distance between the site and
the basin-edge trace. A linear regression is performed for each relationship to determine
whether there is any statistically significant correlation between the site parameters and
the residual metrics.

The top panels in Figure 11 show that T0 and Z1:0 are moderately correlated to Tres, with
Pearson’s r values .0:6 and p <0:001. Dbasin�edge displays a slightly weaker correlation to
Tres. These trends are complicated by the complexities discussed subsequently in the
‘‘Normalization of spectral period by site period’’ section (e.g., basin-edge effects in
Thorndon and the double-peak in Lower Hutt, for which the shorter period peak often
dominates). VS30 shows no correlation with any residual metrics, which is not unexpected
given that the GMMs use VS30 to quantify site effects, and therefore, the residuals should
be unbiased with regard to VS30. Interestingly, Z1:0 is also considered in crustal GMMs;
however, the site residuals are not unbiased relative to this term. This suggests that the
basin response terms in GMMs, based on Z1:0, are not performing well in New Zealand.
This may be because the global versions of these models are heavily influenced by data
from California (Seyhan and Stewart, 2014), including many records from the Los Angeles
basin which is significantly larger and deeper than the basins and valleys in New Zealand.
The Z1:0 measurements are also not well constrained, as few sites in Wellington have bore-
holes and invasive VS measurements to bedrock (Wotherspoon et al., 2023).

The amplitude of dS2Ss does not appear to display any significant correlation with any
of these site parameters (bottom two rows of Figure 11). The peak positive value in the site
residuals dS2Ss(T = Tres)

� �
, corresponding to underprediction, has a mean value of ’0:45

log units across all basin and valley sites in Wellington. The residual values at T0 are close
to these peak values.
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Regionalization of site terms

The site-to-site residuals, dS2Ss, can be used in site-specific adjustments to GMMs; how-
ever, this study aims to understand site-response trends more broadly across the region.
This is useful for forward prediction applications, in which ground motions and site
response have not been instrumentally measured. To understand such regional trends, the
weighted means and between-model standard deviations of dS2Sm

s (i.e., dS2Ss and sB�m
S2S, s as

defined by Equations 6 and 7) are regionalized and presented in Figure 12 as a function of
vibration period. Each column of Figure 12 includes the site terms for one of the four
basin sub-regions of Te Aro, Thorndon, Lower Hutt, and Upper Hutt (Figure 3). The top
row of panels presents dS2Ss and the bottom panels sB�m

S2S, s for each site in the region. The
regional mean (dS2SR; Equation 8) and standard deviation (fS2S, R; Equation 9) are also
included in the respective panel for each region. The regional means generally show under-
prediction in the period range of T = 0:5� 2 s for all regions, with peaks in the mean resi-
duals of approximately 0:16� 0:26 lognormal units. For T.2:5 s, all basin regions display
some overprediction with fairly constant mean residual values of approximately 20.1 to
20.25. The Te Aro and Upper Hutt regions also display average overprediction for
T\0:3 s. The maximum error in these average residuals occurs in the Te Aro region at
T’0:1 s with a value of 20.39, corresponding to overprediction.

Figure 11. Dependence of three residual metrics Tres, dS2S(T = Tres), dS2S(T = T0)½ �, on four site
parameters (VS30, T0, Z1:0, Dbasin�edge) for basin and valley sites (i.e., hill sites are excluded). Sites are
identified based on region. A linear regression is performed for each panel to identify trends and
dependences on any parameters. Pearson’s r correlation coefficients and p values for each regression are
shown in every panel.
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The average underprediction for T = 0:5� 2 s in all regions is not unexpected, given
that this is the period range at which the Wellington basin has been observed to strongly
amplify ground motions. Figure 12 shows relatively low between-model standard devia-
tions (i.e., sB�m

dS2S, s of approximately 0.1–0.2), suggesting fairly good agreement between the
site terms of all the models considered in this study, as shown previously in Figures 5 and
6. However, the regional site-to-site standard deviations (fS2S, R) reach high values of 0.3
to 0.5 at their peaks (Figure 12). Importantly, these peaks in fS2S, R generally occur at the
period range of interest for basin effects in Wellington (i.e., close to T = 1 s). This suggests
that sites within the same sub-basin experience amplification (or underprediction) at dif-
ferent periods and different site parameters should be further investigated to identify any
correlations between the shape of the site terms and site characteristics.

The results for valleys are regionalized in Figure A.3 of the Online Supplemental
Material. This shows that the peaks in residuals of individual sites are pronounced and
occur over a narrower frequency band than the basin sites. These pronounced narrow
peaks, that generally occur at different periods for different sites, result in a high regional
standard deviation, fS2S, R.

Normalization of spectral period by site period

Previous work in Wellington has illustrated that patterns of basin/site amplification are
consistent with patterns of site period estimates, and that site period may be a good pre-
dictor for site response (de la Torre et al., 2024; Kaiser et al., 2023). Other studies have
leveraged off this dependence on site period and had success with incorporating site period
into empirical site-response models (e.g., Hassani and Atkinson, 2018; Héloı̈se et al., 2012;
Kwak et al., 2017). Figure 11 demonstrated a reasonably strong correlation between T0

and the period at which the peak residual (i.e., the maximum underprediction) occurs. To
further elucidate this trend, vibration periods at which dS2S was calculated were normal-
ized by the site period of each site. Figure 13 plots the same regionally segregated dS2S

plotted in Figure 12, albeit as a function of normalized period (T=T0). Figure 14 plots
regionalized site terms versus normalized period for the valley sub-regions. T0 estimates
used in this study are taken directly from the NZ GMDB (Hutchinson et al., 2022) and
are generally based on earthquake and microtremor horizontal-to-vertical spectral ratio
(eHVSR and mHVSR, respectively; Wotherspoon et al., 2023). We note that because
eHVSR is derived from earthquake ground motions, some T0 estimates cannot be consid-
ered as an independent parameter for the prediction of site response. However, exclusion
of these values would result in less T0 estimates; therefore, all T0 estimates are used in this
study.

For many sub-basins, there appears to be consistency between the various sites dS2Ss

when period is normalized. That is, most sites generally display underprediction at or near
the site period. This is especially true for Te Aro and Lower Hutt basin sub-regions
(Figure 13) and all valley sub-regions (Figure 14). The regionalized site terms are influ-
enced by the following complexities: In Thorndon, site VUWS is a complicated site on the
edge of a steep drop-off in bedrock at which the site response and/or site period estimate
may be influenced by complex multidimensional site response. Both VUWS and BOWS
are also closer to the basin edge compared with the other sites in Thorndon and therefore
may be influenced by other phenomena not captured by the GMMs or the site period esti-
mate (e.g., basin-edge effects). Lower Hutt sites display strong site amplification not only
at the fundamental site period but also at a shorter period peak, which is likely
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representative of a shallower impedance contrast. This ‘‘double-peak’’ is visible in many
individual site curves and, to a lesser extent, in the regional mean.

In general, normalization by site period results in a significant reduction in the regional
between-site standard deviation. For most regions, the maximum regional standard devia-
tion drops from about 0:3� 0:55 to 0:25� 0:4 in natural log units. Again, the benefits of
normalizing by site period at Te Aro are illustrated by the standard deviation which drops
from a maximum of about 0.4 to about 0.3. This suggests that an adjustment factor condi-
tioned on site period could perform better than a model that is independent of site period
(e.g., Figure 12).

Comparison of correlation-based versus site-specific Z1:0 and Z2:5

The results in this article are more likely to be used on a site-specific basis, where PSHA is
applied to an individual site or project, as opposed to a nationwide PSHA, like the NZ
NSHM. In these site-specific applications, typically, best estimates of site-specific basin-
depth terms, Z1:0 and Z2:5, would be used. The results presented in this article are for
GMM predictions and residual analyses using site-specific estimates of Z1:0 and Z2:5 from
the NZ GMDB (i.e., Hutchinson et al., 2022; Wotherspoon et al., 2023). In the NZ
NSHM, default values of the basin-depth terms, Z1:0 and Z2:5, based on VS30 correlations
were used (Bradley et al., 2024; Kaiser et al., 2023). The Chiou and Youngs (2014)
VS30 � Z1:0 correlation and the Campbell and Bozorgnia (2014) VS30 � Z2:5 correlation
were used for all relevant GMMs. This is not uncommon in NSHMs around the world
(e.g., USA NSHM), as the hazard is generally calculated using different values of VS30

Figure 14. Site-to-site results and standard deviations for three valley regions (Porirua, Wainuiomata,
and Miramar and Karori) as a function of normalized period (i.e., T=T0). Top panels: mean site-to-site
residuals, dS2Ss, for all sites within each of the basin sub-regions, and the regional mean for each region.
Bottom panels: between-model standard deviations for each site, and regional site-to-site standard
deviation fS2S, Reg . Individual site lines are color-coded by site period (T0).
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(with the corresponding basin-depth terms) for the whole country rather than using spa-
tially varying estimates of VS30, Z1:0, and Z2:5. The 2018 USA NSHM did, however, use
site-specific estimates of basin-depth terms for the following four deep basin regions when
Z2:5.3 km: Seattle, Los Angeles, San Francisco, and Salt Lake City (Petersen et al., 2020).
In this study, we also performed the GMM predictions and residual analyses using
correlation-based estimates of Z1:0 and Z2:5 and compared the results from correlation-
based and site-specific values in this subsection.

The site-specific estimates of Z1:0 and Z2:5 in the Wellington region are significantly
lower than the default value calculated using VS30-based correlations. These higher values
of Z1:0 obtained from VS30-based correlations result in higher predictions of spectral accel-
eration at long periods. Given that the average bias for the whole country and the
Wellington region (Figure 9) shows underprediction at T.5 s, the NZ NSHM used the
VS30-based correlations instead of site-specific estimates. This approach is generally consis-
tent with the 2018 USA NSHM, which generally only uses site-specific basin-depth values
if they result in amplification relative to the default VS30-based values.

Figure 15 plots regional mean site-to-site residuals and standard deviations for all basin
and valley sub-regions as a function of normalized period and compares predictions that
used correlation-based values of Z1:0 and Z2:5 with those that used site-specific estimates.
This figure illustrates that the influence of this assumption on the site terms is small, albeit,

Figure 15. Regional mean site-to-site residuals and standard deviations versus normalized period for all
basin and valley sub-regions considered. Predictions that use site-specific estimates of basin-depth terms
(Z1:0 and Z2:5) from the NZ GMDB (solid lines) are compared with predictions that use VS30-correlation-
based basin-depth terms (dashed lines).
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there are higher long-period amplitudes for the generic values (solid lines) compared with
the site-specific values (dashed lines), as expected. However, some of this additional long-
period amplification is absorbed by the bias term. For this reason, in a similar format,
Figure A.4 in the Online Supplemental Material plots the regional systematic site terms
(a + dS2SR) and standard deviations (f(a + dS2S), R) versus period. With the bias term
included (Figure A.4 in the Online Supplemental Material), the overall influence of the
basin-depth term is more pronounced. For all regions, the generic terms result in slightly
greater amplification for T.1 s. While this generally results in less underprediction for
basin sites, it results in greater overprediction for valley sites for T = 1� 5 s.

Importantly, the shape of the regional site terms, in normalized period space (Figure
15), is similar between all basin sub-regions and all valley sub-regions. However, the gen-
eral shape for basin sub-regions is different to that of valley sub-regions. This highlights
that similar geomorphic features in the same region may have similar average site
responses, and that the distinction between basin and valley sites proposed by Nweke
et al. (2022) is useful.

Conclusion

This article analyzed ground-motion residuals for the Wellington region to assess the per-
formance of empirical GMMs used in the 2022 NZ NSHM revision. Specifically, the site-
to-site residuals (dS2S), or ‘‘site terms,’’ for sites in Wellington were closely inspected to
judge the GMMs in their ability to predict site effects attributed to sedimentary basins.
Site terms from all the GMMs considered in the NSHM were evaluated to quantify the
between-model epistemic uncertainty. Then, site terms were grouped geographically by
specific basin or valley sub-regions, and by general geormorphic categories (basin, basin
edge, valley, and hill). The dependence of these site terms on various site characterization
parameters and on tectonic type was also assessed.

The between-model variability in site-to-site residuals (dS2S) was found to be relatively
small, generally ;0:05� 0:1 natural log units for GMMs within the same tectonic type
and ;0:15� 0:2 across all GMMs of all tectonic types (Figure 6). When overall model
bias is considered, the between-model variability increases drastically to ;0:3� 0:5 in nat-
ural log units when considering all GMMs. This suggests that the differences in the site-
response models between different GMMs are relatively small compared with other com-
ponents of the GMMs. These values of model-to-model variability across all GMMs are
reasonable estimates of epistemic model uncertainty that could be used with back-bone-
type GMMs (e.g., Bommer, 2012; Stafford, 2022).

When all sites from all geomorphic categories in the Wellington region are combined,
no significant systematic bias is observed relative to the rest of the country. However, when
segregated into different categories, a clear underprediction is observed for basin sites at
periods of 0:5� 2 s. This underprediction is attributed to the models’ inability to capture
strong resonance in site response of sedimentary basins in Wellington. Further separation
into individual geomorphological features, such as separate basins and valleys, shows that
different sub-regions can have unique site-response characteristics. Most basin and valley
regions demonstrate the maximum underprediction over a period range centered around
the site period (T0), suggesting that T0 could be used to better constrain the site response of
sedimentary basin sites.
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This study identified basin-specific systematic trends in bias and imprecision, based on
mean site-to-site residuals, for the following basins and valleys in the Wellington region:
Te Aro, Thorndon, Lower Hutt, Porirua, Wainuiomata, Miramar, and Karori. These resi-
dual trends form the basis for the development of adjustment factors to the mean site-
response model within GMMs, to create partially non-ergodic GMMs for use in PSHA.
Further work is required to fully develop and test the framework for application of these
adjustment factors to PSHA in the Wellington region.
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