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Abstract1

Recently, generative models have become a computationally efficient alternative to physics-2

based numerical simulations of ground motions. Neural networks can learn from existing3

ground-motion data to generate unobserved ground-motion data at new source and site4

locations. A key challenge with generative models is ensuring that predicted ground motions5

remain within a physically realistic range. For that purpose, we developed an empirical, non-6

ergodic ground-motion model (GMM) for small-magnitude earthquakes in the San Francisco7

Bay Area based on about 5,000 recordings per component for M≤4 earthquakes.8

The non-ergodic GMM predicts spatially varying median source, site, and path effects9

for both the Fourier amplitude spectrum (FAS) and the Fourier phase derivative (a proxy10

for duration), as well as the corresponding epistemic uncertainty for each term. For FAS,11

our model shows above-average source and site effects in the western part of the region12

and below-average effects in the eastern part, with regional effects exhibiting larger spatial13

correlation lengths with increasing frequency. For duration, the source term is negligible for14

small-magnitude earthquakes, and the site term leads to site-specific variations up to 5 seconds.15

Path effects for FAS and duration depend on the source-site pair and are extrapolated spatially16

using recent methods for path-effect modeling. The aleatory variability of the within-site17

within-path residuals is similar to the variability found in previous studies for other regions.18

The non-ergodic model provides two key contributions: first, median adjustment terms19

that are transferable to larger magnitude earthquakes, further reducing aleatory variability in20

probabilistic seismic hazard analysis (PSHA); second, region-specific criteria for validating21

machine-learning-based ground-motion generators to evaluate whether synthetic ground22

motions exhibit physically realistic source, site, and path effects.23
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Introduction24

Numerical simulation of ground motions using physics-based methods with a 3-D velocity structure25

can be computationally expensive (McCallen et al., 2021a,b) which limits the number of different26

scenarios that can be modeled.27

A critical challenge for both physics-based simulations and AI-generated ground motions is the28

validation of the generated ground motions. Traditional validation approaches compare simulated29

ground motions against ergodic ground-motion prediction equations (GMPEs); however, ergodic30

GMPEs gather data from multiple regions and cannot capture systematic spatial variations in31

source, site, and path effects. Non-ergodic models can significantly reduce the aleatory variability32

in PSHA and provide region-specific benchmarks for validating AI-based simulations. As an33

alternative, artificial intelligence (AI) methods provide more efficient methods for generating34

ground motions for a specific source-site combination.35

To support validation of AI-based simulations and to enable non-ergodic probabilistic seismic36

hazard analysis (PSHA) applications, we develop empirically based ground-motion models (GMMs)37

for the velocity Fourier amplitude spectrum (FAS) and the phase derivative for small-magnitude38

earthquakes in the San Francisco region. Ground motions from small-magnitude events provide a39

large empirical dataset for the region that can be used to train and validate AI-based simulation40

methods for source, path, and site effects. The FAS GMM provides constraints on ground-41

motion amplitude, and the phase-derivative GMM provides constraints on waveform duration.42

Simulations consistent with both empirical models demonstrate physically realistic behavior for43

these fundamental characteristics.44

In this paper, we first develop an ergodic GMM for FAS. Using the ergodic GMM as a reference,45

a non-ergodic GMM for FAS is developed that models the systematic source, site, and path effects,46
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including path effects due to the 3-D velocity structure (Sung et al., 2023). The same approach is47

used to develop ergodic and non-ergodic GMMs for the phase derivative.48

The non-ergodic GMM developed in this study provides two significant contributions. First, for49

PSHA applications, median non-ergodic terms based on small-magnitude earthquakes can be used to50

estimate median non-ergodic terms for large-magnitude earthquakes for linear site and path effects,51

further reducing aleatory variability in hazard calculations. The transferability of non-ergodic52

site and path corrections from small-magnitude earthquakes to large-magnitude earthquakes is53

based on the principle that ground motions from large earthquakes can be decomposed as the54

sum of contributions from multiple smaller subevents. The Southern California Earthquake55

Center Broadband Platform validation studies (Goulet et al. (2015)) explicitly validate this56

subevent summation principle. Their validation exercise employed kinematic rupture generators57

that synthesize finite-fault ground motions from subfault contributions, successfully reproducing58

observed strong-motion recordings across magnitudes M 4.6 to M 7.6 in multiple tectonic regimes.59

The non-ergodic source effects from small-magnitude earthquakes may be correlated to non-ergodic60

source effects from large-magnitude earthquakes, but this requires further investigation. Second,61

for AI-based simulation validation, the non-ergodic GMM establishes region-specific acceptance62

criteria. AI models can be validated against the empirically derived distributions over the region of63

study to ensure their predictions match observed systematic regional variations, which provides an64

objective framework for validating synthetic ground motions.65

Data Acquisition and Processing66

Seismograms from small-magnitude earthquakes in the San Francisco region were downloaded67

from the NCEDC database (NCEDC, 2014), where the earthquake data is available as velocity68
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time series. The stations were selected in a rectangular area of 120km x 120km centered on the69

Hayward fault, and the earthquakes within 100km of the stations were retained. This led to 626,42370

3-component velocity time series from 1990 to 2023. Only the two horizontal components are used71

in this study. The start of the time window was set at 10 seconds before the origin time of the72

event, and the total length of the time window was set to 70 sec. The Nyquist frequency is 50 Hz73

for each recording.74

The first 10 seconds before the origin time were used to define the noise of each recording, and75

the remaining 60 seconds were used to define the earthquake signal, assuming that the noise is76

stationary over 70 seconds. Using the time window before the origin time ensures that the noise77

window does not overlap with the earthquake signal.78

The FAS of the signal and the noise were smoothed using the Konno and Ohmachi (1998)79

procedure with a smoothing parameter bexp = 20. This value of bexp corresponds to smoothing80

over a broader frequency window than typically used for input to random vibration procedures81

(Kottke et al., 2021). The broader smoothing reduces the troughs in the FAS which results in fewer82

records falling below the minimum signal-to-noise ratio threshold.83

The ratio of the signal and noise amplitude spectra was then calculated for each recording and84

only the recordings that had a signal-to-noise ratio (S/N) greater than 3 over the entire frequency85

range of interest were kept. Because the number of recordings above a given signal-to-noise ratio86

decreases as we broaden the frequency range of study, we chose the frequency range of 2-15 Hz to87

retain a reasonable amount of data and a broad enough frequency range for applications.88

We selected events with magnitude M ≤ 4 and recordings with rupture distances less than 10089

km. A maximum magnitude of 4 was used so that a finite-fault term is not needed in the GMM. A90

maximum of 100 km was used to limit the spatial coverage for the model to the Bay Area region.91

We also only kept events that were recorded by 5 or more stations and stations that had92
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recorded 5 or more events to improve the statistical constraints on the event and site terms in93

the mixed-effects regression (Abrahamson and Youngs, 1992). An additional visual inspection of94

the seismograms was then performed. This procedure identified recordings that included multiple95

earthquake recordings in the 70-second time window record or did not look like earthquake time96

series. Approximately 5,000 recordings for each component passed this visual inspection.97

Using this subset of reliable data, we again rejected the events and stations that had less than98

five recordings per station and per event. As a last step, we applied a bandpass Butterworth filter99

with four poles and corner frequencies of 2.5 Hz and 12 Hz to filter the frequencies outside of100

the range of interest so that the filtered time series could be used in time-domain validations in101

subsequent studies.102

The final data set includes just under 1% of the total number of recordings that were downloaded.103

This low percentage reflects the noise in seismograms from small-magnitude earthquakes. The final104

number of selected recordings per component, as well as the corresponding number of stations and105

events, are shown in Table 1. The number of events per magnitude bin for each component is also106

given in Table 1. The locations of the selected stations and events and the ray paths between the107

stations and sources for the H1 component are shown in Figure 1. The magnitude-distance scatter108

plot, as well as the FAS data for two earthquake scenarios, are shown in Figure 2. Additional109

figures showing the magnitude, distance and depth distributions in Figure S1, the within-event110

residuals at 2Hz, 5Hz and 10Hz in Figure S2 and the within-site within-path residuals at 2Hz, 5Hz111

and 10Hz in Figure S3 are avaialble in the Supplemental Material section.112
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Ground-Motion Model for the Velocity Fourier Amplitude113

Spectrum114

Ergodic Ground-Motion Model for Velocity FAS115

The functional form of the ergodic-base model for velocity FAS is kept relatively simple as more116

complex features will be added in the non-ergodic model. The functional form for the ergodic117

velocity FAS of the two horizontal components is given in Equation (1):118

lnFAS = c0 + c1 M + c2 ln(Rrup) + c3 Zhyp + δBe + δS2Ss +
Rrup

100
δPe + δWSPes (1)

in which M is the magnitude, Rrup is the rupture distance, and where Zhyp is the hypocentral119

depth.. The δBe, δS2Ss, and δPe are zero-mean, normally distributed random effects for the120

source, site, and path, respectively, with standard deviations of τ , ϕS2S, and τP , respectively. The121

remaining unmodeled part of the ground motion is given by the within-site within-path residual122

δWSPes with a standard deviation of ϕSP .123

A finite-fault term is not included in the geometrical spreading term because the selected124

events were limited to magnitudes less than or equal to 4, for which the point-source assumption125

is reasonable. We also did not include a VS30 term in the ergodic model because there are126

inconsistencies between the VS30 estimates from the velocity model used for 3-D simulations and127

the VS30 values estimated for the seismic stations (Pinilla-Ramos et al., 2025). Excluding VS30128

from the model formulation implicitly incorporates its effect into the δS2S site terms and does not129

reduce the model applicability for the two main uses of the non-ergodic GMM.130
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The δBe and δS2Ss random effects are commonly included in GMMs to account for correlations131

in the ground-motion data. The third random effect, δPe, is a new term that accommodates an132

event-specific large-distance attenuation. Adding the
Rrup

100
δPe terms helps to reduce the mapping of133

source-specific path effects into the source terms that can occur for events with distance attenuation134

that is flatter or steeper than average. The normalization by 100 km leads to similar sizes of the135

τ and τp, which helps the stability of the regression. This type of event-specific linear distance136

term was included in the duration model by Pinilla-Ramos et al. (2023). Its use here is the first137

application for ground-motion amplitudes.138

The coefficients from the regression were estimated in R using the linear mixed-effects package139

LMER (Bates et al., 2015). The period dependence of the coefficients was smoothed using a simple140

polynomial of degree 1 for the magnitude term and a polynomial of degree 2 for the distance and141

depth terms. The smoothing of the coefficients leads to a smooth spectrum with frequency. In142

addition, the smoothing can be used to impose physical constraints on the coefficients (Bayless143

and Abrahamson, 2019). The smoothed regression coefficients are shown in Figure 3 and are listed144

in table 2.145

The total standard deviation for the ergodic GMM is given by:146

σFAS =

√
τ 2 + ϕ2

S2S + ϕ2
SP +

(
R2

rup

1002

)
τ 2p (2)

For developing non-ergodic GMMs that reflect the full non-ergodic path effects, we combine147

the δWSP and
(

Rrup

100

)
δPe terms into a within-site residual:148

δWSes = δWSPes +

(
Rrup

100

)
δPe (3)

The standard deviation of δWSes is denoted ϕSS. The frequency dependence of τ , τp(Rrup/100),149
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ϕS2S, and ϕSS is shown in Figure 4 together with the total standard deviation, σFAS. The four150

components of the standard deviation are similar in size, with values generally between 0.35 and151

0.5 LN units.152

Non-Ergodic Ground-Motion Model for Velocity Fourier Amplitude153

Spectrum154

In non-ergodic GMMs, the source-specific, site-specific, and path-specific deviations from the155

ergodic model (δBe, δS2Ss, and δP2Pes) become spatially dependent and are functions of the156

coordinates of the source e and site s. These terms are modeled using Gaussian Processes which157

provide smooth maps of their median estimation as well as their epistemic uncertainty. Following158

the notation from Sung et al. (2023), the non-ergodic GMM is expressed as:159

GMMNE(M,R, S, ..., t⃗ee, t⃗ss) =c0 + c1 M + c2 ln(Rrup) + c3 Zhyp + δL2L(t⃗ee) + δS2S(t⃗ss)

+ δP2P (t⃗ee, t⃗ss) + δB0
e + δWSPes

(4)

in which t⃗ee and t⃗ss are the coordinates of the earthquake e and site s. The δL2L(t⃗ee) is the160

median deviation of the source term from the ergodic model for earthquake e, δS2S(t⃗ss) is the161

median shift in the site term for site s, and δP2P (t⃗ee, t⃗ss) is the median shift in the path term for162

the ray path between earthquake e and site s.163

The between-path term, δP2P (t⃗ee, t⃗ss), represents how a specific travel path leads to systemat-164

ically different motions from the average distance scaling captured from the ergodic GMM, and165

the δB0 + δWSP term is the remaining aleatory variability after removing the systematic source,166

site, and path terms.167
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The total aleatory variance for the fully non-ergodic GMM, σ2
NE, is given by:168

σ2
NE = τ 20 + ϕ2

SP (5)

in which the τ0 and the ϕSP are the standard deviations of the δB0
e and δWSPes, respectively.169

To compute the non-ergodic source and site terms, we first estimate the source and site random170

effects δBe and δS2Ss for the ergodic model. The source and site random effects are removed171

from the total residuals of the ergodic model to obtain the within-site residuals. Next, we model172

the δBe and δS2Ss as spatially varying Gaussian Processes for δL2L(t⃗ee) and δS2S(t⃗ss). The173

within-site residuals are then used to estimate the path effects between each source-site pair174

with Gaussian Process δP2P (t⃗ee, t⃗ss). The hyperparameters of these Gaussian Processes were175

estimated via the maximum likelihood approach, and a single deterministic value was selected for176

the hyperparameters leading to the maximum likelihood for simplicity. The details of the approach177

used to estimate the non-ergodic terms are described in the following sections.178

The non-ergodic model leads to a smaller standard deviation σNE in the residuals than the179

standard deviation σFAS from the ergodic model because it includes additional source, site and180

paths effects. The standard deviation is reduced by 0.35 ln units at 2Hz and by 0.6 ln units at181

15Hz for FAS, as shown in Table 3. These large reductions in the standard deviation will have a182

significant effect on the seismic hazard, especially at long return periods..183

Non-Ergodic Source Term184

In an ergodic GMM, the source term, δBe, represent the average isotropic source effect over all185

distances for earthquake e. The non-ergodic source term, δL2L, captures the spatial variation of186

the δBe. For small-magnitude earthquakes, the non-ergodic source term is often interpreted to187
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represent spatial variations in the average stress drop, but the event terms can also include some188

wave propagation effects.189

The non-ergodic source term is modeled as a Gaussian Process, following Landwehr et al. (2016).190

Gaussian Processes are fully described by their mean value and covariance function. The mean191

function is imposed to be zero, and the covariance function for the source term is modeled by an192

exponential kernel:193

κsource−FAS(t⃗e, t⃗e
′

) = τ 2L2Lexp(−
||t⃗e− t⃗e

′

||
ρe

) + τ 20 δ(t⃗e, t⃗e
′

) (6)

in which t⃗e and t⃗e
′

are the coordinates of the hypocenter of events e and e
′
. The τL2L term includes194

the variability in the source terms that are spatially correlated, with a correlation length of ρe. The195

τ0 is the standard deviation of δB0, which is the remaining aleatory variability in the source term.196

The exponential kernel was chosen over a square-exponential because it gave a larger likelihood.197

We estimated the parameters τL2L, τ0 and ρe using maximum likelihood at each available198

frequency between 2Hz and 15Hz for both the East-West and North-South components. The199

results are given in Table 3. τL2L and τ0 increase slightly with frequency but remain close to200

constant, and the correlation length ρe increases with frequency, which is likely due to the mapping201

of regional site terms into the source terms as discussed by Abrahamson and Gulerce (2022). The202

estimated correlation lengths are larger than the source separations, and the resulting Gaussian203

Process model effectively averages over many sources which avoids overfitting. The values of the204

hyperparameters are shown in Figure 5.205

The median estimates of the non-ergodic source term are shown in Figure S4 for 2Hz, 5Hz,206

10Hz, and 15Hz for the East-West component. The corresponding maps of epistemic uncertainty207

in the median source term are shown in Figure S5. The sources located along the San Andreas208
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fault have an above-average median source term compared to sources located along the Hayward209

fault. The regions with similar non-ergodic adjustments become broader with frequency due to210

the increase in the correlation length with frequency. The epistemic uncertainty in the median211

predictions increases at source locations away from the available source locations, and regions of212

similar epistemic uncertainty widen with increasing frequency due to the increase in the correlation213

length with frequency.214

We compared our results with the a recent non-ergodic models developed for California. The215

median non-ergodic source term at 5Hz are compared to the non-ergodic source terms from216

Lavrentiadis et al. (2023) in Figure 6,. The Lavrentiadis et al. (2023) model is based on the217

NGA-West2 database that only includes a few events in the San Francisco region. Consequently,218

the non-ergodic source term are poorly constrained in the region, and the median prediction of219

the source term from Lavrentiadis et al. (2023) is close to zero. On the other hand, the new220

model is based on a much larger number of events in the San Francisco region which leads to221

better constraints and a wider range of the non-ergodic source terms. This comparisons show the222

improvements in the constraints on the non-ergodic source terms for our GMM as compared to a223

previous study. They are not used as a validation of our model.224

Non-Ergodic Site Term225

Similar to the non-ergodic source term, the non-ergodic site term is modeled as a Gaussian Process,226

with a covariance function given by a squared exponential kernel:227

κsite−FAS(t⃗s, t⃗s
′

) = ϕ2
S2S,COR exp(−||t⃗s− t⃗s

′

||2

2ρ2s
) + ϕ2

S2S,NCOR δ(t⃗s, t⃗s
′

) (7)

The ϕ2
S2S,COR is the variance of the spatially correlated site term, ρs is the correlation length of the228
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spatially correlated site term, and ϕS2S,NCOR is the remaining variability in the systematic site term229

that is uncorrelated between sites (or the correlation length is very short). The square-exponential230

kernel was chosen over the exponential because it gave a larger likelihood.231

We estimated the parameters ϕS2S,COR, ϕS2S,NCOR and ρs using maximum likelihood at each232

available frequency. As with the source terms, the standard deviations ϕS2S,COR and ϕS2S,NCOR233

increase slightly with frequency but remain close to constant, and the correlation length increases234

with frequency, as observed in Figure 7. The correlation lengths for the site term are larger than235

the site separations, which indicates that there is not an issue of overfitting. The results are listed236

in Table 3.237

The increase in the correlation length of the non-ergodic site term with frequency seems238

counterintuitive because higher frequencies will have shorter wavelengths and be more sensitive239

to the variability of the shallow velocity structures; however, the high-frequency FAS is strongly240

affected by kappa, and this large spatial correlation length likely reflects the spatial correlation of241

kappa, which shows similar regional patterns in the San Francisco Bay Area (Nye et al., 2022).242

If the kappa is correlated with the regional surface geology, then the spatial correlation of the243

high-frequency FAS would reflect the spatial dimension of the surface geology (Eberhart-Phillips,244

2016) and not the shallow velocity structure.245

Figure S6 shows the forward prediction of the non-ergodic site term at 2Hz, 5Hz, 10Hz, and 15Hz246

for the East-West component. The corresponding maps of epistemic uncertainty in the prediction247

are shown in Figure S7. Sites located along the coast west of San Francisco have above-average248

median site terms, whereas sites located in the East Bay tend to have below-average site terms.249

The epistemic uncertainty increases at prediction sites located farther from the site locations in250

the dataset, and regions of similar epistemic uncertainty widen with increasing frequency due to251

the increase in the correlation length with frequency.252
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we compare the median non-ergodic site term at 5Hz from the new model to the site terms253

from Lavrentiadis et al. (2023) in In Figure 8. The data set ued by includes a significant number254

of stations in the San Francisco region providing better constraints on the non-ergodic site terms255

than on the non-ergodic source terms. The hyperparameters for the 5Hz FAS for the two models256

are similar, with correlation lengths close to 15 km and standard deviations close to 0.3 ln units.257

The two models give similar spatial variations in the predicted non-ergodic site terms.258

Non-Ergodic Path Term259

We use the methodology developed by Lacour et al. (2024) to model non-ergodic path effects260

due to the 3-D velocity structure in the region of study. This approach includes an azimuthally261

dependent site term and can efficiently accommodate the full data set in the forward prediction of262

the non-ergodic path terms. For the correlation between the path effects for two ray paths, the263

approach considers the paths as vectors, which can be defined by three parameters: the origin,264

direction, and length. The distance between the site locations (|SS ′|), the difference in azimuths265

(∆θ), and the difference in rupture distances (∆Rrup) define the differences in the origins, azimuths,266

and lengths, respectively. The parameters used to define the difference between two ray paths are267

illustrated in Figure 9.268

The functional form used for the covariance function of path effects is given by:269

kPath−FAS(P, P
′) = ϕ2

P2P exp

(−∆R2
rup

2ρ2R

)
exp

(
−∆θ2

2ρ2θ

)
exp

(
−|SS ′|2

2ρ2S

)
+ ϕ2

SP,NE δ(P, P ′) (8)

The NE subscript is included, to distinguish the standard deviation of the within-path within-site270

residuals for the non-ergodic GMM from the standard deviation of the within-path within-site271
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residuals for the ergodic GMM with the path random effects (Equation 2).272

This form of the covariance function was shown to better fit the correlation between paths273

than other approaches used in non-ergodic GMMs (e.g., Sung et al., 2023). In particular, this form274

of the covariance function leads to more accurate estimation of the correlation of path effects for275

the case in which data are available with moderate correlation (near 0.5) and better extrapolation276

of path effects into regions where data are not available. Additionally, the new method uses a277

path correlation function that is separable between its azimuth, rupture distance, and site location278

terms, which allows the use of efficient numerical methods that drastically reduce computational279

and memory requirements when dealing with large datasets as shown by Lacour (2022).280

To avoid overfitting, the correlation lengths ρR, ρθ and ρS were estimated by fitting the semi-281

variogram of the within-site residuals rather than estimating them as part of the regression. With282

the correlation lengths held fixed, the variance terms ϕP2P and ϕSP,NE were estimated using283

maximum likelihood. The term ϕP2P represents the variability of path effects that can be explained284

via the correlation function used to characterize the similarity between path effects, whereas ϕSP,NE285

represents the remaining variability that cannot be explained by the model. The values obtained286

for ϕP2P are consistent with the values obtained by other models for various regions around the287

world for the frequency range of this study [2Hz ; 15Hz], around 0.40, as described in Sung and288

Abrahamson (2024). The estimates of the hyperparameters are listed in Table 3 and the values289

from other regions from Sung and Abrahamson (2024) are shown in Figure S8.290

To illustrate the results, we calculate the forward prediction of the non-ergodic path term at 2291

Hz, 5 Hz, 10 Hz, and 15 Hz for the East-West component at two different site locations and sources292

located at 8 km of depth. The sites (number 55 and number 87 in the dataset) were chosen to be293

on each side of the bay, and the depth of the source locations for the prediction was chosen as the294

average depth from all the sources available in the dataset. We show the prediction of these path295
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effects at 5Hz in Figures 10 and 11 and at 2 Hz, 5 Hz, 10 Hz, and 15 Hz in Figures S9 and S10.296

The site in the West Bay (Figure 10) shows strong positive path effects from the sources located297

along the east side of the Hayward fault and shows smaller path effects sources located along the298

San Andreas fault. The site in the East Bay (Figure 11) shows moderate path effects but only299

from sources located in the south end of the Hayward fault. The net effect of the non-ergodic300

median source, site, and path effects and the corresponding epistemic uncertainty at these two301

sites are shown in Figures S11 and S12.302

There are no existing empirical models of the path effects due to 3-D velocity structure (δP2P303

terms) in the San Francisco region that can be used for comparison with our GMM. Previous304

empirical non-ergodic GMMs for path effects for this regions only use the approach by Dawood305

and Rodriguez-Marek (2013) which only capture path effects due to the 3-D anelastic attenuation306

and impacts the model at larger distances (Rrup > 50 km) and higher frequencies (> 5 Hz).307

Ground-Motion Model for the Phase Derivative308

The Fourier phase angles describe the shape of the waveform, but because the phase angles are309

modulo 2π, it is difficult to model the phase angles directly. As an alternative, we use the standard310

deviation of the distribution of the phase derivatives as a parameter to characterize the phase311

angles. The standard deviation of the phase derivative is related to the duration of the time series312

(Baglio et al., 2023). Similar to the approach used for the FAS model, we first develop an ergodic313

model for the standard deviation of the phase derivative and then develop the non-ergodic model314

by modeling the spatial variations of the systematic effects of the source, site, and path effects315

onthe pahse derivative using Gaussian Processes.316

16



Ergodic Ground-Motion Model for Phase Derivative317

The phase derivatives are computed over the frequency range f ∈ [2; 15] Hz:318

ϕ′(f) =
dϕ(f)

df
≃ ∆ϕ(f)

∆f
=

ϕ(fi+1)− ϕ(fi)

fi+1 − fi
, (9)

If the phase difference, ϕ(fi+1)−ϕ(fi), is not in the interval of [-π,π], then 2π is added or subtracted319

to the phase difference such that the adjusted phase difference is in the interval [-π,π].320

We fit a logistic distribution to the phase-derivative values between 2-15 Hz. The logistic321

distribution was selected because it has been shown to better fit the tails of the phase-derivative322

distribution than a normal distribution (Baglio et al., 2023). The logistic distribution is given by:323

fϕ′ =
e−(ϕ′−µϕ′ )/σϕ′

σϕ′(1 + e−(ϕ′−µϕ′ )/σϕ′ )
(10)

in which ϕ′ is the phase derivative with mean µϕ′ and standard deviation σϕ′ .324

The standard deviation of the phase derivative is related to the duration of ground motion as325

shown in Figure 12. For time series with longer duration, the distribution of the phase derivative326

is wider, and vice versa. A broader distribution of the phase derivative leads to larger variations327

of the phase angles, which leads to a longer duration. This phenomenon is independent from the328

region of study. The standard deviation of the phase derivative is shown as a function of the D5−95329

duration in Figure 13.330

Given the strong correlation between the duration and the standard deviation of the phase331

derivative, we select a functional form for the phase derivative that is similar to the functional form332

used in duration ground-motion models. In particular, we follow the approach of Pinilla-Ramos333

et al. (2023), which incorporates two main improvements in duration models. The first improvement334
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is the use of a power normal distribution to approximate the distribution of duration. Power335

distributions can accommodate a skewness between a normal and a lognormal distribution (for336

exponents between 0 and 1). Using a power distribution improves the models for the tails of the337

distribution. Another fundamental improvement in the duration model by Pinilla-Ramos et al.338

(2023) is that the source, site, and path effects are additive and not multiplicative as used in some339

duration models (Afshari and Stewart, 2016), Bahrampouri et al. (2021). This additive formulation340

incorporates the source, site, and path effects within the exponent of the power law. The addition341

of these terms inside the power makes it more challenging to estimate the random effects. Following342

Pinilla-Ramos et al. (2023), the formulation of our ergodic model for the phase derivative is given343

by Equation (11):344

(σϕ′)0.3 =c0 + c1

(
100.5(M−4) + c2∆S2Ss + c3Rrup + c4∆Pe

Rrup

100
+ c5 (Zhyp − 8)

)0.3

+ δWSPes

(11)

In Equation (11), 100.5(M−4) is related to the source duration, and c5(Zhyp − 8) is related to345

the depth scaling of the duration. The two random-effect terms are denoted with ∆ here because346

we make the assumption that they are log-normally distributed to avoid negative values inside347

the power law (as opposed to the δ notation commonly used for normally distributed random-348

effect terms in LN units). The mean values of δS2S and δPe are zero, leading to mean values349

of ∆S2S and ∆Pe of unity. As a result of this formulation, the average site term is c2, and the350

site-specific deviation from the average site effect is c2(∆S2S − 1). Similarly, the average path351

effect is c3Rrup + c4Rrup/100, and the event-specific deviation from the average path effect is352

(c4(∆Pe − 1)Rrup/100.353
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The source duration for small-magnitude earthquakes has a negligible effect on the total duration354

and cannot be determined as part of the regression. For example, for an M3 event at a distance of355

20 km, the source term of 100.5(M−4) is 0.3 and the path term is 1.1. At larger distances, the path356

term will become even larger, which will make the factional contribution of source term to the357

total duration even smaller. Therefore, we constrained the coefficient for the magnitude scaling to358

equal 0.5 based on the expected magnitude scaling of the source duration for log10(Area) = M − 4359

with an aspect ratio of 1. We also imposed the site-specific duration scaling, c2, to be equal to 0.7360

to ensure similar values as found in the study of Pinilla-Ramos et al. (2023).361

Finally, the exponent for the powernormal distribution was selected to be 0.3 because this362

transformation led to a distribution of the δWSP that was closest to a normal distribution, as363

seen in the probability plot in Figure 14. The regression was performed using PyMC3 with the364

non-linear mixed-effect regression function. The estimated coefficients for both the East-West and365

North-South components are listed in Table 4.366

Non-Ergodic Ground-Motion Model for Phase Derivative367

In this section, we develop the first non-ergodic ground-motion model for duration. Because of368

the novelty of the results, there are no alternative models available to compare with results of369

this analysis. Non-ergodic source effects on the duration from small-magnitude events are much370

smaller than the site and path effects. Because the effects are additive, the source terms cannot be371

reliably estimated for these small-magnitude events. Therefore, a non-ergodic source term was372

not included in the model, and the non-ergodic GMM for the phase derivative only includes the373

spatially varying site and path effects.374
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Non-Ergodic Site Term375

As with the site terms for the FAS, the spatial variation of the site random effects for phase376

derivative is modeled by a Gaussian process with a squared-exponential covariance function given377

by:378

κSite−ϕ′(t⃗s, t⃗s
′

) = ϕ2
S2S−PD,COR exp(−||t⃗s− t⃗s

′

||2

2ρ2s−PD

) + ϕ2
S2S−PD,NCOR δ(t⃗s, t⃗s

′

) (12)

The square-exponential kernel was chosen over the exponential because it gave a larger likelihood.379

The estimated values of the hyperparameters for the East-West and North-South components are380

listed in Table 5.381

Figure 15 shows an example of the forward prediction of the non-ergodic site term for the382

East-West component and the corresponding epistemic uncertainty in the median prediction. The383

correlation length of the site term for the standard deviation of the phase derivative is 10-12 km384

for the two horizontal components, leading to broad regions with systematically longer or shorter385

duration. The epistemic uncertainty also presents broad regions and increases for stations away386

from the study region.387

Non-Ergodic Path Term388

Similar to the FAS model, we model the non-ergodic path effects using the approach by Lacour389

et al. (2024); however, for the phase-derivative path effects, we use different input parameters to390

characterize the correlation between ray paths: source separation distance, azimuth difference, and391

site separation distance. Different combinations of input parameters for the covariance model were392

considered. Unlike the FAS data, the differences in the lengths of the rays (∆Rrup) did not have393

a strong effect on the semivariogram. Instead, the difference in the earthquake locations (|EE ′|)394
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had a larger effect on the semivariogram than the difference in the Rrup values. The covariance395

function for the path effect for the standard deviation of the phase derivative is modeled by:396

kPath−ϕ′(P, P ′) = σ2
P−PD exp

(
−|EE ′|
ρE−PD

+
−∆θ

ρθ−PD

+
−|SS ′|
ρS−PD

)
+ ϕ2

SP−PD,NE δ(P, P ′) (13)

Following the approach used for the FAS, the correlation lengths ρE−PD, ρθ−PD and ρS−PD397

were estimated from the semi-variogram, and then the terms σP−PD and ϕSP−PD were estimated398

using maximum likelihood.399

The values of the hyperparameters for the two horizontal components are listed in Table 5.400

The estimated σP−PD values (0.2 radians/Hz) are substantially greater than the corresponding401

ϕSP−PD,NE values of 0.04 to 0.06 radians/Hz. This large difference indicates that most of the402

variability of the within-site residuals for the phase derivative can be explained by systematic path403

effects.404

It is easier to understand changes in the duration than changes in the standard deviation of the405

phase derivative. Therefore, we converted the path effects for σ0.3
ϕ′ to path effects on duration using406

the empirical linear relationship shown in Figure 13. With the power transformations in Equation407

(11), the change in the duration will depend on the earthquake scenario (M and Rrup).408

Maps of the median path effect for the duration are shown in Figure 16 for a magnitude 3409

earthquake at 8 km depth for two site locations, For the station located on the west side of the410

bay, there are strong path-specific durations from sources located south of the Hayward Fault and411

below-average path-specific durations from sources located along the southern part of the San412

Andreas Fault. For the station located east of the Hayward Fault, there are moderately increased413

durations from sources south of the Hayward Fault and negligible path-specific duration terms414
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from sources located along the San Andreas Fault.415

The epistemic uncertainty is also shown in Figure 16. The path duration terms grow linearly416

with source distance in an isotropic way for the two stations due to the linear Rrup term used in the417

functional form for the σϕ′ given in Equation (11). The Rrup term dominates the spatial variability418

of the epistemic uncertainty in the path effects because of the short correlation lengths obtained419

from the regression of Equation (13), which are listed in Table 5.420

Conclusion421

Frequent small-magnitude earthquakes (M1-4) sample a large set of ray paths that can be used422

to constrain linear non-ergodic site and path effects in the San Francisco Bay Area. A limitation423

of small-magnitude data is the poor signal-to-noise ratio for many recordings. Of the 626,423424

available recordings in the study region between 1990 and 2023, only about 5000 recordings had425

an acceptable signal-to-noise ratio. This smaller data set is still adequate to constrain spatially426

varying source, site, and path effects for the FAS and phase-derivative in the San Francisco Bay427

Area.428

An issue with most ground-motion data sets is the tradeoff between path effects and source429

effects. Including an additional random effect for the event-specific linear distance scaling,
Rrup

100
δPe,430

reduces the tradeoff between path effects and source effects, leading to more reliable source terms.431

For the velocity FAS, sources near the San Andreas fault have positive non-ergodic source432

terms, whereas sources near the Hayward fault have negative non-ergodic source terms. The433

spatial extent of the positive and negative source terms becomes larger with increasing frequencies,434

reflecting an increase in the correlation length with frequency. A limitation of our approach is435

that the non-ergodic source terms cannot fully separate stress-drop variations from unmodeled436
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path effects, particularly for small-magnitude earthquakes where the source duration is negligible437

compared to path effects. Future work could address this by comparing the spatial distribution of438

source terms with independent stress-drop estimates. Baltay et al. (2017) demonstrated a positive439

correlation between location-based source terms and spatially averaged stress drops, suggesting440

that regional variations in stress drop can be identified through such comparisons. Similar analyses441

with independent stress-drop catalogs or forward simulations using 3D velocity models with varying442

stress drops could help validate whether observed source-term patterns reflect true stress-drop443

variations or unmodeled path effects.444

Similarly, sites located in the western part of the region have positive non-ergodic site terms,445

whereas sites in the eastern part of the region have negative site terms. The site terms contours446

are also broader for higher frequencies.447

The path effects depend on the source and site location and are parameterized by a map of448

the path effects for each site separately. After removing the path effects, the remaining standard449

deviation of the within-path residuals is similar to the standard deviations found for other regions450

around the world.451

For the phase derivative, there is a high correlation between D5-95 duration and the standard452

deviation of the phase derivative, confirming that the standard deviation of the phase derivative is453

a good proxy for duration, in agreement with Baglio et al. (2023). For the non-ergodic model of454

phase derivative, only site and path-specific random effects were included in the model because455

the effect of the source on duration is negligible for small-magnitude earthquakes. The spatially456

varying site effects for the phase derivative lead to variations of the duration of up to 5 seconds.457

For the path effects, the non-ergodic phase derivative terms lead to up to a 3-second change in the458

duration.459

The ergodic and non-ergodic models for the FAS and phase derivative from the small-magnitude460
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events can be used to test AI-based approaches for developing non-ergodic models that may be461

more efficient numerically than large-scaling 3-D simulations of non-ergodic source, path, and site462

effects on the ground motions.463

Data and Resources464

The FAS data used in this study are given in the electronic attachment. We used the LME4 package465

in R developed Bates et al. (2015) and the PyMC3 package in Python developed by Abril-Pla et al.466

(2023) to perform the linear and non-linear regressions, respectivby. We present additional figures467

of the epistemic uncertainty of the predictions from our non-ergodic model in the Supplemental468

Material section.469
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Table 1: Summary of the small-magnitude data set.

Component Recordings Selected Stations Events 1 < M < 2 2 < M < 3 3 < M < 4
East-West 626,423 5,108 266 737 38 496 203
North-South 626,423 5,301 269 725 39 470 216

Both 626,423 3,174 211 577 18 369 290

Table 2: Smoothed model coefficients for the FAS model for both the East-West and North-South
components. f is the frequency in Hz.

Coefficient Smoothed Model
c1 3.43− 0.52 M
c2 −1.51− 0.09 ln(R)− 0.03 ln(R)2

c3 −0.03− 0.02 Z − 0.01 Z2
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Table 3: Hyperparameters for the FAS model. f is the frequency in Hz.

Type Hyperparameter East-West North-South
Component Component

Source
ρe (km) 3.2 f - 0.6 1.7 f + 4

τL2L (ln units) 0.005 f + 0.1 0.004 f + 0.12
τ0 (ln units) 0.20 0.21

Site
ρs (km) 1.1 f + 5.7 1.9 f + 1.2

ϕS2S,COR (ln units) 0.01 f + 0.14 0.004 + 0.17
ϕS2S,NCOR (ln units) 0.40 0.40

Path

ρ∆R(km) 1.3 f + 4.0 0.8 f + 6.5
ρ∆θ(degrees) 15 16
ρ∆S (km) 13 11

ϕP2P (ln units) 0.01 f +0.40 0.01 f + 0.40
ϕSP,NE (ln units) 0.40 0.40

Table 4: Coefficients for the ergodic model for the standard deviation of the phase derivative
(combined EW and NS components).

c0 c1 c2 c3 c4 c5
0.33 1.22 0.7 0.054 3.76 0.036

Table 5: Hyperparameters for the phase-derivative model.

Type Hyperparameter East-West North-South
Component Component

Source ρe−PD (km)

Site
ρs−PD (km) 17 12

ϕS2S−PD,COR (rad/Hz) 0.46 0.32
ϕS2S−PD,NCOR (rad/Hz) 0.42 0.40

Path

ρ∆E−PD(km) 10 12
ρ∆θ−PD(degrees) 10 10
ρ∆S−PD (km) 10 12

σP−PD (rad/Hz)0.3 0.20 0.20
σSP−PD,NE (rad/Hz)0.3 0.04 0.06

31



(a)

(b)

(c)

Figure 1: (a) Station locations, (b) source locations and (c) ray paths from the selected sources
and sites for the H1 component data set.
Alt-text: Maps of the San Francisco Bay Area. Panel (a) shows the distribution of seismic stations
as triangles across the region. Panel (b) shows earthquake source locations as stars along the San
Andreas and Hayward faults. Panel (c) shows ray paths as connecting lines between earthquake
sources and stations for the H1 component, illustrating the spatial coverage of the dataset.32



(a)

(b)

(c)

Figure 2: (a) Magnitude-rupture distance scatter plot, (b) Fourier amplitude with magnitude for
Rrup ∈ [20; 30]km (c) Fourier amplitude with rupture distance for M ∈ [2.5; 3] at 5Hz for the
East-West component.
Alt-text: Three diagnostic plots for the dataset. (a) Scatter plot of earthquake magnitude versus
rupture distance, showing coverage of events in the dataset. (b) Fourier amplitude spectrum (FAS)
values at 5 Hz plotted against magnitude for recordings at rupture distances between 20–30 km;
amplitudes increase systematically with magnitude. (c) FAS values at 5 Hz plotted against rupture
distance for M 2.5–3 events; amplitudes decay with distance.
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(a)

(b)

(c)

Figure 3: Smoothed coefficients for the ergodic FAS GMM for the east-west and north-south
components. (a) Magnitude term, (b) distance term, (c) depth term.
Alt-text: Frequency-dependent regression coefficients for the ergodic FAS model. (a) Magnitude
scaling term, (b) Distance scaling term, and (c) Depth scaling term. Each coefficient is shown as a
smooth curve across frequency, illustrating consistent spectral trends.
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Figure 4: Components of the standard deviation of the FAS for Rrup = 30 km.
Alt-text: Line plot of the variance components that contribute to the standard deviation of the
ergodic FAS prediction at Rrup = 30 km. Separate curves show between-event, site-to-site,

within-site/within-path, and event-specific distance effects, as well as the total standard deviation.
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(a) (b)

(c) (d)

Figure 5: Frequency dependence of the standard deviations and of the correlation lengths for the
non-ergodic source term. (a), (c) EW component ; (b), (d) NS component.
Alt-text: (a, c) Frequency dependence of standard deviations and correlation lengths for non-ergodic
source terms in the East–West component. (b, d) Same quantities for the North–South component.
Plots show correlation length increasing with frequency.
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(a) (b)

Figure 6: Maps of the median FAS source terms δL2L at 5Hz for the East-West component from
the presented model (left) and from the EAS model from Lavrentiadis et al. (2023) (right).
Alt-text: Side-by-side comparison maps of median non-ergodic source terms at 5 Hz for the
East–West component. The left map (this study) shows positive adjustments (above-average
amplitudes) near the San Andreas fault and negative adjustments near the Hayward fault. The
right map (Lavrentiadis et al. 2023) shows values close to zero in most of the region due to limited
local data coverage.
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(a) (b)

(c) (d)

Figure 7: Frequency dependence of the standard deviations and of the correlation lengths for the
non-ergodic site term. (a), (c) EW component ; (b), (d) NS component.
Alt-text: (a, c) Frequency dependence of standard deviations and correlation lengths for non-ergodic
site terms, East–West component. (b, d) Same for North–South component. Correlation lengths
and standard deviations both increase slightly with frequency.
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(a) (b)

Figure 8: Maps of the FAS site term, δS2S at 5Hz for the East-West component using the presented
model (left) and from the EAS model from Lavrentiadis et al. (2023) (right).
Alt-text: Comparison maps of median non-ergodic site terms at 5 Hz, East–West component.
The left map (this study) shows positive site effects along the western coastal margin near San
Francisco and negative effects inland in the East Bay. The right map (Lavrentiadis et al. 2023)
shows broadly similar but less spatially detailed site effects.
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Figure 9: Illustration of the parameterization of the ray paths by their origin (site locations S),
azimuth (θ) from the site to the source (earthquake location E), and length of the ray path (Rrup).
The separation distance between the two paths uses the distance between the two sites, |S − S ′|2,
the difference between the two azimuths, (θ− θ′)2, and the difference between the two path lengths,
(Rrup−Rrup′)2.
Alt-text: Conceptual schematic map illustrating how ray paths are parameterized: each path is
defined by its site origin, azimuth angle from site to source, and rupture distance. Differences

between paths are quantified by separation in site coordinates, azimuth, and length.
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Figure 10: Maps of the median FAS path terms, δP2P , for site 55 at 2Hz for the East-West
component. The site location is shown by the black triangle.
Alt-text: Map of median non-ergodic path terms for site 55 (black triangle) at 2 Hz, East–West
component. Warm colors indicate stronger-than-average amplitudes along certain paths, especially

from sources on the east side of the Hayward fault, while cooler colors indicate
weaker-than-average paths.

Figure 11: Maps of the median FAS path terms, δP2P , for site 87 at 2Hz for the East-West
component. The site location is shown by the black triangle.
Alt-text: Map of median non-ergodic path terms for site 87 (black triangle) at 2 Hz, East–West
component. The strongest positive path effects are concentrated in the southern Hayward fault

region, while other paths show smaller or negligible adjustments.
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(a)

(b)

Figure 12: Examples of the velocity time series and the distribution of the phase derivative over
2-15 Hz. The standard deviation of the phase derivative reflects the duration of the time series. (a)
Longer duration case due to larger distances (M=3.3, Rrup= 95 km). (b) Shorter duration case
due to smaller distances (M=1.7, Rrup= 5 km).
Alt-text: Two examples of velocity seismograms with associated phase-derivative distributions. (a)
Longer-duration time series (M = 3.3, Rrup = 95 km), where the broader distribution of phase
derivatives indicates longer duration. (b) Shorter-duration case (M = 1.7, Rrup = 5 km), with a
narrower distribution corresponding to shorter duration.
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Figure 13: Relation between the standard deviation of the phase derivative and the D5−95 Duration
for the East-West component.
Alt-text: Scatter plot of standard deviation of the phase derivative versus D5–95 duration for the

East–West component. Data points fall along a linear positive trend, confirming that
phase-derivative variability is a good proxy for duration.
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Figure 14: Quantile-quantile plot of the quantiles of δWSP versus the theoretical quantile values
from a normal distribution.
Alt-text: Quantile–quantile (Q–Q) plot comparing residuals within-site-path residuals against a
theoretical normal distribution. Points closely follow the 1:1 line, indicating that residuals are

approximately normally distributed.
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(a) (b)

(c) (d)

Figure 15: Map of the median site term (a) and the corresponding epistemic uncertainty (b)
for the standard deviation of the phase derivative for the East-West component, converted to
median duration (c) and epistemic uncertainty in duration (d) using their linear relationship:
D5−95 = 0.83σϕ′ − 3.5.
Alt-text: Maps of non-ergodic site effects on duration for the East–West component. Panels (a)
and (b) show the median site term for the standard deviation of the phase derivative and its
epistemic uncertainty. Panels (c) and (d) convert these values into predicted D5–95 durations,
showing longer durations at western coastal sites and shorter durations inland, with uncertainty
growing farther from instrumented sites.
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(a) (b)

(c) (d)

Figure 16: Maps of the median path terms and of the epistemic uncertainty of the phase derivative
for the East-West component, converted to duration using their linear relationship. The site
locations are shown by the black triangles. (a) Median path terms for Station 55, (b) Median path
terms for Station 87, (c) Epistemic uncertainty in median path terms for Station 55, (d) Epistemic
uncertainty in median path terms for Station 87.
Alt-text: Maps of non-ergodic path effects on duration for the East–West component, shown for two
example stations (black triangles). Panels (a) and (b) display the median path-induced duration
adjustments: Site 55 shows longer durations for paths from the south Hayward fault, while Site
87 shows moderate increases in the same region. Panels (c) and (d) show epistemic uncertainty,
which increases with source distance due to path correlation limits.
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(a) (b)

(c)

Figure S1: Cumulative distribution of events with magnitude (a), depth (b) and rupture distance
(c)
Alt-text: Three cumulative distribution plots showing: (a) Rate of occurrence versus magnitude
from 1 to 4, displaying a sigmoid curve rising from near 0 to 1; (b) Rate of occurrence versus
depth in kilometers from 0 to 20, showing a similar sigmoid pattern; and (c) Rate of occurrence
versus rupture distance in kilometers from 0 to 100, also exhibiting a sigmoid curve. All three plots
demonstrate smooth cumulative distribution functions approaching 1.0.
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(a) (b)

(c)

Figure S2: Within-event residuals with magnitude at 2hz (a), 5Hz (b), and 10Hz (c)
Alt-text: Three scatter plots displaying within-event residuals plotted against earthquake magnitude
for frequencies of 2Hz (panel a), 5Hz (panel b), and 10Hz (panel c). Each plot shows data points
across magnitudes ranging from 1 to 4, with residuals spanning from -4 to 4 ln units. The data
exhibit dense concentration with no clear magnitude-dependent trend.
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(a) (b)

(c)

Figure S3: Within-site within-path residuals with rupture distance at 2hz (a), 5Hz (b), and 10Hz
(c)
Alt-text: Three scatter plots showing within-site within-path residuals plotted against rupture
distance in kilometers for frequencies of 2Hz (panel a), 5Hz (panel b), and 10Hz (panel c). Each
plot shows dense clustering of data points near zero residuals at shorter distances (0-30 km) with
increasing scatter at greater distances up to 100 km.
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(a) (b)

(c) (d)

Figure S4: Maps of the median FAS source terms, δL2L, at 2Hz, 5Hz, 10Hz and 15Hz for the
East-West component.
Alt-text: Four maps of median source terms for the East–West component at 2, 5, 10, and 15 Hz.
Positive values cluster near the San Andreas fault, while negative values cluster near the Hayward
fault. Spatial patterns broaden with frequency due to increasing correlation length.

50



(a) (b)

(c) (d)

Figure S5: Maps of the epistemic uncertainty in the median FAS source terms, δL2L, at 2Hz, 5Hz,
10Hz and 15Hz for the East-West component.
Alt-text: Corresponding maps of epistemic uncertainty in the median source terms (East–West
component) at 2, 5, 10, and 15 Hz. Uncertainty is lowest near observed events and increases in
regions with sparse earthquake coverage.
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(a) (b)

(c) (d)

Figure S6: Maps of the FAS site term, δS2S, at 2Hz, 5Hz, 10Hz and 15Hz for the East-West
component.
Alt-text: Four maps of median site terms for the East–West component at 2, 5, 10, and 15 Hz.
Coastal sites west of San Francisco exhibit strong positive adjustments, while East Bay sites show
negative adjustments.
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(a) (b)

(c) (d)

Figure S7: Maps of the epistemic uncertainty in the median FAS site terms, δS2S, at 2Hz, 5Hz,
10Hz and 15Hz for the East-West component.
Alt-text: Corresponding maps of epistemic uncertainty in the median site term at 2, 5, 10, and 15
Hz, showing lowest uncertainty at recorded sites and highest uncertainty in unrecorded sites in
inland or offshore regions.
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Figure S8: Comparison of non-ergodic path terms ϕP2P from different regions from Sung and
Abrahamson (2024). (ϕP2P is noted as θP2P in the notations from Sung and Abrahamson (2024))
Alt-text: Four-panel comparison of non-ergodic path terms ϕP2P across frequency ranges from 0.2

to 20 Hz. Top left panel shows theta values for Utah, France, CyberShake simulation, and
California datasets with regional corrections, displaying relatively flat trends around 0.4-0.5. Top
right panel compares Taiwan and Japan data with regional corrections, showing an increase from
approximately 0.25 at low frequencies to 0.45 at high frequencies. Bottom left panel displays the
global ϕP2P correction as a flat magenta line at approximately 0.35 with scattered data points
from all regions. Bottom right panel shows epistemic uncertainty of the global correction, with
values ranging from 0.05 to 0.1 across frequencies, represented by black diamond markers.
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(a) (b)

(c) (d)

Figure S9: Maps of the median FAS path terms, δP2P , for site 55 at 2Hz, 5Hz, 10Hz and 15Hz for
the East-West component. The site location is shown by the black triangle.
Alt-text: Four maps of median path terms for site 55 at 2, 5, 10, and 15 Hz (East–West component).
The black triangle marks site 55, with positive adjustments for paths from the Hayward fault
region and smaller effects for San Andreas fault sources.
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(a) (b)

(c) (d)

Figure S10: Maps of the median FAS path terms, δP2P , for site 87 at 2Hz, 5Hz, 10Hz and 15Hz
for the East-West component. The site location is shown by the black triangle.
Alt-text: Four maps of median path terms for site 87 at 2, 5, 10, and 15 Hz (East–West component).
The black triangle marks site 87. Maps show site 87 receiving stronger path effects from southern
Hayward fault sources compared to other directions.
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(a) (b)

(c) (d)

Figure S11: Maps of the net adjustment of the non-ergodic median FAS, δL2L+ δS2S + δP2P ,
for site 55 at 2Hz, 5Hz, 10Hz and 15Hz for the East-West component. The site location is shown
by the black triangle.
Alt-text: Maps of the net non-ergodic median adjustment (source + site + path) at 2, 5, 10, and 15
Hz for site 55 (East–West component). Patterns combine the positive San Andreas source effects,
coastal site effects, and directional path effects.
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(a) (b)

(c) (d)

Figure S12: Maps of the epistemic uncertainty in the net adjustment of the non-ergodic median
FAS, δL2L+ δS2S + δP2P , for site 55 at 2Hz, 5Hz, 10Hz and 15Hz for the East-West component.
The site location is shown by the black triangle.
Alt-text: Corresponding maps of epistemic uncertainty in the net adjustment for site 55 at 2, 5, 10,
and 15 Hz. Uncertainty grows with distance from unobserved source locations.
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(a) (b)

(c) (d)

Figure S13: Maps of the net adjustment of the non-ergodic median FAS, δL2L+ δS2S + δP2P ,
for site 87 at 2Hz, 5Hz, 10Hz and 15Hz for the East-West component. The site location is shown
by the black triangle.
Alt-text: Maps of net non-ergodic median adjustment for site 87 (East–West component) at 2,
5, 10, and 15 Hz, showing moderate positive effects from southern Hayward sources and weaker
adjustments elsewhere.
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(a) (b)

(c) (d)

Figure S14: Maps of the epistemic uncertainty in the net adjustment of the non-ergodic median
FAS, δL2L+ δS2S + δP2P , for site 87 at 2Hz, 5Hz, 10Hz and 15Hz for the East-West component.
The site location is shown by the black triangle.
Alt-text: Corresponding maps of epistemic uncertainty in net adjustment for site 87, with higher
uncertainty away from the dataset’s core ray path coverage.
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