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Abstract

Traditional ergodic ground motion models (GMMs), typically conditioned on the time-
averaged shear-wave velocity in the upper 30 m of soil (Vs30), exhibit high site-to-site variability
due to their inability to capture site-specific features such as resonances caused by impedance
contrasts. Microtremor-based horizontal-to-vertical spectral ratios (mHVSR), which can contain
peaks linked to site resonances, offer a useful supplement to Vs3o for site response prediction. We
use peak features from mHVSR spectra from 685 sites across California and neighboring regions
(e.g., Nevada, Oregon) to develop mHVSR-conditioned site response models, which reduce site-
to-site variability compared to a baseline linear site amplification model.

Keywords: horizontal-to-vertical spectral ratios, ground motion models, site response
Introduction

Ground motion models (GMMs) developed for active tectonic regions in the NGA-West2
project (Bozorgnia et al. 2014) and the ongoing NGA-West3 project include site amplification
models derived using global datasets, but with regional customization as warranted by the data.
Such models are referred to as ergodic (Anderson and Brune, 1999), as they assume that ground
motions for different sites and events across the globe or a region can be used to characterize
ground motions for a single site, albeit with large uncertainty. The site amplification models are
typically conditioned on simplified site parameters, such as the time-averaged shear-wave velocity
in the upper 30 m (Vs30) and depths to shear-wave velocity isosurfaces (e.g., z1.0 or z2:5). These
parameters only partially characterize the underlying site conditions and are generally unable to
capture site-specific effects such as resonances caused by large impedance contrasts.

Horizontal-to-vertical spectral ratios (HVSR) can be used to identify site resonances from
peaks in HVSR-frequency curves. HVSR can be employed in site characterization at low cost
(Molnar et al., 2018). Microtremor HVSR (denoted mHVSR) is computed from ambient vibration
recordings from a three-component seismometer typically about 1-2 hours in duration. Following
Fourier amplitude spectrum (FAS) computation, mHVSR curves are obtained as the ratio of the
combination of horizontal FAS components to the vertical component. First introduced by Nogoshi

27



SMIP25 Seminar Proceedings

and Igarashi (1970; 1971) and later formalized by Nakamura (1989), HVSR can reveal site
resonance effects when horizontal ground motion is amplified relative to the vertical. The
fundamental resonance frequency (fo) has been found to be associated with the lowest-frequency
peak in mHVSR curves (e.g., Lermo and Chavez-Garcia, 1993; Lachet et al., 1996; Ghofrani et
al., 2013). Spectral shape and peak amplitudes of mHVSR have also been shown to correlate with
site-specific ground motion characteristics, as reflected in residuals from ground motion models
(e.g., Senna et al., 2008; Pinilla-Ramos et al., 2022; Wang et al., 2022a; Buckreis et al., 2024).

This study investigates the use of mHVSR features as conditioning parameters for an
ergodic site response model. We utilize mHV SR data from 685 sites across California and compare
them to site terms derived from residuals of the Boore et al. (2014) GMM (hereafter BSSA14),
which uses the Seyhan and Stewart (2014) ergodic site amplification model (hereafter SS14). We
anticipate developing two models: one based on peak features extracted from mHVSR to capture
site-specific resonance behavior, and another that incorporates the full spectral shape to model
linear site amplification. An initial version of the first of these is presented here. We evaluate
performance from changes to site-to-site variability relative to SS14.

mHVSR and Site Term Data

Database and mHVSR Data Processing

We extract mHVSR data from the shear-wave velocity profile database (VSPDB) (Kwak
et al., 2021; https://vspdb.org). The VSPDB contains mHVSR data from 1400 sites in California
and surrounding regions (Nevada, Oregon, Mexico). The data sources are: (1) vibrations recorded
by permanently installed seismometers, (2) vibrations recorded during temporary deployments
(typically ~1-2 hr). Sources of the vibrations recorded in these surveys include a mix of shear and
surface waves induced by ambient natural (e.g., wind, ocean waves) and anthropogenic (e.g.,
traffic, machinery) sources (e.g., Lermo and Chavez-Garcia, 1994). The data were generally
processed using procedures outlined in Wang et al. (2022b), which are modified from SESAME
(2004). Table 1 summarizes the sources of the mHVSR data retrieved from the VSPDB.

Table 1. mHVSR data sources from the VSPDB.

Citation
ID Citation Count
1 Yong et al. (2013) 45
115 GEOQOVision (2018) 6
116 GEOVision (2016) 10
130 ENGEO 10
196 Buckreis et al. (2021) 19
197 IRIS 48
578 Ornelas et al. (2023) 7
584 Hallal and Cox, pers. comm. (2023) 1
725 Nweke et al. (2024a) 1
727 Nweke et al. (2024b) 1
728 Ornelas et al. (202X) 1
735 Ornelas et al. (202X) 10
742 Ornelas et al. (2025a) 508
743 Ornelas et al. (2025b) 4
744 Ornelas et al. (2025c¢) 2
745 Ornelas et al. (2025d) 12
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Earthquake ground motions were queried from the ground motion database (GMDB)
(Buckreis et al., 2025). We utilize 83,644 ground motion recordings from 4,469 stations and 873
events. Data were screened as follows:

1. We remove sites with less than four recordings of M > 4.0 earthquakes, and we remove
events recorded by less than five stations. This was done so that site and event terms
derived from earthquake data are reasonably well-defined.

2. We apply maximum-distance (Rmax) cutoffs appropriate for sensor type (Mohammed et
al., 2024 for CSN stations, Boore et al., 2014 otherwise).

3. We only utilize station types of “ground” or “free-field” based on COSMOS codes.

4. We only use spectral ordinates for periods shorter than the longest usable period defined
as Tmax = 1/(1.25%fcnp), where fenp 1s the high-pass corner frequency (the screen uses
the maximum value for the two-horizontal components).

After screening, the dataset consists of 63,768 recordings from 2,573 stations and 589
events. Among the 2453 stations, we then identified a subset of 685 with co-located mHVSR
surveys within a 150 m radius at the locations shown in Figure 1 that are considered in this study.
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Figure 1. Locations of ground motion stations with mHVSR curves considered in the present analyses.

Site Response Estimates Derived from Ground Motion Data

For each of the 685 seismic recording station sites we compute site-specific linear site
amplification to compare to mHVSR ordinates. That process begins by computing total residuals
d;; for site j in event i, as the difference between the natural log of an observed intensity measure

(Y;;) and the median predictions of a GMM (y;;) (Boore et al., 2014),
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5ij = ln(Yij) — Ui (M;, Rjpij» VS3O,jfZLO,j) (D
where M; is the event magnitude, R;j, ;; is the distance from the site to the ground surface projection
of the fault plane, Vg30; and z; o ; are site parameters, and Y;; is an observed ground motion
intensity measure (peak acceleration (PGA), peak velocity (PGV) or pseudo-acceleration response
spectral ordinate). Each intensity measure is defined as the median horizontal-component

(RotD50; Boore, 2010). Total residuals were partitioned into fixed and random effects using linear
mixed effects analyses (Abrahamson and Youngs, 1992; Sahakian et al., 2018):

8ij = ¢ + Mg +nsj + & (2)

where ¢ represents the model bias for GMM £, ng; and 7g ; are random effects that quantify
event- and site-specific biases (referred to as event terms and site terms, respectively), and ¢;; is
the remaining portion of the within-event residual. The total linear site response, f;, relative to a
reference condition of Vs3o = 760 m/s is given as (Stewart et al., 2017):

(fl)j = Fleiyrlg + s, (3)

where Fli:lg is the ergodic site response model in the GMM. Uncertainties in site responses (i.e.,
f1) are equivalent to the standard error of 15. These site response uncertainties are not considered
in the analyses presented in this paper. Site-to-site aleatory variability (denoted ¢szs) is closely
related to the standard deviation of 15 ; across all sites and hence depends on the predictive power

of the ergodic model. The benefits of utilizing mHVSR are quantified by their effect on ¢szs.

Site Attributes Used in Model Development
Sub-Regionalization of California

The model development in this paper considers the potential for sub-regional differences
in mHVSR-7n; relationships. Subregions are defined using the physiographic province map of
Buckreis et al. (2023), which was modified from Chiou et al. (2010). Figure 2 shows the subregion
locations. While the subregions in Figure 2 were developed for path investigations, because they
represent different physiographic conditions, they may also influence site response.

The map differentiates several coastal geologic domains: the Coast Range, aligned with
relatively straight portions of the San Andreas fault; the east-west—trending Transverse Range
south of the San Andreas “big bend”; and the Peninsular Range of coastal southern California.
Major mountain provinces include the Klamath Mountains, Cascades, and Sierra Nevada.
Significant basin structures include the Central Valley, the Colorado Desert (including the Imperial
Valley), and large basins within the Peninsular Range.

Figure 3 compares subregional site terms. Arithmetic means of site terms are relatively flat
with period and near or slightly below zero in the South Coast, Eastern California Shear Zone, and
the Basin and Range. The North Coast, Bay Area, and Central Valley exhibit overprediction at
short periods and underprediction of long periods (the Central Coast and Colorado Desert shapes
are similar but are unbiased at short periods). The Sierra Nevada and Northeastern California
regions tend to be unbiased at short periods and overpredicted at long periods.

30



SMIP25 Seminar Proceedings

124.0°W 120.0°W 116.0°W 112.0°W

40.0°N

36.0°N

32.0°N 0 100 200km

e =1
124.0°W 120.0°W 116.0°W 112.0°W
Legend
Physiographic Provinces [ Cenwal Valley (CV) [ ] Northeastern Calilornia (NE)
["] Basin and Range (BR) [ Colerado Desert (CD) [ Sierra Nevada (SN)
[] Bay Area (BA} [ | Eastern California Shear Zone (SZ) [ South Coast (SC)
[ Central Coast (CC) [77] North Coast (NC)

Figure 2. California sub-regions defined from physiographic provinces (from Buckreis et al. 2023).
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Figure 3. Individual site terms and their means for 10 California sub-regions.

mHVSR Peak Identification

We assessed whether peaks were present in the mHVSR for each of the 685 sites. Peak
detection used the regression tree algorithm developed by Wang et al. (2023) that models mHVSR
curves as a stepwise function. A peak is identified when its amplitude from tree regression, relative
to neighboring amplitudes, exceeds a threshold (typically a factor of two), and when amplitude
variability is sufficiently low. Peaks are fitted using a Gaussian pulse function (Ghofrani and

Atkinson, 2014):
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2
1(In(f/fpnvi)
FH/V,l(f) = CO,HV,': + CLHV'l’exp l——(—pw) l (4)

2 pr‘ HV,i

where fp gy is the fitted peak frequency for the i HVSR peak, c1 gy ; is the peak amplitude
relative to neighboring ordinates, wy, yy; is the peak width, ¢oy; is a frequency-independent
constant, and f is frequency in Hz. Absolute amplitudes of peaks are computed as, a, yy; =
Convi T C1uv,;- Figure 4a shows example tree regression results (steps) fitted to a mean mHVSR

curve and the peak fitting using Eq. (4). The peak parameters in Eq. (4) are considered in site
response model development.

The lowest identified peak frequency may not correspond to the fundamental site frequency
(fo) for the following reasons: (1) for deep basin sites, fo may fall below the usable frequency range
of mHVSR (~ < 0.1 Hz), where ordinates tend to be unstable (Ornelas et al., 2024a); and (2)
horizontal component amplitudes near fo may not exceed the instrument noise threshold. We do
not consider mHVSR data below 0.1 Hz, but ramps at low frequencies can still obscure low-
frequency resonances. For this reason, we instead utilize the dominant peak (fz), defined as the
largest amplitude mHVSR peak relative to other peaks, the frequency of which is denoted as (fp,zv)
(amplitudes and widths are denoted similarly).

Approximately 50% of sites exhibited no mHVSR peaks, 42% exhibited a single peak, and
8% exhibited multiple peaks—consistent with the findings of Wang et al. (2023) for California.
The average Vs3o values for these groups were 514 m/s (no peak), 417 m/s (one peak), and 342 m/s
(multiple peaks). This trend is consistent with expectations, as stiffer sites are generally less prone
to resonance compared to softer near-surface soils overlying stiffer materials.

Site Terms Peak Identification

We identify resonant features in site terms utilizing a similar tree regression algorithm
(srPeak developed by Buckreis, 2022). Criteria considered for peak identification are (Buckreis et
al., 2024):

1. Peak should be relatively localized (i.e., period range not too wide).
2. Peak should have sufficiently large mean amplitude relative to adjacent periods.
3. The peak is meaningful (i.e. sufficiently small uncertainties in amplitudes and periods).

These criteria were applied in the manner presented by Buckreis et al. (2024) for a soft soil region
with the exception of thresholds related to peak width and amplitude that were modified for this
application. The modifications were made because the original algorithm identified peaks for site
response features that we considered to be too large in width and too small in amplitude to classify
as peaks. Figure 4b shows an example mean site response — period plot for a site with a peak.

Approximately 51% of sites do not exhibit a site term peak, while 49% have at least one
peak, and 7% have two peaks. Among the sites with an mHVSR peak, 60% have a site term peak,
whereas among the sites without an mHVSR peak, 40% have a site term peak. Viewed a different
way, 40% of sites without a site term peak exhibit an mHVSR peak whereas 60% of sites with a
site term peak also have an mHVSR peak. It is likely possible to improve these performance
metrics with refinements of the peak identification protocols.
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Site term peaks were fit using a Gaussian pulse function, with slight modifications applied
on either side of the peak period. This fitting utilized the function minimize from the Python
package scipy.optimize (Virtanen et al. 2020). The initial fitted Gaussian functional form is:

(T fpysi)\
F, i(T) = con,i + C17,i €XP [— (%) l (5)
DMsit
The fit parameters align with those previously defined for use with Eq. (1) except that 7" denotes
oscillator period, and wp,_; denotes peak width. Total amplitude, a,, ; = Copn.i + C1p,i-
Modifications around the peak period is introduced using a smooth Gaussian transition function,

®d(T) = exp (— (i;—:llf) (6)

where Ty, ; = 1/f,,; represents the period at which the peak is located, and w,, ; represents the width
of the Gaussian pulse. Egs. (5) and (6) are combined as follows:

F, i(D)®(T) + P,(1—-®(T)), T<T,

Fp (DO + Pr(1—d(T), T>T, (7)

1s(T) = {
where P denotes the plateau value of the site term on the left side of the peak in oscillator-period
space, while Pr denotes the corresponding value on the right side. Figure 5 provides an example
of a site-term curve peak fitted with the function in Eq. (7). The resulting peak parameters are
subsequently related to mHVSR, as discussed in the following sections.
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Figure 4. Tree regression results and fitted peaks for (a) mHVSR and (b) site terms.
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Figure 5. Example of a site term peak fit by the modified Gaussian pulse Eq. (4).
Peak-Based mHVSR Model
Sites with mHVSR Peaks

In this section, we develop a model for predicting resonant features in site terms given peak
parameters from mHVSR. Site response plateau and ramp effects, which are described further in
Ornelas et al. (2024b), are not modeled but represent a potential extension for future work.
Moreover, we also do not model second peaks for simplicity, but we could integrate modeling
related to second peaks from mHVSR in future work. We only consider peaks in mHVSR and site
response that are in the frequency range of 0.1-20 Hz.

The evaluation begins by partitioning the data into a training set (80%) and a testing or
validation set (20%). The evaluation is performed separately for each of the California subregions
in Figure 2. Stronger correlations were observed between mHVSR and site response peak
parameters within sub-regions than when the data was analyzed as a whole for the state. Subregions
that exhibit similar behaviors are combined. Specifically, we combine the regions in the eastern
half of California, including the Sierra Nevada, Eastern California Shear Zone, Basin and Range,
and Northeastern California, under the label “Eastern California.” We combine the northwestern
portion of California, encompassing the North Coast, Central Coast, and Bay Area, under the label
“Western California”. The South Coast and Colorado Desert subregions are combined, under the
label “Southern California”. Similarly, the Central Valley is not combined with adjacent regions
due to its distinct physiographic characteristics.

Figure 6 presents the results for the Eastern California region. In Figure 6a, the mHVSR
dominant frequencies (fy, yy) are strongly correlated with the site term peak frequencies f, , =

1/T, with no outliers. Following precedent from Kwak et al. (2017), a linear expression was used
to relate these frequencies to each other,

loglo(f;),ns(fp,HV)) = Ppo + D1 loglO(fp,HV) (5)
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where p, and p, are regression coefficients. The fit was constrained to avoid impacts from outliers
(while not present for Eastern California, they are present for other subregions). The constraint
was applied by limiting p; to arange of [0.9 -- 1.1] and p,, to a range of [0 -- 0.02]. We acknowledge
that careful consideration of outliers may not need the use of model constraints, which we plan to
do in future work. Model fitting was performed using the curve_fit function from the scipy.optimize
package (Virtanen et al., 2020).
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Figure 6. Comparisons of mHVSR and site term peak parameters for the Eastern California combined
sub-regions: (a) peak frequencies, (b) peak amplitudes, and (c) widths

Figure 6b shows that the mHVSR absolute peak a,,  has no predictive power for the site
term absolute peak a,,, . We investigated correlations with other parameters such as relative peak
amplitude (cq yy), but found a relatively flat trend, similar to what was found using a, yy. As a
result, a fixed value of a,, = 0.55 natural log units is recommended regardless of mHVSR
parameters. Figure 6¢ shows an exponential decay in site term peak width (wy, , ) as fp, py increases
(i.e., higher frequency peaks are narrower). This relationship was fit as,

&)\p,ng(fp,HV) = Wy - fp}y‘} (6)

where w, represents the scaling coefficient and w; denotes the exponential decay rate. Eq. (6)
shows that high frequency peaks are narrower than low frequency peaks. The mHVSR peak width,
Wy, ny» Was considered as a conditioning variable for site response peak width, @, , but had
weaker correlation. Similar results have been obtained previously using data from the California
Delta region (Buckreis et al., 2024) using a different functional form. The fitting of Eq. (6) utilized
the same curve fit package as with Eq. (5). For the analyses presented in this paper, constraints
were implemented for the Southern California and Western California regions to capture the larger
width values at lower peak frequencies, which would otherwise be obscured by outliers. The values
used to constrain the models were, wy: [0.5 -- 0.58] and [0.85 -- 0.95]; w;: [0.2 -- 1.0] and [0.4 --
0.6] for Western and Southern California, respectively.

We recognize that the use of regression constraints is non-standard, and some explanation
is warranted here. The outliers that are screened by the application of these constraints are
anticipated to result from sub-optimal peak identification in both mHVSR and site response.
Identifying the features where mis-identifications occur is a time-consuming task that has yet to
be completed. The preparation of this paper could not wait for that process to be completed due to
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a contractual deadline. As a result, to allow preliminary results to be prepared at the current stage
of model development, constraints are applied to allow physically meaningful results to be
obtained. These results will be refined in ongoing/future work.

Figures 7-9 show similarly formatted results for Western California, Southern California,
and Central Valley, respectively. The modeling approach for each was the same as discussed above
for Eastern California, but the data trends have differences:

e Western California and Southern California have greater scatter in the peak frequency
relationships (Figure 7a, 8a) and peak width relationships (Figure 7c, 8c). The fit results
follow similar trends, but the peak widths on average are lower for Western California.

e Central Valley results (Figure 9) are similar to those for Eastern California except for
smaller peak widths for Central Valley sites.

For each of the regions, the relationships between peak frequencies are very similar. This
is likely attributed to the same constraints used to identify a peak that were utilized for each of the
685 sites in the dataset. However, the Western and Southern California subregions have more
outliers than Eastern California or the Central Valley, and those outliers are more commonly
encountered at low frequencies (< 0.5 Hz) and high frequencies (> 3 Hz). Relatively few outliers
occur at intermediate frequencies for all subregions.
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Figure 7. Comparisons of mHVSR and site term peak parameters for the Western California combined
sub-regions: (a) peak frequencies, (b) peak amplitudes, and (c) widths.
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Figure 8. Comparisons of mHVSR and site term peak parameters for the Southern California combined
sub-regions: (a) peak frequencies, (b) peak amplitudes, and (c) widths.
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Figure 9. Comparisons of mHVSR and site term peak parameters for the Central Valley sub-region: (a)
peak frequencies, (b) peak amplitudes, and (c) widths

The resulting coefficients from fitting the three different models across the various
subregions are summarized in Table 2. The table also presents coefficients if the same modeling
framework is applied to the full statewide data. The peak frequency (fp.ns) parameters exhibit
minimal variations between subregions, which is likely influenced by the use of bounding
parameters in the regressions. The lower peak widths in Western California are evident by its
smallest wo value and its highest decay parameter (w;). The amplitude parameter ranges from 0.48-
0.66 natural log units. The amplitude coefficient for All California is most similar to the value for
Southern California, both of which are low compared to other regions. The similarity of these
results is due to the large amount of data from stations in Southern California.

Table 2. Summary of the sub-regional coefficients.

Site Region Po i a, wo wi

Eastern California 1.62e-10  1.00 0.555 0.818 0.593
Western California ~ 7.71e-15  0.90 0.535 0.580 0.666
Southern California  0.019 0.90 0.475 0.850 0.400
Central Valley 5.87e-15 0.90 0.659 0.659 0.528
All California 1.05¢-13  1.00 0.505 0.750 0.550

The model parameters were used to predict a Gaussian pulse function that characterizes the
resonant features of the site terms. This predictive model follows a similar functional form to that
used in Equations (1) and (2), and is defined as follows:

]

Wp,ng

G(T, fpuv, Siteregion) = &y, exp I—(

where &, . represents the peak amplitude in natural log units, fp,n ¢ 18 the peak frequency derived
from Eq. (5), and &@j, 5, is the peak width derived from Eq. (6), and T represents the 105 oscillator

periods from BSSA14 ranging from 0.01 sec to 10 sec. The full functional form of the site
component of the GMM is then defined as:

Fs;i(T,Vs30,j, 0z, j fpuv, Siteregion) = Flin,j(VS30,j' 621,]-) + Fupij + G(T, fpuv, Site region)  (8)
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where Vg3, j represents the time-averaged shear-wave velocity in the upper 30 meters, §, denotes
the differential depth parameter, and F;, ; and Fy;;; represent the linear and nonlinear site

amplification terms, respectively. The function in Eq. (8) applies only in the case that mHVSR
identifies at least one peak. The next section presents a model for cases where no peak is identified.

Sub-Regional Site Response Adjustments for Non-Peak Sites

As noted previously 51% of sites do not have an identified mHVSR peak using the Wang
et al. (2023) algorithm. The model in the previous section, which is conditioned on mHVSR peak
parameters, cannot be applied to non-peak sites. In this section we present adjustments to the SS14
model that can be applied conditionally on two pieces of information: (1) the lack of an mHVSR
peak and (2) the location of the site within one of the subregions shown in Figure 2 (without use
of the combined subregions from the previous section).

Figure 10 presents the site terms and their corresponding means (indicated in red) for each
of the sub-regions from Figure 2, over the period range of 0.01-10 sec, for sites without mHVSR
peaks. Additionally, the means for all sites in the respective subregions, regardless of whether
peaks were observed, are shown in green. Subregional adjustments are calculated as the difference
between the subregional natural log mean and the natural log mean for all sites with mHVSR data.
A similar approach was used by Kwak et al. (2017), but without partitioning the data into
subregions. This methodology is designed to isolate subregional variations under the specific
condition of "no-peak sites," while accounting for potential small discrepancies between the
current dataset and the overall GMDB, as described by Buckreis et al. (2025).
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Figure 10. Individual site terms, their means, and means + one standard deviation for each
subregion for non-peak sites. The green line represents the mean of all the data in the study.

The South Coast subregion has the most sites and the trends with period are relatively flat.
One observed trend is negative means at short periods and positive means at long periods (e.g.,
Central Valley, Bay Area, Central Coast, North Coast), which is expected for regions with
sedimentary basins. The corollary is positive and negative means at short and long periods,
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respectively, which is expected for regions predominantly with shallow soils (e.g., Sierra Nevada,
Northeastern California). Based on similar trends, we combined subregions as follows:

e Sierra Nevada and Northeastern California are combined into Northeastern California
(positive and negative means at short and long periods, respectively).

e C(entral Coast, Bay Area, and North Coast are combined into Western California (negative
and positive means at short and long periods, respectively).

e South Coast, Colorado Desert, Eastern California Shear Zone, and Basin and Range into
Southeastern California (Generally flat across periods).

e Central Valley was not combined.

Figure 11 repeats this information from Figure 10 but for the combined subregions.
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Figure 11. Individual site terms, their means, and means * one standard deviation for combined
subregions for non-peak sites. The green line represents the mean of all the data within the
respective combined subregions.

Combined Model

The models described in the two previous subsections, conditioned on peaks being
identified or not in mHVSR, can be synthesized as follows:

G(fpuv, T,subregion) if mHVSR peak

Fpear (fp,uv, T, subregion) = { Coeff(T,subregion) otherwise ©)

where G (fp uy,T) is from Eq. (7) and Coeff. Represent the coefficients across the 105 BSSA14
oscillator periods based on the subregion where the site is located.

Evaluation of Models

Residuals Analysis

We compute residuals and site terms using the two models described in the previous
sections. The results are shown in Figure 12a for the training data and in Figure 12b for the testing
data. Overall, the trend is generally flat across periods, and close to zero. However, for the training
dataset, there is overprediction of the model at long periods. For the testing dataset there is slight
overprediction at short periods.

39



SMIP25 Seminar Proceedings
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Figure 12. Comparison between residuals for training and testing datasets. (a) training set, (b)
testing set. The red lines show means and means + one standard deviations of the site terms.

Figure 13 shows plots of residuals vs period for the subsets of sites with and without
mHVSR peaks using both the testing and training data. The peak sites are over-predicted at long
periods, with the maximum over-prediction near 1.0 sec. The non-peak sites are over-predicted at
short periods. Figure 14 shows similar residuals plots for both training and testing sites with peaks
in the frequency ranges of 0.3-0.5 Hz (Figure 14a) and 3-5 Hz (Figure 14b). The sites with low-
frequency peaks (0.3-0.5 Hz) are over-predicted at long periods, suggesting that the mHVSR peak
correction may be too strong. The sites with mid-frequency peaks (3-5 Hz) do not exhibit bias in
the corresponding periods range (0.2-0.35 sec), but are biased at shorter and longer periods,
suggesting that model refinements to address performance problems away from the peaks could

be fruitful.
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Figure 13. Comparison between residuals for peak and non-peak sites. (a) peak sites, (b) non-
peak sites. The red lines show means and means + one standard deviations of the site terms.
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Figure 14. Comparison between residuals for peak sites at certain frequency ranges. (a) 0.3 Hz <
fouv < 0.5 Hz, (b) 3 Hz < fp, gy < 5 Hz. The red lines show means and means * one standard

deviations of the site terms.

Site-to-Site Aleatory Variability

We evaluate site-to-site aleatory variability (¢s,s) as the standard deviation of site terms
derived using different models and different groups of sites. Figure 15 shows ¢g,s values for the
combined training and testing data sets for the subsets of sites with and without peaks, using both
the mHVSR-informed models (this paper) and models conditioned only on Vs3o (SS14). For sites
with peaks, the reduction of ¢, ranges from negligible for periods < 0.2 sec to values as large as
0.05 to 0.06 at long periods (up to about 13% reduction). Uncertainty reduction is minimal for no-
peak sites. The increased uncertainty reduction at long periods for peak sites is a feature that has
been observed in prior work (e.g., Esteghamati et al. 2022; Pinilla-Ramos et al. 2022).

(a) Peak Sites {b) No Peak Sites

02
0.1+
—— Fin(Vsao, fp.pv. Site region}
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Figure 15. Comparison of site-to-site variability (¢ps, ) for the models presented in this paper to those
derived using models that only consider Vsso-scaling, (a) sites with mHVSR peaks; (b) sites without peaks
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Conclusions

In this paper, we have presented and applied a framework for mHVSR modeling
conditioned on the presence or lack of peaks. Our motivation for developing a model structured in
this manner is two-fold. First, it has proven to be effective in soft soil areas with strong resonances
(Buckreis et al. 2024), although that leaves open the question of broader applicability. Second, the
alternative of using mHVSR ordinates directly faces the challenge of those ordinates generally
considered to be unreliable by experts on mHVSR measurement.

Machine learning based approaches, using a similar dataset, indicate that models
conditioned on mHVSR can achieve lower site-to-site standard deviations than provided by SS14
or achieved in the present work (Ornelas et al. 2026). We are actively working on developing an
alternative to the model in this paper that is conditioned directly on mHVSR ordinates rather than
on peaks fit to the mHVSR data. Preliminary versions of these high-order models provide better
accuracy for the training dataset but have not been thoroughly evaluated against testing data. High
order models are difficult to explain, may be prone to overfitting and poor extrapolation, and must
be treated with skepticism and carefully vetted. The aim is to evaluate the performance of two
competing models derived using the same data set.

The model presented in this paper is preliminary and is not ready for application. The
preliminary models presented here are in the process of being refined in the following respects:
(1) improve peak selection protocols for mHVSR and site response to potentially reduce outliers;
(2) consider geomorphic provinces as an alternative to physiographic subregions for site
categorization in the modeling framework; (3) incorporate ramps into the modeling approach.
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