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Abstract 

The Hybrid Empirical Method (HEM) is widely used to predict ground motions in regions with sparse strong-motion data by 

transferring empirically derived ground-motion prediction equations (GMPEs) from data-rich host regions. A fundamental 

requirement for the reliability of this approach is that the stochastic point-source model adopted for the host region be consistent 

with the empirical GMPEs developed from the same dataset. Despite its importance, this consistency is often assumed or verified 

only over limited magnitude-distance conditions. This study presents a systematic evaluation of the observation-calibrated 

stochastic equivalent point-source model of Yenier and Atkinson (2015, YA15) for California. Both the single corner-frequency 

(SCF) and double corner-frequency (DCF) formulations are assessed over moment magnitudes Mw 3.0-7.5, rupture distances 

Rrup of 1-300 km, and frequencies from 0.1 to 10 Hz. Model predictions of pseudo-spectral acceleration are compared with the 

median predictions of four widely used four NGA-West2 GMPEs, and consistency is quantified using normalized residuals that 

account for inter-model variability. Results show that the YA15 model generally reproduces the empirical predictions well for 

moderate magnitudes (Mw 4.5-7.0) over most distances and frequencies. However, systematic discrepancies are identified for 

small-magnitude events at low frequencies in the near and intermediate distance ranges, at high frequencies in the near field, and 

for large-magnitude events in the near-fault region. Furthermore, the more complex DCF formulation does not demonstrate 

systematic improvement over the SCF model at higher magnitudes and exhibits increased variability and larger residual 

amplitudes in certain magnitude–distance–frequency regimes. These findings delineate the effective applicability domain of 

observation-calibrated equivalent point-source models in HEM applications and clarify the limitations of the point-source 

approximation when extrapolated beyond its primary calibration range. The results provide practical guidance for selecting host-

region stochastic models in hybrid empirical frameworks and indicate conditions under which more physically detailed finite-

fault simulations may be required. 
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1. Introduction 

Reliable ground-motion prediction in regions with sparse 

strong-motion data remains a central challenge in engineering 

seismology. In such regions, the limited availability of observa-

tional data hampers the direct development of region-specific 
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ground-motion prediction equations (GMPEs), particularly 

across a wide range of magnitudes, distances, and frequencies rel-

evant to engineering applications. To address this limitation, the 

Hybrid Empirical Method (HEM) has been widely adopted as a 

pragmatic framework for transferring well-constrained GMPEs 

from data-rich “host regions” to data-poor “target regions” [1-6]. 

The core concept of HEM is to decompose regional varia-

tions in ground motion into physically interpretable compo-

nents through stochastic simulations. In practice, stochastic 

point-source simulations are independently constructed for 

both the host and target regions, and the resulting spectral dif-

ferences are interpreted as regional adjustment factors [7]. 

These factors are then applied to a reference GMPE developed 

for the host region, yielding a modified prediction model in-

tended to represent the target region. The reliability of this 

procedure critically depends on a key underlying assumption: 

the stochastic point-source model for the host region must be 

consistent with the empirical GMPEs developed from the 

same region [8]. If this consistency is not satisfied, the inferred 

adjustment factors may reflect modeling artifacts rather than 

genuine regional effects, thereby undermining the validity of 

the HEM transfer. 

Despite the central role of this assumption, systematic eval-

uations of host-region stochastic source models against empir-

ical GMPEs across the full engineering parameter space re-

main limited. In many applications, consistency is implicitly 

assumed or verified only at a small number of discrete magni-

tude-distance combinations, often focused on moderate mag-

nitudes and intermediate distances. Such partial validation 

provides limited insight into the robustness of stochastic mod-

els when extrapolated to small or large magnitudes, near-fault 

distances, or frequency ranges outside their original calibra-

tion domains—conditions that are frequently encountered in 

seismic hazard and risk analyses. 

A comprehensive example of an observation-calibrated sto-

chastic point-source ground-motion model is the formulation 

proposed by Yenier and Atkinson (2015) [9], hereafter re-

ferred to as the YA15 model. The model was developed for 

regional ground-motion prediction in the active crustal region 

of California and calibrated using the NGA-West2 strong-mo-

tion database. By systematically fitting observed spectral 

shapes over a broad range of magnitudes and distances, YA15 

established an internally consistent parameter set describing 

source characteristics, path attenuation, and near-surface ef-

fects within a stochastic point-source framework. 

A key feature of the YA15 model is the introduction of an 

empirical, magnitude-dependent effective source depth, often 

referred to as a pseudo-depth, which modifies the effective 

distance metric used in the simulations. This formulation al-

lows near-field saturation effects associated with finite-fault 

rupture to be approximated while retaining the computational 

simplicity of a point-source representation. In addition, the 

model provides two alternative source spectral parameteriza-

tions: a conventional single corner-frequency (SCF) model 

and a more flexible double corner-frequency (DCF) model, 

the latter intended to better represent spectral complexity at 

moderate to large magnitudes. 

Owing to its empirical grounding and coherent parameteri-

zation, the YA15 model has become a widely used and influ-

ential reference in stochastic ground-motion simulations for 

California and related engineering applications. The availabil-

ity of both SCF and DCF formulations, combined with cali-

bration against a large and high-quality observational database, 

has contributed to its broad adoption as a representative sto-

chastic point-source model in studies requiring consistency 

with empirical ground-motion characteristics. 

However, the original validation of the YA15 model was 

primarily based on comparisons at selected magnitude-dis-

tance conditions, rather than on a systematic assessment of its 

performance across the full magnitude-distance-frequency 

space relevant to engineering practice. Consequently, the ex-

tent to which the model remains consistent with empirical 

ground-motion predictions when extrapolated beyond its pri-

mary calibration domain has not been comprehensively quan-

tified. 

Previous evaluations of stochastic point-source ground-mo-

tion models have largely emphasized their overall agreement 

with empirical observations, while regions of systematic mis-

fit have received comparatively less attention. As a result, 

model performance is often demonstrated only under selected 

magnitude-distance conditions, and potential limitations out-

side these ranges remain insufficiently documented. Recent 

studies have shown that comprehensive, full-parameter-space 

evaluations offer a more robust framework for identifying 

both the strengths and weaknesses of ground-motion models 

[10, 11]. 

Motivated by this perspective, the objective of this study is 

to provide a comprehensive, quantitative assessment of the 

observation-calibrated YA15 stochastic point-source model. 

Both the SCF and DCF formulations are evaluated over a 

broad parameter space spanning moment magnitudes Mw 3.0-

7.5, rupture distances of 1-300 km, and frequencies from 0.1 

to 10 Hz, with model predictions systematically compared 

against the median behavior of NGA-West2 GMPEs [12-15]. 

By mapping residual patterns across the full parameter 

space, this study explicitly identifies regions where the YA15 

model is in good agreement with empirical predictions, as well 

as regions where significant, systematic discrepancies emerge. 

These results clarify the reliable applicability domain of ob-

servation-calibrated equivalent point-source models in HEM 

and illuminate the inherent limitations of the point-source ap-

proximation when extended beyond its effective range. The 

findings provide direct guidance for the selection and use of 

host-region stochastic models in HEM applications and high-

light the conditions under which more physically detailed ap-

proaches, such as stochastic finite-fault simulations, may be 

required. 
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2. Methods 

2.1. Stochastic Equivalent Point-source Model 

The stochastic ground-motion simulations evaluated in this 

study are based on the equivalent point-source model pro-

posed by Yenier and Atkinson (2015), hereafter referred to as 

the YA15 model. The model follows the general stochastic 

simulation framework of Boore (2003) [16] and incorporates 

a set of empirically calibrated source, path, and site parame-

ters representative of the active crustal region of California. A 

summary of the key YA15 model components and parameter 

categories adopted in this study is provided in Table 1. 

A central feature of the YA15 formulation is the use of an em-

pirical, magnitude-dependent effective source depth, commonly 

referred to as a pseudo-depth. This parameter modifies the effective 

source-to-site distance and allows near-field saturation effects as-

sociated with finite-fault rupture to be approximated within a point-

source framework. While the source is treated as a point in space, 

the pseudo-depth increases systematically with magnitude, thereby 

reducing unrealistically large amplitudes at short distances for 

moderate-to-large earthquakes. 

The YA15 model provides two alternative representations 

of the source spectrum: a conventional single corner-fre-

quency (SCF) model and a more flexible double corner-fre-

quency (DCF) model [17, 18]. Both formulations were calibrated 

using observed spectral amplitudes from the NGA-West2 strong-

motion database and are evaluated in this study using the original 

published parameter sets, without modification. 

Table 1. Summary of the published YA15 stochastic point-source model components and parameters adopted in this study. 

Model component Description Notes 

Effective source depth 
Empirical, magnitude-dependent pseudo-depth used to define 

effective source-to-site distance 
Accounts for near-field saturation effects 

Source spectral model 
Single corner-frequency (SCF) and double corner-frequency 

(DCF) formulations 

Both variants evaluated using the original 

YA15 parameter sets 

Stress drop Constant, observation-calibrated stress-drop model Adopted directly from YA15 

Geometrical spreading Piecewise distance-dependent geometrical attenuation 
The recommended YA15 near-distance slope 

b1=-1.3 is used 

Anelastic attenuation Frequency-dependent quality factor (Q) model 
Region-specific attenuation structure as spec-

ified in YA15 

Site attenuation Near-surface attenuation parameterized by κ (kappa) 
The value of 𝜅0 follows YA15 and is based 

on the findings of Yenier and Atkinson (2014)  

* All model components and parameterizations are implemented as specified in YA15 model, without recalibration or additional tuning in this 

study. For specific parameters such as κ0, we follow the approach adopted in Yenier and Atkinson (2014) [19], as referenced in the model's 

original formulation. 

2.2. Evaluation Parameter Space 

To ensure a comprehensive and engineering-relevant as-

sessment, the YA15 model's performance is evaluated over a 

broad parameter space encompassing magnitude, distance, 

and frequency ranges commonly encountered in seismic haz-

ard and engineering applications. 

Moment magnitude (Mw) is varied from 3.0 to 7.5, cover-

ing small-to-moderate earthquakes as well as large crustal 

events. Rupture distance (Rrup) ranges from 1 to 300 km, 

spanning near-fault conditions through distances relevant to 

regional hazard assessments. Frequency-dependent ground-

motion amplitudes are evaluated over the range 0.1-10 Hz, 

which encompasses the primary frequency band of interest for 

most engineered structures. 

Within this three-dimensional parameter space, simulations 

are performed on a dense grid of magnitude-distance-fre-

quency combinations in order to capture systematic trends and 

potential localized deviations in model performance. 

2.3. Empirical Reference Models 

The empirical benchmark used for comparison consists of 

four widely adopted ground-motion prediction equations de-

veloped within the NGA-West2 project: Abrahamson et al. 

(2014), Boore et al. (2014), Campbell and Bozorgnia (2014), 

and Chiou and Youngs (2014). These models represent inde-

pendent formulations derived from the same underlying 

strong-motion database and collectively reflect the current 

empirical consensus for ground-motion prediction in active 

crustal regions. 
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For each magnitude-distance-frequency combination, the 

median pseudo-spectral acceleration (PSA) predicted by each 

GMPE is computed. The median of the four GMPE predic-

tions is then taken as the reference empirical value. This ap-

proach minimizes dependence on any single GMPE and pro-

vides a robust representation of central empirical tendency. 

2.4. Residual Definition and Consistency Metric 

Model consistency is quantified using normalized residuals 

defined as: 

|𝑧| =
|ln(

𝑃𝑆𝐴𝑆𝑀𝑆𝐼𝑀
𝑃𝑆𝐴𝑚𝑒𝑑𝑖𝑎𝑛

)|

𝜎

             (1) 

where 𝑃𝑆𝐴𝑆𝑀𝑆𝐼𝑀 denotes the PSA predicted by the YA15 sto-

chastic simulations,𝑃𝑆𝐴𝑚𝑒𝑑𝑖𝑎𝑛is the median of the four GMPE 

median predictions, and 𝜎 represents the global median of the 

logarithmic standard deviations reported by the four GMPEs. 

This normalized residual metric expresses the deviation of 

the stochastic simulation from the empirical reference in units 

of typical GMPE variability. Values of |𝑧|  >  1  indicate 

agreement within approximately one standard deviation of the 

empirical models, while larger absolute values indicate increas-

ing levels of systematic discrepancy. 

Residuals are computed for both the SCF and DCF variants 

of the YA15 model across the full parameter space. The result-

ing residual fields are analyzed to identify regions of consistent 

agreement as well as systematic departures from empirical pre-

dictions. 

2.5. Scope and Interpretation of the Evaluation 

The objective of this evaluation is not to recalibrate or op-

timize the YA15 model but to assess the degree to which the 

published, observation-calibrated formulation reproduces the 

empirical behavior captured by NGA-West2 GMPEs across a 

wide range of conditions. Consequently, all analyses are con-

ducted using the original YA15 parameter sets, and no additional 

magnitude- or distance-dependent adjustments are introduced. 

The results are interpreted in the context of hybrid empirical 

applications, where stochastic point-source models are com-

monly used to represent host-region behavior. Particular atten-

tion is given to identifying parameter-space regions in which 

the point-source approximation provides an adequate repre-

sentation of empirical trends, as well as regions where its lim-

itations become pronounced. 

3. Results 

3.1. Overall Residual Patterns Across the 

Parameter Space 

Normalized residuals between pseudo-spectral acceleration 

(PSA) predicted by the YA15 stochastic simulations and the 

empirical reference GMPE median were computed over the 

full magnitude-distance-frequency parameter space defined in 

Section 2. Residual distributions for the SCF and DCF formu-

lations are summarized in Figure 1 and Figure 2, respectively. 

Overall, the YA15 model reproduces the central tendency 

of NGA-West2 GMPE predictions reasonably well over a sub-

stantial portion of the parameter space. In particular, for mod-

erate magnitudes (Mw 4.5-7.0), residuals are generally cen-

tered near zero across most distances and frequencies, with the 

majority of values falling within ±1 standard deviation of the 

empirical reference. This indicates that, within this range, the 

observation-calibrated equivalent point-source formulation 

provides a satisfactory representation of empirically derived 

ground-motion behavior. 

However, the residual maps also reveal clear magnitude-, 

distance-, and frequency-dependent structures, indicating that 

model performance is not uniform across the full parameter 

space. Several regions of systematic deviation are consistently 

observed for both the SCF and DCF variants, suggesting in-

trinsic limitations of the point-source approximation under 

specific conditions. 

3.2. Performance at Small Magnitudes 

For small-magnitude events (Mw < 4.5), both SCF and 

DCF formulations exhibit similar residual patterns. Signifi-

cant deviations from the empirical reference (|z| > 1) are ob-

served in three primary regions of the parameter space. 

First, at low frequencies (f < 0.2 Hz) in the near-source re-

gion (Rrup<4 km), simulated PSA values differ systematically 

from GMPE predictions. Second, persistent discrepancies are 

identified at low frequencies (approximately 0.1-0.4 Hz) over 

intermediate distances (Rrup ≈ 40-100 km), where residuals 

remain elevated across a broad distance range. Third, at high 

frequencies (f > 2 Hz) in the near field (Rrup < 10 km), devi-

ations are most pronounced, with residuals frequently exceed-

ing one standard deviation. 

These patterns indicate that, for small events, the YA15 

equivalent point-source formulation has difficulty simultane-

ously reproducing low-frequency behavior at short and inter-

mediate distances and high-frequency amplitudes in the near 

field. 

3.3. Magnitude Dependence and SCF-DCF 

Comparison 

As magnitude increases, differences between the SCF and 

DCF formulations become more apparent. Contrary to expec-

tations based on limited comparisons in the original YA15 

study, the present full-space analysis does not indicate a sys-

tematic improvement in model performance associated with 

the DCF formulation at moderate to large magnitudes. 

For Mw≥5.0, the SCF model generally maintains residuals 

within a comparable or narrower range than the DCF model 
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across much of the parameter space. In contrast, the DCF for-

mulation exhibits a higher proportion of large residuals, par-

ticularly at higher frequencies (f > 1 Hz) and large distances 

(Rrup > 200 km), where deviations become increasingly wide-

spread. 

At very large magnitudes (Mw > 7.0), both formulations 

show substantial discrepancies in the near-fault region (Rrup 

< 10 km). In this regime, residuals for the DCF model are es-

pecially large and spatially extensive, indicating a breakdown 

of consistency with empirical GMPE predictions. 

 
Figure 1. Normalized residuals of pseudo-spectral acceleration (PSA) predicted by the YA15 stochastic point-source model with the single 

corner-frequency (SCF) formulation relative to the median NGA-West2 GMPE predictions, shown as a function of magnitude, rupture distance, 

and frequency. 
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Figure 2. Normalized residuals of pseudo-spectral acceleration (PSA) predicted by the YA15 stochastic point-source model with the double 

corner-frequency (DCF) formulation relative to the median NGA-West2 GMPE predictions, shown as a function of magnitude, rupture distance, 

and frequency. 
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4. Discussion 

Although the equivalent source depth (pseudo-depth) intro-

duced in the YA15 model can partially approximate near-field 

saturation effects associated with finite-fault rupture, the sys-

tematic analysis presented here indicates that a single effective 

depth parameter is insufficient to reconcile ground-motion at-

tenuation behavior across all magnitudes, distances, and fre-

quency bands. The residual patterns observed for large-mag-

nitude events in the very near field, as well as for small-mag-

nitude events at low frequencies over near and intermediate 

distances, reveal persistent discrepancies that cannot be re-

solved within the equivalent point-source framework. 

These discrepancies reflect inherent physical limitations of 

the point-source approximation. Key rupture- and wave-prop-

agation-related effects—such as rupture directivity, hanging-

wall effects, spatially distributed energy release, and surface-

wave excitation—are not explicitly represented. While the 

pseudo-depth formulation mitigates unrealistically high am-

plitudes at short distances for moderate events, it cannot cap-

ture the full complexity of near-fault ground motions, particu-

larly for large earthquakes. 

At small magnitudes, low-frequency discrepancies at inter-

mediate distances further indicate limitations of point-source 

models when extrapolated beyond their primary calibration 

range. 

From an engineering perspective, these results highlight the 

importance of clearly identifying the effective applicability 

domain of stochastic point-source models. Although such 

models remain efficient and practical tools for regional 

ground-motion prediction within moderate magnitude ranges, 

their limitations become pronounced for near-fault conditions 

of large earthquakes and for low-frequency predictions of 

small events. In hybrid empirical applications, uncritical use 

of point-source simulations in these regimes may introduce bi-

ases into regional adjustment factors and affect the reliability 

of transferred GMPEs. 

Accordingly, achieving physically consistent ground-mo-

tion predictions across the full magnitude-distance-frequency 

space may require more refined simulation approaches in spe-

cific applications. Stochastic finite-fault models, which ex-

plicitly represent rupture dimensions and spatial energy re-

lease, offer a natural extension for addressing the systematic 

discrepancies identified in this study and for improving the ro-

bustness of engineering-oriented ground-motion estimates. 

5. Conclusions 

This study presents a systematic assessment of the observa-

tion-calibrated stochastic equivalent point-source model pro-

posed by Yenier and Atkinson (2015) by directly comparing 

its predictions with the median behavior of NGA-West2 

ground-motion prediction equations over a broad engineering 

parameter space. By evaluating both the single corner-fre-

quency (SCF) and double corner-frequency (DCF) formula-

tions across moment magnitudes Mw 3.0-7.5, rupture dis-

tances of 1-300 km, and frequencies from 0.1 to 10 Hz, the 

analysis provides a comprehensive characterization of model 

consistency and applicability. 

The results demonstrate that the YA15 model reproduces 

the empirical GMPE median reasonably well for moderate 

magnitudes (Mw 4.5-7.0) over most distances and frequencies. 

Within this range, the equivalent point-source formulation 

provides an adequate representation of observed ground-mo-

tion behavior, supporting its use in applications that rely on 

consistency with empirical models, including hybrid empiri-

cal frameworks. 

Outside this central applicability domain, systematic dis-

crepancies are identified. For small-magnitude events (Mw < 

4.5), significant deviations occur at low frequencies in both 

near-source and intermediate distance ranges, as well as at 

high frequencies in the near field. For large-magnitude events 

(Mw > 7.0), pronounced inconsistencies emerge in the near-

fault region, indicating limitations of the point-source approx-

imation when attempting to represent finite-fault effects at 

short distances. 

Across the evaluated parameter space, the more complex 

DCF formulation does not exhibit a systematic improvement 

over the SCF model in terms of agreement with empirical 

GMPE predictions. In several magnitude-distance-frequency 

regimes, particularly at higher magnitudes, the DCF model 

shows increased variability and larger residuals. These find-

ings indicate that additional spectral flexibility alone does not 

necessarily lead to improved consistency when applied within 

an equivalent point-source framework. 

Overall, this study delineates the effective applicability do-

main of an observation-calibrated stochastic point-source 

model commonly used in engineering practice. The results 

highlight the importance of explicitly identifying parameter-

space regions where such models provide reliable representa-

tions of empirical ground-motion behavior, as well as regions 

where their inherent assumptions break down. These insights 

provide practical guidance for the selection and use of host-

region stochastic models in hybrid empirical applications and 

underscore the need for more physically detailed simulation 

approaches, such as stochastic finite-fault models, when ex-

tending predictions to conditions beyond the effective range 

of point-source formulations. 

Future research should focus on whether stochastic finite-

fault models can compensate for the systematic deficiencies 

identified in stochastic point-source formulations, particularly 

in near-fault regions of large-magnitude events and in low-fre-

quency regimes of small earthquakes. A key question is 

whether finite-fault representations provide improved con-

sistency with empirical GMPEs in those magnitude–distance–

frequency domains where point-source models exhibit persis-

tent discrepancies. 
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Abbreviations 

HEM Hybrid Empirical Method 

GMPEs Ground Motion Prediction Equations 

SCF Single Corner-frequency 

DCF Double Corner-frequency 

PSA Pseudo Spectral Acceleration 
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