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Abstract

Vs3o-based site amplification factors are commonly used to account for local site
effects in hybrid broadband ground-motion simulation when site-specific data are
limited. Validation against observations allows for testing alternative semi-empirical
Vs3o-based models and establishing proper protocols for their application in forward
analyses. This article validates alternative implementations of Vg3-based site factors
using 5218 ground motions from 479 small-magnitude events recorded at 212 sites
in New Zealand, which represent a wide range of site conditions. The investigation of
(Fourier) effective amplitude spectra (EAS) residuals allows for a direct assessment
of the low-frequency (LF; f < 1 Hz) and high-frequency (HF; f > 1 Hz) components of
the hybrid broadband simulation approach, and the corresponding effect of the site
‘adjustment’. Before applying the site factor, the LF simulation exhibits systematic
underprediction and the HF simulation displays systematic overprediction. The use
of site factors based on semi-empirical models for EAS, developed in the last
decade, results in comparable, or slightly better, prediction performance compared
to response spectra-based models commonly used in previous validation studies. A
greater LF underprediction was identified at sites located within sedimentary basins
that are less constrained by site data or not properly modeled in the LF simulation due
to limitations in spatial discretization. A simple protocol is proposed for the application
of the LF site factor based on a basin-type and geomorphic site categorization, which
reduces the variability of EAS prediction residuals by up to 0.1 natural log units.
The explicit incorporation of the parameter Z, o, or alternatively, the use of a host-to-
target correction factor demonstrates that a significant portion of the HF systematic
overamplification in the frequency range 1.0-3.0 Hz can be explained by Vs profile
features not accounted for by Vs3p alone. These findings can inform the application
of site adjustments in future studies and guide advancements in the LF and HF
simulation components.

Keywords
Site effects, site factor, Vg3o, hybrid broadband ground-motion simulation, ground-
motion prediction, validation, New Zealand
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Introduction

Proper modeling of near-surface site effects is key for improving the predictive
capabilities of hybrid broadband ground-motion simulation. This simulation method
utilizes two different approaches for the modeling of low frequencies (LFs) and high
frequencies (HFs), and produces broadband (BB) ground-motion time series for use in
engineering applications (Baker et al. 2021, Ch. 5). Due to computational constraints
and knowledge limitations of near-surface material properties, site effects are only
partially accounted for in the LF and HF simulations (Kuncar et al. 2025a), and hence,
the simulated waveforms require posterior adjustments, which can be performed via
site factors applied in the Fourier spectral domain (e.g., Graves and Pitarka 2010;
Razafindrakoto et al. 2018; Lee et al. 2022). These site factors (SFs) can be based
on a variety of site-response approaches and include a range of site-characterization
data (Kuncar et al. 2025a). In some applications, including regional simulation-based
probabilistic seismic hazard analysis (e.g., Graves et al. 2011; Bradley 2020), site-
specific characterization data are not available at all locations of interest. In these
situations, the 30-m time-averaged shear-wave velocity, V30, which can be obtained from
regional Vg3p maps based on surface geology, topographic slope, and Vs measurements
(e.g., Foster et al. 2019; Geyin and Maurer 2023), is typically used to characterize the site
conditions. Given Vg3g, the Vs3p-based site-response scaling factor of a semi-empirical
ground-motion model (GMM) can be used to derive the SF to be applied to simulations
(e.g., Graves and Pitarka 2010; Rodgers et al. 2020; Lee et al. 2022; Kuncar et al. 2025a;
Matinrad and Petrone 2025). In addition to V3¢, the SF can also consider additional site
parameters, such as the depth to a Vs of 1 km/s, Z; .

To assess the predictive capability of hybrid broadband ground-motion simulation and
Vs3o-based SFs in capturing site effects, validation against observations using multiple
sites and events is needed (Bradley et al. 2017a; Rezaeian et al. 2024). Several such

studies have been carried out in different regions, using varying amounts of validation
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data and different GMMs to determine the site factor (e.g., Graves and Pitarka 2010;
Galasso et al. 2012; Iwaki et al. 2016; Razafindrakoto et al. 2018; de la Torre et al. 2020;
Lee et al. 2020; Razafindrakoto et al. 2021; Lee et al. 2022; Graves 2022; Kuncar et al.
2025b). In New Zealand (NZ), Lee et al. (2022) used 5218 ground motions from 479
small-magnitude earthquakes recorded at 212 sites, representing the largest validation
dataset considered to date globally (to the best of the authors’ knowledge). Lee et al.
(2022) considered the Campbell and Bozorgnia (2014) (CB14) model for pseudo-spectral
acceleration (SA) to determine the site factor. Based on previous validation studies that
identified significant overprediction at long vibration periods when the SF was applied
to the LF simulation component (Lee et al. 2020; de la Torre et al. 2020), the SF was
only applied to the HF simulation component (i.e., f > 1 Hz). As explained in Lee
et al. (2022), since the LF simulation was produced using a 3D velocity model, the
application of the SF to this component in previous studies was likely double-counting LF
site effects. Furthermore, Kuncar et al. (2025a) identified that a systematic inconsistency
between the Vs profile implicit in the CB14 model (following the approach of Al Atik
and Abrahamson 2021) and the corresponding Vs profile in the LF simulation tends to
further increase this overprediction.

Despite the significant progress towards simulation validation that has occurred in the
last decade (e.g., Rezaeian et al. 2024), several limitations in Lee et al. (2022) and other
prior studies still need to be addressed, particularly regarding the modeling of site effects.
Specifically:

(1) Lee et al. (2022) was limited to only one SF (based on one GMM), which does
not account for the epistemic uncertainty in the selection of alternative site response
models (Lee et al. 2024; Baker et al. 2021, Ch. 4). Furthermore, since the SF is applied
in the Fourier spectral domain, the use of a SA-based GMM (such as the CB14 model) is
problematic due to the differences in scaling between SA and Fourier amplitude spectra
(FAS) (Bora et al. 2016; Stafford et al. 2017). To mitigate this inconsistency, Lee et al.
(2022) and other studies (e.g., Razafindrakoto et al. 2021) have considered a heuristic
truncation of the SF to SF' = 1 at high frequencies, but this is still inconsistent with the
high-frequency attenuation that site response should produce (Baker et al. 2021, Ch. 5).
In recent years, GMMs and site-response models have been developed for FAS and EAS
(effective amplitude spectra, corresponding to the orientation-independent horizontal-
component of FAS) (e.g., Bayless and Abrahamson 2019; Bora et al. 2019; Shi 2019;
Campbell and Bozorgnia 2025), which can be utilized to derive more consistent SFs.
Several studies have already used (e.g., Rodgers et al. 2020; Matinrad and Petrone 2025)
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or validated (e.g., Razafindrakoto et al. 2021; Kuncar et al. 2025b) such FAS-based
models, but for a significantly smaller number of sites and events than those considered
in Lee et al. (2022), and/or for other regions and simulation approaches.

(2) Prior validation studies in NZ (e.g., Razafindrakoto et al. 2018; de la Torre
et al. 2020; Lee et al. 2020, 2022; Kuncar et al. 2025b) have focused on intensity
measures (IMs) commonly used in engineering applications, such as pseudo-spectral
acceleration (SA). However, a more robust evaluation of simulation predictions also
requires considering FAS, which directly represents the ground motion at each frequency
and allows for the separate, and more transparent, assessment of the LF and HF
simulations, and the corresponding effect of the site adjustment.

(3) The application of the SF to the HF simulation component only, considered in Lee
et al. (2022), requires further examination. This factor should not be required for the LF
simulation in concept; however, limitations in the quality of the 3D velocity model and
the spatial discretization adopted in the numerical wave-propagation computation may
result in the need to add some extra level of amplification in this frequency range. Since
the quality and characteristics of a 3D velocity model differ across a region (NZ in this
context), the frequency range of application of the site factor should also vary, and this
needs to be evaluated through validation.

(4) Given that a range of different sites can be represented by the same Vg3q value,
using only Vg3 to determine SF (such as in Lee et al. 2022) is a major limitation. Even if
site-specific data (e.g., a measured Vs profile) are not available at one particular location,
complementary site parameters (e.g., inferred Z; o) can be considered along with Vg3 to
constrain the SF. Similarly, the information of the Vg profile represented in the simulation
and that implicit in the GMM (the so-called, host profile) can be used, in addition to Vg3,
to adjust the site factor to be more consistent with the simulation conditions. A host-to-
target adjustment of this type was proposed by Kuncar et al. (2025a), but has not yet been
validated against observations.

This article presents a comprehensive validation study of alternative implementations
of the Vg3p-based site factor for hybrid broadband ground-motion simulation in NZ,
considering the 212 sites and 479 small-magnitude (3.5 < My < 5.0) events included in
Lee et al. (2022). The layout of the paper is as follows: first, observational and site data
are presented. Second, simulation and validation methodologies are described, along with
the alternative SF models considered. Lastly, validation results are presented, covering
the four different aspects discussed above: (1) use of alternative GMMs, including EAS-
based models; (2) examination of EAS residuals and their relationship with SA residuals;
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(3) evaluation of the frequency range of the SF application; and (4) consideration of
additional information to constrain the site factor, including Z;, and the host and

simulation profiles.

Data and site characterization

Stations, earthquakes, and observed ground motions

This study utilizes the observational ground-motion database of active shallow crustal
earthquakes with magnitude 3.5 < My < 5.0 developed by Lee et al. (2022). Similar
to Lee et al. (2022), only stations and events with at least three high-quality ground-
motion recordings were included. Ground-motion quality was assessed using the quality
classification neural network of Bellagamba et al. (2019). The threshold of three
recordings was chosen to limit the influence of potential statistical outliers while
maintaining a sufficient number of stations and events for the validation study. This
resulted in 5218 ground motions from 479 events recorded at 212 sites. Figure 1
presents the spatial distribution of the sites and earthquake sources considered across
NZ. Figure 2 shows the distribution of observed ground motions in terms of peak ground
acceleration (PGA) versus magnitude and Vg3g. Although most of the observed PGA
values are relatively low (implying limited soil nonlinearity), there are several stations
with V39 < 300 m/s that recorded PGA > 0.1g, which may result in considerable levels

of soil nonlinearity (e.g., Kaklamanos et al. 2013).

Velocity model and basin type classification

As subsequently explained in the “Ground-motion simulation method” section, the LF
component of the ground-motion simulations used in this study (Lee et al. 2022) were
produced utilizing the NZ Velocity model (NZVM, Thomson et al. 2020) v2.02. This
model is based on the NZ-wide travel-time tomography model of Eberhart-Phillips et al.
(2010) along with multiple embedded subregions, representing different sedimentary
basins across the country. Thomson et al. (2020) classified these subregions into four
types (Types 1 to 4), reflecting increasing levels of site characterisation used for the
basin models. Type 1 relies on the slope at rock outcrops, geologic maps, and cross
sections; Type 2 incorporates some direct measurements to infer basin surface depth;
Type 3 includes velocity-profile information; and Type 4 corresponds to an arbitrarily
complex basin model. In this study (based on NZVM v2.02), Canterbury is classified as
a Type 4 subregion. It uses a comprehensive basin model (Lee et al. 2017) that integrates
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Figure 1. Spatial distribution of the 212 stations and 479 earthquake sources considered
across New Zealand. Stations are represented with different symbols according to their basin
type category and are color-coded by Vg3y. Earthquake sources are shown as
green-and-white focal mechanism symbols (“beach balls”), with the symbol size scaled
proportionally to the earthquake magnitude. Schematic ray paths corresponding to the 5218
ground motions considered are shown as black lines connecting sources and stations.

multiple datasets, including seismic reflection lines, petroleum and water-well logs, cone
penetration tests, and geologic maps. Wellington is classified as a Type 3 subregion,
where borehole, standard penetration test, horizontal-to-vertical spectral ratio, and Vs
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Figure 2. Ground motion distribution in terms of observed PGA versus magnitude and V3.
The observed PGA is computed as the geometric mean of the two horizontal components.
Magnitudes for the 479 events considered are rounded to one decimal place.

data were considered (Semmens et al. 2010; Boon et al. 2010). The remaining subregions
are classified as Type 1. For locations outside these subregions, the Vs3p-based Ely et al.
(2010) geotechnical layer model, along with the Foster et al. (2019) Vs39 map (based on

geology, topographic slope, and Vg data), is used to constrain the near-surface velocity.

In order to synthesize trends in simulation prediction residuals, Tiwari et al. (2024)
classified the sites in Lee et al. (2022) into four geomorphic categories based on
Nweke et al. (2022): “Basin”, “Basin-edge”, “Valley”, and “Hill” sites. By combining
the subregion classification of the NZVM v2.02 and the identified hill sites, a basin-
type categorization has been considered (Tiwari et al. 2024, ongoing work), which
includes five categories: “Canterbury (Type 4) basin”, “Wellington (Type 3) basin”,
“Type 1 basin”, “Unmodeled basin”, and “Non-basin” (hill) sites. In this classification,
“Unmodeled basin” sites correspond to non-hill locations outside the subregions with
explicit basin modeling in the NZVM v.2.02, and represent sites modeled by the Vg3o-
based geotechnical layer. Figure 1 illustrates the basin-type category assigned to each
site, which is subsequently used in this study along with the geomorphic categories to
interrogate the validation results.
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Site properties

Figure 3 presents the distribution of Vg39, Z1 o, and Ty (fundamental site period) for all
stations considered, disaggregated by basin type category. These site parameters were
determined by Wotherspoon et al. (2024) from direct measurements or inferred based on
other sources; except for the DO9C and WSTS sites, for which values from Lee et al.
(2022) were considered. Wotherspoon et al. (2024) also assigned a quality rating (Q1,
Q2, or Q3) to indicate how well each parameter is constrained by data. For Vs3g, Q1
indicates the use of robust site-specific Vs measurements within a few tens of meters of
the station; Q2 implies that Vs measurements shallower than 30 m were used; and Q3
means that no site-specific data was available, in which case the national Vs3p models
by Foster et al. (2019) and Perrin et al. (2015) were considered. In this study, 20.8% of
the sites considered have Vg3 rated as Q1, 4.7% as Q2, and 74.5% as Q3. For Z; g, only
2.8% of the sites are classified as Q1 (i.e., they have well-constrained values based on
measurements), while for 7y, this proportion corresponds to 67.9%.

Figure 3 illustrates that most of the V39 < 200 m/s values are in the Canterbury basin
(concentrated in the Christchurch metropolitan area, as shown in Figure 1), and most
of the Vg3p9 > 550 m/s values correspond to hill sites. The figure also displays the Vg3o-
Z1o correlation used in Bayless and Abrahamson (2019) (based on Chiou and Youngs
(2014), for California and non-Japan regions) along with additional lines representing
a factor of five above and below this correlation model (i.e., the model multiplied and
divided by five, respectively), to identify sites that are significantly deeper or shallower
than an ‘average site’ conditioned on Vg3g. Most of the sites in the Canterbury basin are
seen to lie close to or above the Bayless and Abrahamson (2019) correlation, which is
explained by the particularly deep basement rock in this region (Lee et al. 2017), and
also reflected in the high Tj values for this basin. In contrast, most of the Wellington sites
fall below the Bayless and Abrahamson (2019) correlation, with a significant number of
sites even below the lower factor-of-five boundary, indicating a particularly shallow basin
(e.g., Hill et al. 2022). A similar distribution is observed for Type 1 and unmodeled basin

sites.

Methodology

Ground-motion simulation method

The ground-motion simulations used in this study were conducted by Lee et al. (2022)
using the hybrid broadband method of Graves and Pitarka (2010, 2015, 2016) (herein
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Figure 3. Vg3, Z).0, and Ty distributions for the sites considered, disaggregated by basin
type category. The Vg3 vs Z; ¢ plot includes the Bayless and Abrahamson (2019) Vs3g —Z; o
correlation, and boundaries with a factor of five above and below this correlation. The
maximum Vg3 value represented in the x-axis of the left panels is 1010 m/s, but there are
three sites with a higher value: DCZ, INZ, and MSZ, with Vg39 = 1500 m/s. The site
parameters for the stations DO9C and WSTS were not provided by Wotherspoon et al. (2024).
The Vg3 values considered for these two stations are those reported by Lee et al. (2022), and
the corresponding Z| o values were estimated based on the NZVM v2.02 (Tj is not provided
for these two sites).

referred to as the GP method for brevity). In the GP method, a comprehensive 3D
physics-based approach is utilized for the low-frequency (LF) simulation component,
and a simplified physics-based approach is used for the high-frequency (HF) simulation
component. The LF simulation is based on a kinematic representation of the earthquake
fault rupture and explicit 3D viscoelastic wave propagation. The HF simulation relies
on a stochastic representation of source radiation and a Green’s function based on a 1D
Vs structure. After being adjusted for site effects (as described below), the LF and HF
simulated waveforms are combined using a matched filter to produce a broadband (BB)
ground motion. A LF-HF transition frequency of f = 1 Hz was adopted based on the
evidence that ground motion can be effectively represented as a stochastic time series
at frequencies above 1.0 Hz (e.g., Hanks and McGuire 1981). For the LF simulation,
the NZVM (Thomson et al. 2020) v2.02 was used, with a finite difference grid spacing
of 100 m and a minimum Vg of 500 m/s. Given the use of a fourth-order spatial finite
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difference scheme, this configuration supports proper seismic wave propagation up to 1
Hz (e.g., Baker et al. 2021; Graves and Pitarka 2010). For the HF simulation, a generic
Vs profile (Lee et al. 2022) representative of a basin site, with a minimum Vg of 500 m/s
at the top, and a constant high-frequency attenuation parameter kp = 0.045 s were used

for the whole country.

Vs30-based site correction factors

Given some of the limitations of the LF and HF simulation approaches, such as the
relatively coarse spatial resolution (e.g., grid spacing of 100 m for the LF simulation)
and high minimum Vy (e.g., 500 m/s in this study) considered, a posterior site adjustment
must be applied to account for unmodeled site effects (Kuncar et al. 2025a). In this study,
this adjustment is performed using a Vg3g-based site factor (SF) applied in the frequency
domain, which is determined using Methods 1 and 2 examined in Kuncar et al. (2025a).
Method 1 has been adopted in several previous studies (e.g., Graves and Pitarka 2010;
Lee et al. 2022) and is used throughout most of this paper, while Method 2 is explored in
the “Incorporating a host-to-target Vs-profile adjustment” section.

Figure 4 illustrates the SF application workflow. The simulated acceleration time series
(asim) generated by the LF and HF simulation approaches are first converted to the
frequency domain. Separate SFs (SF r and SFyr) are then applied to the FAS of the
LF and HF components, respectively. The modified (LF and HF) FAS are subsequently
converted back to the time domain and merged to produce an adjusted BB acceleration
time series (aqq;). In previous studies either both SFyr and SFyr have been considered
(e.g., Graves and Pitarka 2010; Lee et al. 2020), or only SFyr has been applied (e.g.,
Lee et al. 2022). Herein, these two approaches are referred to as “LF+HF” and “HF
only”, respectively. This aspect is investigated in the “Frequency range of SF application”

section.

The Vg3o-based SF (SFy, corresponding to Method 1 in Kuncar et al. 2025a) is derived
using a semi-empirical GMM (e.g., Bayless and Abrahamson 2019). GMMs generally
predict the mean value of a given intensity measure (IM) in natural log scale, conditioned

on a specific earthquake rupture and site, as

Minsy (rupture,site) = fr + fp+ fs (1
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Figure 4. SF application workflow. FFT and IFFT are the fast Fourier transform and inverse
fast Fourier transform algorithms, respectively. In principle, SF;r should not be applied, but in
practice it may be required to capture site effects not properly modeled in the LF simulation
component.

where fg, fp, and fs are source, path, and site response scaling factors, respectively. The
site response scaling factor (fs) can be generally expressed as the sum of three terms
(e.g., Campbell and Bozorgnia 2014; Bayless and Abrahamson 2019):

Ss=JL+ INL+ fsea )

where f; and fy; represent the scaling of the linear and nonlinear site response with V3.
Additionally, the term fy; is a function of a given IM at a reference condition (e.g., peak
ground acceleration at a rock or stiff soil site condition). The term f;,; usually accounts
for the difference between the site-specific Zj ¢ (depth to Vs = 1.0 km/s) and the expected
Z1.0 conditioned on Vg3 (e.g., Bayless and Abrahamson 2019). Therefore, f.; requires
a site-specific estimate of Z; o in addition to Vs3¢. The incorporation of fi.; into the SF is
investigated in the “Sediment depth consideration” section.

Based on the above expressions, SF is computed as the ratio between exp(fs) for the
“actual” (i.e., site-specific; fs qeruar) and “simulation” (fs sin) conditions (the source and

path scaling factors are common to both and therefore cancel out), as

- eXp[fS,actual (f)] o eXp(fL,aotual +fNL,actL¢al)
) = e lsaimlD)] — exp(feom)

where the fy is not included in the denominator for consistency with the simulation

3

method adopted, which does not directly include soil nonlinearity. f7 scruar and fnr acrual
depend on the site-specific V3¢ value, and f7 s depends on the Vg3g value implicit in the
simulation (e.g., 500 m/s for the HF simulation in this study).

Given the SF application workflow presented in Figure 4, it is evident that the semi-
empirical GMM used should, in principle, be formulated for FAS. However, GMMs for
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FAS (or EAS) have only recently been developed (e.g., Bora et al. 2019; Bayless and
Abrahamson 2019; Shi 2019; Campbell and Bozorgnia 2025). For this reason, several
previous studies (e.g., Graves and Pitarka 2010; Pitarka et al. 2020; Lee et al. 2022;
Graves 2022) have utilized GMMs formulated for SA (e.g., Campbell and Bozorgnia
2014; Boore et al. 2014) to approximately compute SFj instead. In particular, previous
nationwide validation efforts in NZ (Lee et al. 2022; Dupuis et al. 2025) have only
considered the CB14 model (Campbell and Bozorgnia 2014) developed for SA. In this
study, four alternative GMMs are considered to determine SF (i.e., f7 actuals INL actual>
and f7 sim): two GMMs for the average horizontal component of SA and two GMMs
for EAS. The SA-based GMMs are the CB14 (Campbell and Bozorgnia 2014) and the
BSSA14 (Boore et al. 2014) models, and the EAS-based GMMs are the BA18 (Bayless
and Abrahamson 2019) and the CB24 (Campbell and Bozorgnia 2025) models. All these
models were derived using the Next Generation Attenuation-West2 database (Ancheta
et al. 2014), containing data from different countries, but primarily from California.
In addition, the nonlinear site-response scaling factors were constrained by parametric
models derived from multiple 1D equivalent-linear or nonlinear site-response analyses
(Walling et al. 2008; Kamai et al. 2014; Hashash et al. 2018). For the CB14 and
CB24 models, only the shallow site response term, without the adjustment for Japan,
is considered. In the case of the CB24 model, Model ES (i.e., the recommended version
of the model) is used. It is important to note that, unlike the BA18 and BSSA 14 models,
the CB14 and CB24 site scaling factors are unconstrained at large Vs3g. This can be

problematic when very large Vg3 values are considered (see Electronic Supplement B).

It should be noted that although several GMMs have been developed for New Zealand,
their site response components (i.e., fs) have been adopted from California-based models
similar to those used in this study. For example, the ground-motion characterization
model for the 2022 NZ National Seismic Hazard Model (Bradley et al. 2024) included
three NZ-specific GMMs for SA: the B13 (Bradley 2013), A22 (Atkinson 2022, 2024),
and S22 (Stafford 2022) models. These GMMs adopted fs from the California-based
Chiou and Youngs (2008), Seyhan and Stewart (2014), and Chiou and Youngs (2014)
models, respectively.

Figure 5 illustrates the different SFs for the example sites RHSC (Vg39 = 286 m/s)
and CBGS (Vs3g = 197 m/s), located in Christchurch, for an input HF PGA of 0.01
g, which is representative of the amplitudes from the small-magnitude earthquakes
considered. Figures 5a and 5b present the site factors (for the RHSC and CBGS sites,
respectively) as computed using Equation 3 (for the SA-based CB14 and BSSA14
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models, the frequencies were obtained by taking the inverse of the oscillator periods).
Figures 5c and 5d show the corresponding site factors that are actually used for the
site adjustment, which contain low- and high-frequency truncations recommended in
the literature. As observed in Figures 5a and 5b, the EAS-based models (BA18 and
CB24) incorporate high-frequency attenuation, which is consistent with theory (e.g.,
Baker et al. 2021, Ch.5), while the SA-based models (CB14 and BSSA14) do not include
this feature due to the difference in scaling between SA and FAS (e.g., Bora et al. 2016).
As shown in Figures 5c and 5d, the SA-based SFs (CB14 and BSSA14) were truncated
to SF =1 for frequencies f > 15 Hz, with a taper from f = 10 — 15 Hz, to mitigate
major inconsistencies with their application in the FAS domain (e.g., following de la
Torre et al. 2020; Razafindrakoto et al. 2021; Lee et al. 2022). In addition, all site factors
are truncated to SF = 1 for frequencies f < 0.2 Hz, with a taper from f =0.2—0.5
Hz, to avoid double-counting deep 3D velocity structure effects already captured by the
LF simulation (e.g., following Lee et al. 2020; de la Torre et al. 2020). A similar low-
frequency taper was also considered by Graves and Pitarka (2010) and Matinrad and

Petrone (2025) for the same reasons.

Prediction residual partitioning

Residual analysis is conducted to assess simulation performance with alternative site
factors, considering the entire ground-motion database. For a given intensity measure

(IM), the prediction residual (A.) for the event e recorded at the site s is defined as

Ae‘\' =In (IMobs)es - ln(IMvim)es (4)

where In(IM,p).s is the natural logarithm of the observed IM and In(IMj;y).s is the
natural logarithm of the simulated IM. A can be partitioned into different components of

ground motion variability (Atik et al. 2010) via a crossed linear mixed-effects regression
algorithm (Stafford 2014; Bates et al. 2015), as follows:

Aes = a+ 8528+ 8B, + SW2 o)

where a is the (global) model prediction bias, representing the residual fixed effect across
all sites and events; 0525 is the systematic site-to-site residual for the site s; 0B, is the
systematic between-event residual for the event e; and W2, is the “remaining” within-
event residual for the event e recorded at the site s, which includes factors that are not
systematically captured by a, §S2Ss, and 6B,. Assuming that §S2S;, 8B,, and SW., are
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Figure 5. Site factors derived using alternative GMMs for the RHSC and CBGS sites. (a) and
(b) illustrate the site factors without any truncation for RHSC and CBGS, respectively. (c) and
(d) show the corresponding site factors after applying low- and high-frequency truncations.

CB14 and BSSA14 are SA-based models, whereas BA18 and CB24 are EAS-based models.

independent and normally distributed random variables, with zero mean and variances of

¢§2s’ 72, and (])SZS, respectively, the total variance (%) can be expressed as

0% = g+ T+ s (6)

The sum (a + 8S2Sy) is herein referred to as the “systematic residual” and represents
the systematic portion of the residual at a given site s. The IMs considered are: 5%-
damped pseudo-spectral acceleration (SA) at vibration periods between 0.01 and 10 s;
Fourier amplitude spectrum (FAS) at frequencies between 0.1 and 20 Hz; peak ground
acceleration (PGA); peak ground velocity (PGV); cumulative absolute velocity (CAV);
Arias intensity (Al); and 5% — 75% and 5% — 95% significant duration (Dss75 and
Dys79, respectively). FAS is smoothed using Konno-Ohmachi matrices with bandwidth
parameter b = 40, a value typically considered (e.g., Bora et al. 2019; Baker et al. 2021)
to preserve the frequency resolution while avoiding over-smoothing. All these IMs are
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computed from the two horizontal components. In the case of FAS, the two components
are combined using the EAS definition (e.g., Bayless and Abrahamson 2019). For the
other IMs, the two components are combined using the geometric mean.

Results

Effect of alternative site-response models

Figure 6 shows the model bias, a, and site-to-site standard deviation, ¢s,s, for all GMMs
and IMs considered. The results are shown for both the “HF only” and “LF+HF”
application approaches. Figure 6 also presents the results for the simulation without
site adjustment (“no site adjustment”), which is generated by merging the LF and HF
simulated waveforms without applying any site factor. Figures 6a and 6¢ show that the
“no site adjustment” simulation systematically underpredicts the ground motions for
SA(T < 0.35s), SA(T > 0.8 s), EAS(f < 1.8 Hz), and all the remaining IMs considered.
Significant overprediction is observed for EAS(f > 2.5 Hz) before applying the SF,
suggesting inaccuracies in the modeling of source, path, and global site attenuation
effects in the HF simulation. The application of the (HF only) SFs generally reduces
the underprediction for PGA, PGV, CAYV, and SA at very short and very long periods, but
generates overprediction for Al and SA in the intermediate period range (approximately
0.1 < T < 1 s). For EAS, underprediction is only reduced within a narrow frequency
band (approximately 0.7 < f < 1 Hz), corresponding to the LF range influenced by the
HF SF due to the high-pass filter considered when merging the LF and HF components
(Graves and Pitarka 2010); and an increase in the overprediction is generally exhibited at
higher frequencies. At very high frequencies (e.g., f > 10 Hz) the EAS-based BA18
model, which accounts for high-frequency attenuation, allows for a reduction in the
overprediction. For all GMMs, the incorporation of the SFrr (“LF+HF” application
approach) produces significant overprediction for SA at long vibration periods (7" > 1
s) and EAS at low frequencies (f < 1 Hz).

Figure 6b and 6d indicate that for the “no site adjustment” simulation, the highest
values of site-to-site variability are produced for SA(0.4 < T < 1.5 s), Al, EAS(0.8 <
f < 2 Hz), and particularly for EAS(f > 10 Hz). Due to the differences between SA
and FAS (Bora et al. 2016; Stafford et al. 2017), this significant variability at very high
frequencies does not manifest for SA at short periods in an active tectonic region such as
NZ. The application of the alternative SFs reduces the site-to-site variability for several
IMs. In the case of SA, this reduction is particularly strong at 0.3 < 7 < 1.5 s, and
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Figure 6. Model prediction bias, a, and site-to-site standard deviation, ¢s,g, for alternative
ground-motion models and application frequency ranges: (a) a and (b) @s»s for SA, PGA,
PGV, CAV, Al, Dys75, and Dysos. (€) a and (d) ¢sps for EAS. Results for PGA, PGV, CAV, Al,
Dys75, and Dyso5 are only presented for the HF application case (similar bias and variability
are obtained for the LF+HF application for these IMs).

for EAS at 0.9 < f < 4.0 Hz. However, at f > 10 Hz no reduction is obtained. This
increasingly high site-to-site variability displayed at very high frequencies is consistent
with previous observations across different regions and site-response models (Pilz et al.
2025). The significant duration IMs are not modified by the SFs considered, which is
observed in both the site-to-site variability and model bias plots.

The SA-based CB14 model was adopted in several previous validation studies in NZ
(e.g., Bradley et al. 2017b; Razafindrakoto et al. 2018; de la Torre et al. 2020; Lee et al.
2020, 2022). Figure 6 shows that more recently developed EAS-based GMMs, such as
BA18 and CB24, exhibit a similar performance in terms of model bias and site-to-site
variability, at least for small-magnitude events. Considering that the SF is applied in the
Fourier spectral domain, this suggests that, for consistency, FAS- or EAS-based GMMs
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(such as those considered in this article) should be adopted in future studies. In addition
to the reduction of EAS model bias at very high frequencies, illustrated in Figure 6¢ for
the BA18 model, the use of EAS-based models avoids the need for artificial truncation
of the SF at high frequencies. It can also facilitate the use of site-specific ky values (e.g.,
Van Houtte et al. 2018) for the HF simulation in future studies. The selection of xy in the
HF simulation needs to take into account the additional HF attenuation incorporated by
the SF to avoid double-counting high-frequency attenuation, and the use of a EAS-based
model allows for a more transparent determination of this extra attenuation implicit in
the SF. In the context of simulation-based PSHA, alternative GMM-based SFs could be
considered within a site response logic tree (Rodriguez-Marek et al. 2021), and the results

shown in Figure 6 could help to inform the relative weights assigned to different models.

Relationship between EAS and SA residuals

Figure 6 illustrated significant differences between the EAS and SA residuals. While
EAS is a direct representation of the ground motion, SA reflects the response of a single-
degree-of-freedom system to this input ground motion, which, at a given vibration period,
is influenced by FAS at a range of frequencies (Bora et al. 2016; Stafford et al. 2017).
A perfectly accurate ground-motion prediction would result in zero systematic residual
for both IMs. Previous validation studies in NZ (e.g., Razafindrakoto et al. 2018; de la
Torre et al. 2020; Lee et al. 2020, 2022) have focused on SA due to its relevance in
engineering applications, but a more direct assessment of ground-motion simulations
should consider EAS, which avoids the inter-frequency contamination produced in the
SA domain. The use of EAS also allows for the separate evaluation of the LF and HF
simulation approaches.

To further understand the relationship between EAS and SA, Figure 7 superimposes
the EAS and SA mean systematic residuals, a + 052S; meqn (in addition, Supplemental
Figures A.1 and A.2 in Electronic Supplement A include the 95% confidence interval of
the mean systematic residual, for EAS and SA, respectively). Two cases are considered:
“no site adjustment” and simulation adjusted using the (HF only) SF computed with the
EAS-based BA18 model. The SA residuals are plotted as a function of the (oscillator)
vibration period, T, whereas the EAS residuals are plotted as a function of the (signal)
FAS period, 1/f. Herein, the word “period” will be used indistinctly for both IMs,
although strictly speaking it has a different meaning in each case. Figure 7a, which
incorporates all sites (i.e, the mean systematic residual corresponds to a), shows that
before applying the SF, the systematic underprediction at long periods is stronger for
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EAS than for SA. Since the SF is only applied to the HF simulation component, then
the application of the SF yields no reduction in the model bias for EAS at periods
longer than = 1.5 s (in the period range ~ 1.0-1.5 s there is an influence from the HF
simulation due to the high-pass filter applied when merging both components, illustrated
in Figure 4). However, bias is reduced to almost zero for SA within the equivalent
period range. This suggests that long-period SA are influenced by shorter FAS periods,
resulting in a reduction in the long-period SA residuals. Stafford et al. (2017) showed
that for small-magnitude events (as considered in this study), which have a relatively
high corner frequency, long-period SA site response is influenced by a broad range of
FAS frequencies, but this effect diminishes as magnitude increases. At short periods,
the simulation without adjustment displays increasing levels of overprediction for EAS
toward shorter periods. However, this is not manifested for SA at the equivalent period
range because short-period SA are controlled by a broader FAS period range. The EAS
systematic overprediction at very short periods, observed in both the no-adjustment and
BA18-based adjustment cases, suggests that using a generic Ky = 0.045 s value in the HF
simulation may not be appropriate. Considering that kj is often correlated with Vg3 (e.g.,
Bayless and Abrahamson 2019), Supplemental Figure A.3 investigates the dependence
of EAS residuals at very short periods with Vg3g, but without identifying any significant

trend.

The systematic underprediction observed at EAS periods longer than 1.5 s in Figure 7a
(which cannot be corrected by applying an HF site factor) suggests that there are
deficiencies in the velocity model used in the LF simulation and/or limitations in
its implementation in the finite-difference computation. Figures 7b-f indicate that this
underprediction is not equally strong for all basin-type categories. The Canterbury
(Type 4) basin (i.e., the basin model better constrained by data in the NZVM v2.02)
and non-basin sites exhibit the lowest EAS systematic residual at long periods,
whereas unmodeled basin and Wellington (Type 3) basin sites display the strongest
underprediction. Although the Wellington basin has a relatively good characterization
in the NZVM v2.02, this corresponds to a shallow basin, as inferred from Figure 3 and
from the available basin models in that region (Semmens et al. 2010; Hill et al. 2022).
As discussed in Kuncar et al. (2025b), this means that the 100-m spatial discretization
considered in the LF simulation is insufficient to properly represent the sediment-rock
interface and capture resonance and basin-edge effects. Systematic analysis of ground-
motion residuals from semi-empirical GMMs (e.g., de la Torre et al. 2024) has shown that
soft sedimentary basin sites in Wellington strongly amplify SA in the 0.5-2.0 s period
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Figure 7. Mean systematic residual, a + 652S; yean, for EAS and SA, for the simulation with
no site adjustment and for the (HF only) BA18 model. The mean systematic residuals are
plotted for (a) all sites, and for (b) Canterbury (Type 4) basin, (c) Wellington (Type 3), (d) Type
1 basin, (e) unmodeled basin, and (f) non-basin (hill) sites.

range. Also, the presence of basin-edge effects (Kawase 1996) in this basin has been
inferred from observations and numerical models (e.g., Bradley et al. 2018; McGann
et al. 2021).

These observations demonstrate the strong impact of good-quality basin modelling
on long-period EAS prediction performance. Figure 7 illustrates that the corresponding
impact on long-period SA is weaker (i.e., the SA residuals are less sensitive to basin type
and are generally centered around zero at long periods). However, due to the scenario-
dependent FAS frequency-range contribution to long-period SA, this impact can increase
for larger-magnitude events or if modifications are performed to the HF simulation (e.g.,
such that the HF overprediction is reduced). This illustrates one of the advantages of
considering EAS residuals (versus SA residuals alone) to evaluate the performance of
the LF simulation component.
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Regarding the short-period EAS, Figures 7b-f show that the level of EAS
overprediction is also dependent on the basin-type category, although in this case this
dependence reflects regional differences in the accuracy of the HF simulations and the
BA18-based SF. The strongest overprediction is observed for the Wellington (Type 3)
basin, Type 1 basin, and non-basin (hill) sites. Kuncar et al. (2025b) found that stiff
soil and rock sites in Wellington also display this systematic overprediction at short
periods, suggesting that the overprediction observed for basin sites is mainly caused by
inaccuracies in the modeling of source and path effects in this region. The incorporation
of additional high-frequency attenuation through the BA18 model reduces the systematic
overprediction for all basin categories at periods shorter than 0.09 s relative to the “no
site adjustment” case.

This section demonstrates that the use of EAS systematic residuals enables a more
direct and transparent assessment of the LF and HF simulation performance, compared
to SA systematic residuals used in previous studies. The analysis of EAS systematic
residuals revealed systematic differences across basin-type categories (differences that
are masked when using SA). In particular, prediction performance at long EAS periods

was shown to be strongly influenced by basin type.

Frequency range of SF application

While SFyF is generally required to capture shallow site effects (which mainly affect
f > 1Hz), it is not yet clear to what extent SFyr is needed when a 3D velocity model
that explicitly incorporates sedimentary basins is used in the LF simulation and a LF-HF
transition frequency of 1 Hz is adopted. For example, Lee et al. (2022) only considered
SFyr (ie., SFip = 1), and showed that this reduces the systematic long-period SA
overamplification previously observed in Lee et al. (2020), where both SFyr and SFyp
were applied. This is also observed in Figure 6a for all GMMs. However, as inferred
from the discussion in the “Relationship between EAS and SA residuals” section, part of
the systematic overamplification obtained at long-period SA when the SF is applied to
both the LF and HF components can be explained by the influence of FAS over a broad
range of frequencies, rather than being a direct feature of the LF simulation. When SF
is only applied to the HF simulation (as in Lee et al. 2022), the net effect is a near-zero
bias at long-period SA, but EAS residuals display systematic underprediction over the
equivalent period range (e.g., Figure 7a). This suggests that including some level of LF
site amplification (i.e., SFrr > 1) is needed to improve LF simulation performance (i.e.,
LF EAS predictions) in a significant number of sites (Canterbury being an exception).
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Increasing quality of the 3D velocity model

Increasing spatial resolution of the numerical simulation
>

SF.> 1 | Reduction of the SF; required SFR=1
(Adjustment < - (No adjustment)
Increasing prevalence of shallow soft
needed) materials and basin effects

Figure 8. Conceptual illustration of the factors contributing to the need for a LF site
adjustment (SFyr).

As illustrated conceptually in Figure 8, the magnitude of the SFyr will depend on
several factors, which are related to both the quality of the LF simulation and the specific
site conditions. If the 3D velocity model used is well characterized (e.g., based on a
large amount of geophysical and geotechnical data) and the grid spacing considered in
the finite-difference computation is fine enough to capture the main features controlling
low-frequency site response (e.g., deep impedance contrasts, basin geometry), a less
significant (or no) LF adjustment will be required. All other things being equal, if basin
effects are particularly strong in a given region, a higher LF site adjustment is more likely
to be needed due to the difficulties in capturing these complex effects solely based on the
LF physics-based simulation approach of the GP method. Even in the case where the
underlying 3D velocity model is completely accurate, if its implementation in the LF
simulation considers a relatively coarse spatial discretization (e.g., a grid spacing of 100
m and a minimum Vs of 500 m/s, as considered in this study), the LF simulation will not
properly model the influence of the surficial materials on the LF ground motion. This is
particularly relevant in the case of relatively soft soil deposits, which may have a shallow
site response (e.g., impedance and resonance effects caused by the soils in the ~ top 100
m) that influences the LF range (as observed in Kuncar et al. 2025b).

Given that all factors described in Figure 8 coexist, and their relative characteristics
and influence vary region-to-region and location-to-location within a given region, it is
not possible to specify a priori the optimal SF;r required. However, validation against
observations can inform proper application protocols for this site factor in forward
applications. As previously shown in Figure 7, “Unmodeled” and “Wellington (Type
3) basin” sites display, on average, the more significant underprediction for EAS in the
LF range when only SFyr is applied. However, the level of LF underprediction is not
equally strong for all sites in a given category. Figure 9 displays the distribution of site
average LF systematic residuals across NZ, for the “HF only” SF application case, using
the BA18 model. This average residual was computed as the systematic residual for
EAS averaged over the frequency range 0.3 — 1.0 Hz. While most of the sites in the
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“Unmodeled basin” or “Wellington (Type 3) basin” categories display positive residuals
(i.e., underprediction), there are some sites in these categories presenting a near-zero
systematic residual or overprediction. Also, it can be observed that several sites in other
basin-type categories display LF underprediction. This is the case for “Canterbury (Type
4) basin” sites at the west of the Canterbury basin (shown in the bottom-right inset).
Even though the Canterbury basin is, in general, well characterized in the NZVM v2.02,
it is possible that this sub-region contains deficiencies in the velocity model. Also, the
location of these sites near the edge of the basin suggests that they may be affected
by basin-edge effects not captured in the LF simulation due to the spatial discretization
considered. In contrast, systematic overprediction (negative bias) is observed for sites
located further east, but still west of Christchurch. Based on measured deep Vs profiles
(Deschenes et al. 2018), Kuncar et al. (2025b) showed that in this area, the actual
Vs in the top 100-700 m is significantly higher than that represented in the NZVM
v2.02. This discrepancy can explain the observed low-frequency overamplification (as
the simulation assumes softer conditions than those present in reality) and indicates that
the NZVM needs to be updated in this area by integrating the site-characterization data
from Deschenes et al. (2018) and other sources.

To further examine the need for additional LF amplification across all sites considered,
and to help establish an application protocol for SFyr, Figure 10 presents the distribution
of sites for which the application of the LF site factor is considered beneficial across
different categories. This is assessed using the following expression:

AR = |Ryr|— |RLFHF| (7

where Ryp is the LF systematic residual (EAS systematic residual averaged over
0.3 — 1.0 Hz) when only SFgF is applied (“HF only” SF application approach), and
Ry r,ur is the corresponding residual for the case where both SF7r and SFyr are applied
(“LF+HF” SF application approach). If AR is positive, it means that the “LF+HF”
approach reduces the absolute value of the LF systematic residual relative to the “HF
only” approach. Based on the examination of the AR results, three cases were identified
for the SFyF application: (1) AR < 0: increase of residual; (2) 0 < AR < 0.1: slight residual
reduction; and (3) AR > 0.1: considerable residual reduction (representing a significant
benefit obtained by the application of SFyr). Figure 10a shows that the “‘Wellington
(Type 3) basin” category has the highest proportion of sites with a considerable reduction
in the LF systematic residuals, followed by “Unmodeled basin”, and “Type 1 basin”.

Prepared using sagej.cls



537

538

539

540

541

24 Journal Title XX(X)

-34.00°

Canterbury (Type 4) basin
Wellington (Type 3) basin
Type 1 basin

Unmodeled basin
Non-basin (hill)

>4 00 o

—40.00°

—-42.00°

Australian-Pacific
Plate Boundary

~44.00°

—46.00° -

T T
170.00° 172.00° 174.00° 176.00° 178.00° 180.00°

T
168.00°

T
166.00°

-15 -1.0 05 0.0 05 1.0 1.5
EAS Average LF Systematic Residual, a + 8S2Sg

Figure 9. Spatial distribution of average LF systematic residual, computed over the
frequency range 0.3 — 1.0 Hz, for the (HF only) BA18 model. Symbols assigned to each site
represent different basin type categories. Symbols with thicker outlines indicate sites where
there is a considerable reduction in LF residuals when the LF site factor is applied.

In the case of “Canterbury (Type 4) basin”, only 10% of sites require LF adjustment.
Within the three categories with the highest proportion of sites benefited by the “LF+HF”
approach, it is possible to disaggregate the results by geomorphic categories (Tiwari et al.
2024). Figures 10b, 10c, and 10d display these distributions for the “Unmodeled basin”,
“Wellington (Type 3) basin”, and “Type 1 basin” categories, respectively. These figures
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Figure 10. Evaluation of the LF residual reduction obtained by the consideration of SF; r for
(a) all sites, (b) unmodeled basin sites, (c) Wellington (Type 3) basin sites), and (d) Type 1
basin sites. In the case of (a), the results are disaggregated by basin-type category, and in
the case of (b), (c), and (d), the results are disaggregated by geomorphic category.

show that, by far, the largest proportion of sites benefited by the “LF+HF” approach
within these basin type categories correspond to the “Basin” geomorphic category. In
contrast, the “Valley” geomorphic category displays a large proportion of sites where
the “LF+HF” approach worsens the systematic residuals, which is expected, considering
that “Valley” sites are those located within small sedimentary structures (Nweke et al.
2022), where long-period basin effects are less likely to occur. Conversely, “Basin”
sites are those located within relatively big sedimentary structures, where large sediment
depths and long-period basin effects are more likely. Further dependencies with V3o and
Z10 were examined for each basin-type category, without finding any strong trends (see
Figures A.4 and A.5 of the Electronic Supplement A).

Following the above observations, a simple protocol for the application of SF;r was
established: SFyr is only applied in the case of sites in the geomorphic category “Basin”
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Figure 11. (a) Model prediction bias, a, and (b) site-to-site standard deviation, ¢s»s, for EAS,
considering “no site adjustment”, and when the BA18-based SF is applied considering the
“hybrid” approach, and when it is applied to both the LF and HF simulation components (i.e.,
“LF+HF”), and only to the HF simulation component (i.e., “HF only”).

that belong to the basin-type categories “Unmodeled basin”, “Wellington (Type 3) basin”,
and “Type 1 basin”. This represents 24% of the 212 sites. For the rest of the sites, only
SFyr is applied. Figure 11 presents the EAS model bias and site-to-site variability for
this “hybrid” SF application approach and compares it to the “HF only” and “LF+HF”
approaches (Supplemental Figure A.6 in Electronic Supplement A provides these results
disaggregated by basin-type category). As shown, the hybrid protocol results in a
significant reduction of the EAS model bias and site-to-site variability in the frequency
range 0.3 — 0.8 Hz. The reduction in variability is up to ~ 0.1 natural log units for
f = 0.5 Hz. This is a relevant finding, considering that ground-motion variability can
have a significant influence on PSHA computations (e.g., Bommer and Abrahamson
2006; Baker et al. 2021). Supplemental Figure A.7 in Electronic Supplement A shows
that for long-period SA, the hybrid approach results in only a slight reduction of the site-
to-site variability and even generates some level of overprediction relative to the “HF
only” approach. As previously discussed, this is due to the influence of a wide range
of FAS frequencies on long-period SA for small-magnitude events (e.g, as illustrated
in Figure 7). Figure 11a shows that even with the proposed “hybrid” SF application
protocol, the LF simulation component still displays considerable underprediction at
some frequencies, which illustrates the limitations of this approach and suggests that

further improvements in the basin modeling are required.
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Sediment depth consideration

There are multiple Vs profiles that can satisfy a given Vg3 value, and hence, a range
of site responses can be observed at different sites characterized by the same Vg3p.
This illustrates an important limitation of a site factor based solely on one parameter.
Even when a site-specific Vs profile is not available, the parameter Z; o (which is a
proxy for sediment depth) can be inferred from regional maps or velocity models (e.g.,
Wotherspoon et al. 2024), and can be used to differentiate the response of sites with the
same Vs3o but different Vg structures. For example, the BA18 model has a soil depth
scaling factor (fiy) that depends on how different Z; ¢ is from a reference Z; ¢ value
representative of an average site in California conditioned on Vs3¢. This reference model
corresponds to the Bayless and Abrahamson (2019) Vg3g — Z ¢ relationship presented in
Figure 3.

To incorporate Z; o into the computation of SF, Equation 3 has to be modified as
follows (Kuncar et al. 2025a):

_ eXp(fL,actual + fNL,actual + fved,actual)
exp (fL,sim + fsed,sim)

where fioq aciuar depends on the inferred or measured site-specific Vs3p and Zj ¢ values

SFi(f) ®)

(Vs30,actuat and Zy o acrual» respectively, corresponding to the best available estimates of the
actual parameters), and fi.q sin depends on the values implicit in the simulation (Vs30 sim
and Zi o sm, respectively), which can differ for the LF and HF simulation components.
Specifically, the LF Vg3 g, and Zj ¢ sin, values are computed from the Vg profile extracted
from the NZVM v2.02 at the location of interest, imposing a minimum Vs = 500 m/s and
100-m grid spacing. The HF Vg30,4i and Zi o i values are computed from the generic
Vs profile used in the HF simulation. Supplemental Figures A.8 and A.9 in Electronic
Supplement A present a comparison of the ‘actual’ and (LF and HF) ‘simulation’ Vs3g
and Z; o values considered in this study.

To illustrate the modification on the SF that this type of adjustment can produce,
Figure 12 shows the adjustment for an example site in Wellington (TEPS site).
Figure 12a shows the BA18 reference Vg3 — Z; o relationship along with the ‘actual’ and
‘simulation’ V39 and Z; ¢ values for the TEPS site. Due to the relatively shallow depth
of the Wellington basin, the ‘actual’ Z q is significantly lower than the typical value for a
site in California (Figure 12a). Figure 12b shows the effect that this has on the sediment
depth adjustment (expressed as the multiplicative factor exp( fsedﬂc,ual)) for a frequency
of 0.5 Hz (in the LF simulation range), and for 10 Hz (in the HF simulation range). For
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Figure 12. Effect of the incorporation of Z; ( on the site factor, in addition to Vg3¢. (a)

Vs30 — Z1 o relationship considered in the BA18 model, and actual and simulated site
parameters considered for the TEPS site. (b) Resulting adjustments to the site factor at 0.5
Hz (LF range) and 10 Hz (HF range).

f =0.5Hz, exp( fsed,actuar) < 1 and for f = 10 Hz, exp( fied actuar) > 1. This means that
the ‘actual’ site-response prediction at TEPS has to be reduced at low frequencies to
account for the fact that the basin is shallower than the reference basin considered in the
BA18 model, and the opposite is true at very high frequencies. Similarly, the Z; ¢ value
for the LF simulation is below the relationship for California, but is plotted further to the
right because the minimum Vg considered in the simulation was 500 m/s (Figure 12a).
As a result, the LF exp(fseqsim) adjustment is less significant than exp(fied acruar) at
0.5 Hz (Figure 12b). As inferred from Equation 8§, the total sediment depth adjustment
component of the site factor corresponds to exp| fsed acrual — fsed sim)» Which in this (LF)
case is ~ (.86, meaning that a 14% reduction in the site factor is obtained when Zj g
is included. In the case of the HF simulation, a generic Vs profile is used for the entire
country, which results in a different Zj o s, value from that of the LF simulation. The
Z1 0 sim value for the HF simulation is above the California relationship, which results in
exP(fsed,sim) < 1 and a final adjustment exp|fsed acrual — fsed sim| = 1.23 at 10 Hz.

This Z; o-based “sediment depth” adjustment was applied to the entire database
considering the hybrid SF application protocol defined in the “SF application frequency
range” section. Figure 13 presents the resulting model bias for EAS, SA, and other IMs
considered, obtained with this adjustment and compares it with the case where Zj g
is not considered (Supplemental Figure A.10 in Electronic Supplement A presents the
EAS results disaggregated by basin type category). Figure 13a shows that the Z; g-based

Prepared using sagej.cls



625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

Kuncar et al. 29

0.6 0.6 0.6
(a) ! (b)
“ EAS Underprediction SA ®
\
0.4 \ 0.4 0.4
\
N
0.2 0.2 0.2
© 0 © ' .
") ")
© ) © —/‘\ [ ]
) \ o s=s - .
@ o0 - B 00 o ) 0.0
[} v N\ [T} s ;
kel \ kel N\ ’
o . <] NG .
= 02 *—\_\/ = 02 -0.2
-0.4 -0.4 -0.4
LF| HF \\ ",' Overprediction
-0.6 -0.6 -0.6
1071 10° 10t 1072 107! 10° 10t g>=3 28
Frequency, f (Hz) Vibration Period, T (s) a0 qg
No site adjustment - BA18 without Z; o BA18 with Z; ¢ -=-- BA18 with RC

Figure 13. Model bias for (a) EAS and (b) SA and other IMs, considering “no site
adjustment” and alternative site factors based on the BA18 model. The application of the site
factors is done using the “hybrid” SF application protocol proposed in the “Frequency range of
SF application” section. ‘BA18 without Z; o’ is the conventional Vg3 site factor SF;; ‘BA18 with
Z1.o' is the site factor SF; incorporating the fi.; term; and ‘BA18 with RC’ corresponds to the
application of the reference correction factor (RC) to SF; (i.e., SF>) described in the
“Incorporating a host-to-target Vg-profile adjustment” section. In this case, SF; is computed
without the f,, term.

adjustment allows for a significant reduction of the systematic overprediction of EAS at
f=15—-3.0Hz and SA at T = 0.3 —1.0 s, as well as a reduction of the systematic
underprediction of SA at 7 < 0.03. Figure 13a shows that at f > 3.0 Hz, the inclusion
of the Z; g-based adjustment results in additional overprediction, which was already
present before applying any site factor, and this overprediction also manifests for SA
at 7 =0.03 — 0.3 s. (Figure 13b). Figure A.11 in the Electronic Supplement A shows
that a slight reduction in SA site-to-site variability is obtained at 7 = 0.35 — 0.7 s when
the Z; o-based adjustment is included. It should be noted that this adjustment relies on
the “actual” Z; ¢ values, which in this study present a high level of uncertainty, with only
a few sites having values constrained by measurements. Hence, caution should be used

when applying this adjustment in future studies.

Incorporating a host-to-target Vs-profile adjustment

Figure 12a showed that the HF Z o s, is above the California relationship, meaning that
the HF simulation Vg profile is deeper than the Vg profile implicit in the BA18 model
for Vg39 = 500 m/s. A more direct way to correct the site factor to account for these
differences is to apply a host-to-target adjustment, using the implicit (host) profile in
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the GMM considered (Kamai et al. 2016; Al Atik and Abrahamson 2021) and the HF
simulation profile (target profile). This is referred to as “Method 2 in Kuncar et al.
(2025a). More specifically, the Method 2 SF (SF,) is

_ exp[fS,uctual (f)] . Ih”W(VSSO.sim)(f)
SF2 (f) B exp[fS,sim (f)} Isim (f)

and I, are the (impedance-based) site amplifications computed with

= SFi(f) - RC() ©)

Where IhOSt(VS3O.xim)
the square-root-impedance (SRI) method (Joyner et al. 1981; Boore 2013) for the GMM
host Vs profile associated with Vg3 s, and for the simulation profile, respectively. RC is

the reference correction factor, which adjusts SFj.

Figure 14a shows the California Kamai et al. (2016) Vs model (herein, referred to as
the K16 model) for Vs39 = 500 m/s and compares it with the HF simulation profile. The
K16 model was developed using 553 Vs profiles for stations in California included in
the NGA-West2 database (Ancheta et al. 2014). Since the BA18 model was developed
for California using the same database, the K16 model can be assumed to represent the
host profile for this GMM (following one of the approaches described in Williams and
Abrahamson 2021). Al Atik and Abrahamson (2021) showed that the host profile may
display considerable variability between GMMs developed using the same database, and
hence, it should be noted that there is an important level of uncertainty in the host profile
estimate. Figure 14a illustrates significant differences between the host and simulation
profiles, which are both characterized by the same Vg3g = 500 m/s. The host profile has a
higher Vg at depth, meaning that the site factor assumes a stiffer reference condition than
appropriate, which can lead to overamplification (Kuncar et al. 2025a). As explained
in Kuncar et al. (2025a), the HF simulation profile is significantly deeper than the host
profile because it was artificially truncated to Vs = 500 m/s in the shallow part for its
implementation in the ground-motion simulation method (e.g., which does not explicitly
model soil nonlinearity) but its deeper structure is actually representative of a softer site.
Figure 14b shows the resulting RC, which indicates that the host-to-target adjustment
produces deamplification of the site factor (SFy) for f < 3.5 Hz and amplification at
higher frequencies. Figure 14c illustrates the effect of this adjustment in the HF site
factor (‘BA18 with RC adjustment’, corresponding to SF,) for the TEPS site, considering
an HF PGA of 0.01 g. Interestingly, the figure shows that for this site, this adjustment

has a similar effect to the incorporation of Z; o investigated in the previous section.

RC was applied to the entire database considering the hybrid SF application protocol
defined in the “Frequency range of SF application” section. Due to the higher uncertainty
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Figure 14. (a) Difference between the HF simulation profile and the host Kamai et al. (2016)
profile for California, for a condition of Vg3y = 500 m/s. (b) Resulting reference correction
factor, RC, and (c) its effect on the BA18-based SF for the TEPS site.

involved in the estimation of the host profile at greater depths (e.g., the Kamai et al.
(2016) velocity model is relatively well constrained only down to ~ 200 m), the
application of RC was considered only for the HF simulation component. Figure 13
includes the model bias considering RC, and shows that the results are very similar to
the Z; p-based adjustment previously discussed, with a reduction of the overprediction
at f = 1.5—3.0 Hz and an increase of the overprediction for higher frequencies. It
is worth noting that RC is only based on the simulation conditions (via the simulation
profile and the corresponding host profile), whereas the Z; ¢-based adjustment modifies
both the simulation and actual conditions (via Zigm and Zjogcrua). These two
independent adjustments (Z; g-based and host-to-target adjustments) reduce the peak
SA overprediction exhibited at T = 0.3 — 1.0 s (for the ‘BA18 without Z1.0’ case in
Figure 13b), suggesting that this overprediction can be explained by differences in the
underlying Vg profiles (e.g., HF simulation vs GMM host profile) that are not captured
by Vs3p alone. With the current state of the simulations, which display systematic
overprediction at high frequency even before applying the site factor, Figure 13 suggests
that these adjustments should be truncated at f > 3.0 Hz.
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Discussion

Limitations of the Vg3y-based method and alternative procedure

Vs30-based site factors derived from empirical data represent the conventional method for
adjusting ground-motion simulations to account for unmodeled site effects, particularly
when site-specific data are limited. However, Kuncar et al. (2025a) and the present study
highlight that applying these site factors (originally developed for empirical GMMs) to
ground-motion simulations can lead to inconsistencies. This was illustrated in Figure 14a,
which shows the mismatch between the Vg profile used in the simulation and that implicit
in the empirical model for the same Vg3 value. The host-to-target adjustment investigated
here can mitigate this inconsistency, but the accuracy of this procedure may be limited
by the high uncertainty in estimating the host profile with current methods.

Kuncar et al. (2025a) examined alternative site-adjustment methods (e.g., Methods 3
and 4) that do not rely on empirical models to predict the linear site response. Instead,
they use the SRI method or 1D site-response analysis, and consider the simulation
properties as a reference for the site adjustment, ensuring compatibility. Although,
in principle, these methods require a site-specific Vg profile, an alternative for their
broader application would be to estimate the Vg profile from Vg3p-based correlations
(e.g., Kamai et al. 2016; Shi and Asimaki 2018; Marafi et al. 2021), ideally calibrated
for the region of interest. Validation against observations and systematic comparison
with the conventional Vg3g-based method would be needed to establish the appropriate

implementation of this approach and assess its benefits.

Conclusions

This article presented a comprehensive investigation on the implementation of Vg3o-
based site factors (SFs) for hybrid broadband ground-motion simulation performed
using the Graves and Pitarka (2010, 2015, 2016) method. The analysis was based
on validation against observations from 479 small-magnitude events recorded at 212
sites in New Zealand (NZ), resulting in the consideration of 5218 ground motions.
Previous validation studies in NZ were focused on intensity measures directly related to
engineering applications, such as response spectra (SA) and PGA. In contrast, this study
additionally considered the investigation of (Fourier) effective amplitude spectra (EAS)
residuals, which allows for a more direct evaluation of the low-frequency (LF) and high-
frequency (HF) simulation components. Several aspects related to the implementation
of the SF were investigated, including the use of site-response models from alternative
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semi-empirical ground-motion models (GMMs), the frequency range of SF application
(i.e., whether the site factor should be applied only to the HF simulation component or
to both the HF and LF components), the consideration of sediment depth (represented by

the parameter Z; o), and the inclusion of a host-to-target Vs-profile adjustment.

Overall, the results showed when the SF is applied to the HF simulation component,
the LF simulation exhibits systematic underprediction, and the HF simulation displays
systematic overprediction (in terms of EAS). Due to the differences in scaling between
Fourier amplitude spectra and SA, the LF underprediction does not manifest at long-
period SA, and the HF overprediction is not exhibited for PGA and very short-period
SA. The use of site factors based on semi-empirical models for EAS, developed in
the last decade, resulted in comparable model bias and variability to response spectra-
based models, commonly used in previous validation studies in NZ and other regions.
Furthermore, one of the EAS-based models (BA18) allowed for a reduction in the model
bias at very high frequencies due to the addition of site attenuation. The systematic biases
identified for the entire dataset are considerably less pronounced for the Canterbury basin,
corresponding to the higher quality basin model within the 3D velocity model considered
in the LF simulation. A stronger low-frequency underprediction was identified at sites
located within sedimentary basins less constrained by site data in the 3D velocity
model, or that are not properly captured by the spatial discretization used in the finite-
difference computation. To address this issue, a simple protocol was proposed to guide
the application of the site factor to the LF simulation component. The protocol establishes
whether the LF site factor needs to be applied based on the site geomorphic category
(Nweke et al. 2022) and the quality of basin representation in the 3D velocity model
used for the LF simulation. Specifically, the LF site factor is applied at ‘Basin’ sites (i.e.,
those located in the interior of a relatively large sedimentary basin structure) for which
the 3D basin model presents some limitations (“Type 3°, “Type 1’, or ‘Unmodeled basin’
categories, in this study). This protocol resulted in the application of the LF site factor at
24% of the 212 sites considered and led to a reduction in EAS prediction variability by up
to 0.1 natural log units. Given the physically based rationale that underlies this protocol, it
is expected that a similar approach could be suitable for other regions. The incorporation
of the parameter Z; ¢ and the use of a host-to-target correction factor demonstrated that
a significant portion of the HF systematic overamplification in the frequency range 1.5-
3.0 Hz (manifested strongly for SA in the period range 0.3-1.0 s) can be explained by
Vs profile features not accounted for by Vg3p alone. This includes the particular shape
of the simulation profile, which is artificially truncated at the top for the purpose of its
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implementation in the simulation method. Due to significant uncertainties in Z; o and the
host profile estimate, further research is needed to establish the best approach to account
for these effects in future studies.

This study demonstrated the relevance of properly implementing Vg3p-based site
factors, while also highlighting the limitations of a site adjustment solely based on
Vs3o. The proposed LF SF application protocol represents only an interim solution,
and advancements in the characterization and modeling of sedimentary basins across
the country should ultimately eliminate the need for a LF site adjustment. This may
require considering a finer spatial discretization (i.e., grid spacing < 100 m) in the near-
surface, which could be efficiently achieved through the use of a non-uniform grid or by
utilizing the Domain Reduction Method (e.g., McCallen et al. 2024; Bielak 2003). For
the HF simulation component, some improvements were obtained by properly selecting
the GMM and considering additional information beyond Vg3, but significant challenges
still remain for the modeling of frequencies greater than 3 Hz, which will require the
incorporation of further site-characterization data and a site-specific treatment of kp. The
findings of this article can be used to inform the application of site adjustments in forward
applications. Future studies must consider FAS- or EAS-based models for determining
the site factor, and continue the investigation of EAS residuals for a broader range of
earthquake scenarios, which will lead to further improvements in the source, path, and

site-effect modeling in the LF and HF simulation components.
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