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Assessment of ground-motion prediction
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Northeastern Tibetan Plateau
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Ground-motion prediction equations (GMPEs) are fundamental to seismic hazard assessment, yet
their applicability is difficult to evaluate in tectonically complex regions where instrumental
observations are sparse or absent, such as the northeastern Tibetan Plateau. We evaluate
representative GMPEs using two approaches: residual-based error metrics and an information-
theory-based evaluation. The two recent earthquakes, the 2022 Menyuan and 2023 Jishishan events,
provide an opportunity to examine model behavior under observed conditions. The information-
theory-based approach is first applied to these two earthquakes to verify feasibility and to compare
with residual-based outcomes, and is then extended to two large historical earthquakes in the region,
the 1920 Haiyuan earthquake and the 1927 Gulang earthquake, to assess stability under extrapolative,
data-limited conditions. Across these applications, the information-theory-based evaluation yields
consistent rankings and stable weights, whereas the residual analysis captures event-specific
variability. Together, the two approaches provide complementary insight into model applicability and
offer a practical basis for ground-motion assessment and extrapolation in tectonically complex and

observationally sparse regions.

The northeastern margin of the Tibetan Plateau (NETP) represents a tec-
tonically intricate and seismically active segment of the India—Eurasia col-
lision zone'. This region exhibits a complex interplay of crustal shortening,
lateral extrusion, and active faulting, resulting in diverse rupture styles and
persistent seismic activity, and it has experienced frequent large-magnitude
earthquakes throughout historical and geological times™. The NETP is
situated (Fig. 1) at the junction of the Qilian Orogen, the East Kunlun
Orogen, the Alxa Block, the Ordos Block, and the western segment of the
Qinling Orogen®™®. This region is one of the most intensely deformed areas
within the Late Cenozoic tectonic zone characterized by a dense distribution
of active faults. The strong interactions and tectonic transformations among
these faults play a critical role in generating tectonic stresses and large
earthquake occurrences in the region’ .

The study region (Fig. 1) experienced 43 earthquakes of magnitude 6
and greater, including 1920 Haiyuan Mw 8.2 earthquake, one of the
strongest events in mainland China"”. Moreover, studies based on geodetic

(GPS) measurements and numerical modeling suggest a high potential for
future large-magnitude seismic activity in the region™'*"".

Due to the complex geodynamic setting and significant seismic
potential of the NETP, several major infrastructure systems in the region
face considerable risk. A prominent example is the Longyangxia-
Qingtongxia hydropower cascade, which contributes over 15% of China’s
total hydroelectric generation and extends along the river from approxi-
mately 36°N, 101°E to 38°N, 106°E. The seismic hazard and vulnerability/
exposure of critical infrastructure in this area highlight the need for accurate
ground-motion modeling to support seismic risk assessment and disaster
management strategies.

A Ground-Motion Prediction Equation (GMPE) describes the rela-
tionship between ground-motion parameters, such as peak ground accel-
eration (PGA), peak ground velocity (PGV) or spectral acceleration (SA);
the characteristics of an earthquake, including its magnitude, source-to-site
distance, rupture distance, and fault type; and site conditions, represented by
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soil type or S-wave seismic velocity within the upper 30 m (Vs30). GMPEs
are widely used in seismic hazard analysis and earthquake impact
prediction®”', and they are typically specific to particular regions and tec-
tonic settings. Nevertheless, global GMPE models such as the Next Gen-
eration Attenuation (NGA) relations may exhibit systematic biases when
applied to specific localities” ™, motivating the development of regional
models, e.g., for the Himalaya region™. Currently, no targeted or systematic
validation of GMPEs exists for the NETP region””", raising concerns about
the reliability of existing models for simulating and predicting ground
motions. Moreover, strong-motion records in the region are extremely
limited; only the 2022 Menyuan and 2023 Jishishan earthquakes (Fig. 1)
provide instrumental ground-motion datasets. As a result, the development
of new GMPEs based solely on local observations is constrained. A more
practical and effective approach is to identify and select existing models that
are better suited to the NETP region.

There are two commonly used approaches for evaluating the perfor-
mance of GMPEs. The first relies on statistical metrics, such as root-mean-
square error (RMSE) and mean absolute error (MAE), which quantify dis-
crepancies between observed and predicted ground motions. This method is
effective; however, its applicability is highly dependent on the availability and
quality of observational data. The second approach, based on information
theory, provides a robust alternative for assessing ground-motion prediction
models, particularly in data-sparse environments or when observational
records are incomplete or unreliable”. Unlike residual-based methods that
require direct comparisons with recorded data, this approach quantifies the
relative information loss between model predictions and observed
distributions™. In addition, it helps identify models with better overall pre-
dictive capability and enables the derivation of normalized weights based on
divergence metrics. These weights can be used to construct composite
ground-motion models through probabilistic integration, offering a flexible
and theoretically grounded means of accounting for model uncertainty’"”.

To address these challenges, this study develops a framework that
combines residual-based metrics with information-theory-based criteria to
assess the applicability of five representative GMPEs in the northeastern
Tibetan Plateau. The residual-based evaluation focuses on two recent
earthquakes, the 2022 Menyuan strike-slip event and the 2023 Jishishan
thrust event, where observations allow direct assessments of the model
performance. The information-theory-based approach is first applied to
these same two earthquakes to verify its feasibility and consistency with
observation-based analyses, and is then extended to the 1920 Haiyuan and
1927 Gulang earthquakes to evaluate model stability under extrapolative,
data-limited conditions. Through this two-stage evaluation, the study aims
to bridge observation-based and extrapolative assessments, demonstrating
how residual analysis and information-theory-based weighting provide
complementary perspectives on GMPE performance.

Results

Residual-based GMPEs evaluation

The Menyuan earthquake (Mw 6.6, Ms 6.9) occurred on January 8, 2022,
with a hypocentral depth of 10 km and an epicenter at 37.77°N, 101.25°E
(China Earthquake Networks Center, http://www.ceic.ac.cn). It was iden-
tified as a strike-slip event”’. For the Menyuan Earthquake, the predicted
PGA values from five GMPEs and observed PGA are shown in Fig. 2. The
five GMPEs exhibit distinct predictive behaviors. Huo and Hu™ model (Fig.
2a) generally follows the one-to-one line but tends to overestimate at larger
PGA levels. Si and Midorikawa™ model (Fig. 2b) displays a relatively wide
vertical scatter around the reference line, indicating greater variability,
though without clear systematic bias. GB* model (Fig. 2¢) provides a more
balanced fit, with predictions closely aligned with the observations across the
full range. Zhou™ model (Fig. 2d) consistently overestimates PGA, with
most points falling above the one-to-one line. Wang™® model (Fig. 2e) shows
the most stable performance, characterized by tightly clustered data points
around the reference line and the smallest residual dispersion. Despite these
differences, all models capture the overall relationship between predicted
and observed PGAs.

Table 1 and Fig. 2 illustrate the relative performance of the five GMPEs.
Wang™ model stands out, exhibiting the lowest RMSE, MAE, and BIAS
values, as well as the highest overall consistency with observations. In
contrast, Zhou™ model shows the largest errors across all three metrics and
the weakest agreement with the recorded data. Huo and Hu®, Si and
Midorikawa™, and GB” fall in an intermediate range: Huo and Hu yields
lower overall errors but exhibits a larger bias; Si and Midorikawa presents
more balanced metric values despite larger scatter; and GB™ shows relatively
higher errors and weaker consistency compared with the other two.

The Mw 6.2 (Ms 6.5) Jishishan earthquake occurred on December 19,
2023, with a hypocentral depth of 10km and an epicenter at 35.70°N,
102.79°E (China Earthquake Networks Center, http://www.ceic.ac.cn). It
was classified as a thrust fault event”. For the Jishishan earthquake, as shown
in Fig. 3a, the Huo and Hu™ predictions broadly follow the one-to-one line
with moderate scatter, although underestimation becomes evident at larger
PGA levels. Si and Midorikawa™ (Fig. 3b) exhibits greater variability than
Huo and Hu”, with a wider vertical spread and more pronounced devia-
tions at strong shaking levels. GB* (Fig. 3¢) yields relatively compact results,
but its bias varies with shaking intensity, tending to overestimate weak
motions and underestimate strong ones. Zhou™ (Fig. 3d) shows the largest
dispersion among the first four models, particularly at higher PGA values.
Wang” (Fig. 3e) displays the widest overall scatter, with systematic depar-
tures from the one-to-one reference line becoming more apparent at the
upper end of the PGA range. Overall, all models show a consistent trend of
overestimating low PGA values and underestimating high ones.

The quantitative comparison provided by the radar plot (Fig. 3f) and
Table 1 highlights clear differences in model performance. Huo and Hu™
exhibits moderate error levels and bias, with an R? value higher than that of
Si and Midorikawa™ but lower than GB®. Si and Midorikawa™ performs
similarly to Huo and Hu”, though with slightly larger errors and weaker
correlation. GB” stands out among the five models, showing the lowest
RMSE and MAE and the highest R?, indicating the best consistency with the
observations. Zhou™ yields the second-largest errors, reflecting reduced
predictive reliability. Wang™ shows the highest RMSE, MAE, and BIAS and
the lowest R?, making it the weakest model in this comparison. All five
models exhibit negative BIAS values, indicating that they systematically
underestimated GMs during the Jishishan earthquake.

For the cross-event overall model ranking across the Menyuan and
Jishishan earthquakes, Table 2 summarizes the results of the relative scoring
method (Eqgs. 6-8) for both events, together with the aggregated cross-event
performance. For each earthquake, the fotal score represents the sum of the
individual record-level scores, while the average score is the mean score
across all records for that event. Because the two earthquakes differ sub-
stantially in the number of GM records, the overall model performance is
measured using the cross-event average score, obtained by averaging the two
event-specific average scores. In addition, the combined rank is calculated as
the sum of the event-level rankings, providing an equally weighted indicator
of cross-event consistency.

The scoring results are consistent with the residual-based analysis
shown in Table 1. For the Menyuan earthquake, Wang’® ranks first with the
highest total score, followed by GB*, Si and Midorikawa™, and Huo and
Hu” in descending order, while Zhou™ yields the lowest score and ranking,
reflecting large prediction errors and systematic bias. For the Jishishan
earthquake, GB™ obtains the highest total score and ranks first, with Huo
and Hu” and Si and Midorikawa™ showing intermediate performance, and
Zhou™ and Wang™® ranking fourth and fifth, respectively, indicating limited
predictive capability for this event.

Overall, considering both earthquakes together, GB* attains the
highest cross-event average score and the lowest combined rank, indicating
the most stable and accurate predictive performance across the two events.
Huo and Hu” and Si and Midorikawa™ exhibit moderate performance for
both earthquakes, with Huo and Hu showing a slightly higher cross-event
average score than Si and Midorikawa. Wang™ performs well for the
Menyuan earthquake, but its predictive accuracy decreases substantially for
the Jishishan earthquake, resulting in a mid-range overall ranking. Zhou™
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Fig. 1 | Overview of the study area. a Map of the study area showing the geological
structure, major faults (black lines), and earthquakes (red circles) with moment
magnitudes Mw 2 6 since 1000 AD. Earthquake data are presented in the Supple-
mentary Information. LSSF Longshoushan Fault, NQLF North Qilian Fault, RYSF
Riyueshan Fault, LJSF Laijshan Fault, EKLF East Kunlun Fault, NWQF northern

margin of the West Qingling Fault, LPSF Liupanshan Fault, YWSF Yunwushan
Fault, MXSF Maxianshan Fault, HYF Haiyuan Fault, TJSF TTanjingshan Fault, HH-
LWF Huanghe-Lingwu Fault. b Location of the study area (black box) relative to the
Tibetan Plateau. Topography derived from SRTM digital elevation model.

shows poor overall performance due to large and persistent prediction
errors.

Information-theory-based GMPEs evaluation. While the residual-
based evaluation provides direct insights into the predictive accuracy of
each GMPE, it is inherently sensitive to the quantity and quality of
available ground-motion records. In regions such as the northeastern
Tibetan Plateau, where strong-motion data are sparse and unevenly
distributed, this limitation may affect the reliability of model compar-
isons. To address this issue and to assess the robustness of the models
under varying data conditions, an information-theory-based framework
was further applied.

This approach evaluates model performance based on statistics
derived from GMPE model outputs, making it applicable to earthquakes
in the absence of observations. In this study, two recent events—the 2022
Menyuan and 2023 Jishishan earthquakes—and two large historical

events—the 1920 Haiyuan and 1927 Gulang earthquakes — were analyzed.
The recent earthquakes enable direct comparison with the residual-based
results, whereas the historical events provide an opportunity to examine
model stability and extrapolation capability under limited data
constraints.

A distance threshold of 500 km was adopted to define the calculation
range for the 2022 Menyuan and 2023 Jishishan earthquakes, and 700 km
for the 1920 Haiyuan and 1927 Gulang earthquakes. The selection of a
reasonable distance threshold and its influence on the evaluation results are
discussed in Section S3 of the Supplementary Information.

For Instrumental earthquakes, the 2022 Menyuan and 2023 Jishishan
earthquakes are summarized in Table 3. For the Menyuan earthquake,
Wang™ achieves the highest weight (0.386), followed by Huo and Hu" and
GB”, whereas Si and Midorikawa™ and Zhou™ show negative DSI values
and are therefore excluded from further consideration. For the Jishishan
earthquake, Wang™® again ranks first (0.375), followed by Huo and Hu™ and
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both axes, and the red dashed line denotes the one-to-one reference line. f Presents a
radar chart summarizing residual-based evaluation metrics: RMSE, MAE, BIAS

(absolute value), and 1 — R*. Here and in Fig. 5, values closer to the origin indicate

better performance.

Table 1 | Residual-based evaluation metrics for the Menyuan and the Jishishan earthquake

Earthquake Huo and Hu* Sin and Midorikawa> GB* Zhou® Wang?*
Menyuan RMSE 0.204 0.226 0.255 0.284 0.173
MAE 0.12 0.124 0.124 0.235 0.087
BIAS 0.083 0.069 0.08 0.215 0.016
R? 0.584 0.488 0.351 0.191 0.701
Jishishan RMSE 0.735 0.782 0.623 0.847 0.882
MAE 0.286 0.302 0.255 0.325 0.357

BIAS -0.25 —0.283 -0.212 —0.251 —0.35
R? 0.43 0.354 0.59 0.244 0.179

GB”. Compared with the Menyuan event, the weight differences among the
selected models are smaller for Jishishan, with Huo and Hu* and GB*
exhibiting nearly identical weights.

Although the rankings derived from the information-theory-based
evaluation differ from those obtained through the residual-based analysis
(Table 2), the two approaches show partial consistency in identifying models
with relatively good predictive capability. For the Menyuan earthquake,
Wang™ ranks first in both methods, while GB*, which performed well in the
residual-based analysis, was also selected in the information-theory-based
evaluation. For the Jishishan earthquake, both approaches consistently
identify GB” and Huo and Hu" as reliable models. This consistency sug-
gests that, despite methodological differences, the information-theory-
based approach can identify models that remain reliable even under limited
or uneven data conditions, supporting its applicability to multiple events
and data-sparse regions.

The relatively high information-theory-based scores obtained by
models that ranked lower in the residual-based analysis, such as Si and
Midorikawa™ for the Menyuan earthquake and Wang™ for the Jishishan
earthquake, may be partly explained by the different evaluation logic
between the two frameworks. The residual-based method emphasizes
absolute deviations from observations, whereas the information-theory-
based framework evaluates relative consistency among all models.

For historical earthquakes, two largest earthquakes that have occurred
in the NETP region since 1900 were selected. The 1920 Haiyuan Mw 8.1 (Ms
8.5) strike-slip earthquake, with an epicenter around 105.3°E, 36.6° N and a
focal depth of 17km, and the 1927 Gulang Mw 7.7 (Ms 7.9) thrust-
dominated earthquake, with an epicenter near 102.6° E, 37.6° N and a focal
depth of 15 km. These two events represent the largest-magnitude earth-
quakes to have struck the region over the past century and thus provide
critical references for regional seismic hazard assessment. Details of
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Table 2 | Residual-based scores and rankings for the Menyuan and Jishishan earthquake
Earthquake Huo and Hu* Si and Midorikawa® GB* Zhou® Wang*
Menyuan Total score 4099 4312 4789 2328 5122
Average score 3.474 3.546 4.058 1.973 4.341
Rank 4 3 2 5 1
Jishishan Total score 56,487.5 50445.5 58,843.5 46,814.5 39,531.5
Average score 3.921 3.501 4.084 3.249 2.744
Rank 2 3 1 4 5
Overall Average score 3.698 3.524 4.071 2.611 3.543
Combined rank 6 6 3 9 6

magnitude, epicentral location, and focal depth are provided in the Sup-
plementary Information.

Table 4 presents the information-theory-based evaluation results for
the 1920 Haiyuan and 1927 Gulang earthquakes. For both events, Wang™®
achieves the highest likelihood and weight, ranking first, whereas Huo and
Hu” ranks second, offering meaningful but comparatively smaller weight,
and GB” ranks third with a modest contribution. In contrast, Si and
Midorikawa™ and Zhou41 produce negative weights and are excluded from
the model combination. The consistent ranking across these two earth-
quakes indicates that the relative applicability of these GMPEs remains
stable in the NETP region, with Wang™® serving as the dominant model and
Huo and Hu” and GB” providing supplementary contributions.

The strong agreement between the Haiyuan and Gulang results
demonstrates the robustness of the information-theory-based approach in
scenarios where observational data are limited or unevenly distributed. This
stability contrasts with the variability often observed in residual-based
analyses, where model rankings may shift between events due to differences
in faulting mechanisms or record availability. Therefore, the information-
theory-based method provides a complementary perspective, providing a

statistically grounded means of assessing cross-event consistency and
deriving stable model weights for regional seismic hazard evaluation.

Discussion

The residual-based and information-theory-based evaluations provide
complementary perspectives on GMPE applicability in the NETP, revealing
both event-specific performance variability and stable cross-event model
behavior. Residual analyses demonstrate that predictive accuracy differs
markedly between earthquakes, whereas the information-theory-based
framework identifies consistent model rankings across multiple events,
including historical earthquakes lacking instrumental observations. Toge-
ther, these results provide a coherent basis for model evaluation under
conditions of limited data and complex tectonic environments.

Residual analysis highlights a pronounced contrast between the
Menyuan and Jishishan earthquakes. While all evaluated GMPEs perform
reasonably well for the Menyuan strike-slip event, predictive accuracy
declines substantially for the Jishishan thrust earthquake. Differences in
source mechanism provide a possible explanation. Thrust earthquakes
commonly generate higher stress drops and stronger near-field motions
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Table 3 | Information-theory-based evaluation for the
Menyuan and Jishishan earthquakes

Earthquake Model LLH DSl Weight Rank

Menyuan Huo and Hu* 1.662  10.560 0.322 2
Siand Midorikawa®*  2.383 ~ -32.898 —1.000  --
GB* 1.802 0.362 0.292 3
Zhou®® 1.971 —10.695 —1.000 -
Wang?® 1.399 32.672 0.386 1

Jishishan Huo and Hu* 1.801  6.328 0.316 2
Si and Midorikawa®* 2.394 —29.512 —1.000 -
GB* 1.834 3.941 0.309 3
Zhou®® 1.993 —6.935 —1.000 -
Wang*® 1.554 26.178 0.375 1

Table 4 | Information-theory-based evaluation for the Haiyuan
and Gulang earthquakes

Earthquake Model LLH DSI Weight Rank

Haiyuan Huo and Hu*® 1.476  26.542 0.316 2
Siand Midorikawa®  2.654  —44.065 —1.000 -
GB* 1.759 4.047 0.260 3
Zhou®® 2.993 —55.782 —1.000 -
Wang?® 1.057 69.258 0.423 1

Gulang Huo and Hu* 1.594 23.070 0.311 2
Si and Midorikawa® 2.680 —42.051 —1.000 -
GB* 1.801 6.619 0.269 3
Zhou®® 3.010 —53.887 —1.000 -
Wang28 1.160 66.249 0.420 1

than strike-slip events™, resulting in more complex shaking patterns that are
more difficult to capture with empirical models. The Jishishan earthquake
also exhibited unilateral rupture and strong directivity, producing asym-
metric ground-motion distribution and enhanced PGA toward the north-
west of the epicenter”’. Regional site conditions likely further contributed to
the degraded predictive performance. Compared with Menyuan, the Jish-
ishan region is closer to the Loess Plateau and is characterized by thicker
Quaternary loess deposits, which are known to amplify seismic waves”.
Lower Vs30 values around the Jishishan epicenter support the presence of
softer near-surface materials, suggesting that combined effects of rupture
complexity, directivity, and site amplification jointly contribute to the
observed model-data discrepancies.

Whereas residual analysis emphasizes event-specific performance, the
information-theory-based evaluation provides a complementary cross-
event perspective. By comparing statistical characteristics of predicted
ground-motion distributions rather than relying solely on observation-
based residuals, this framework reduces sensitivity to data sparsity and
enables comparison across earthquakes with heterogeneous data avail-
ability. Importantly, it also assigns normalized weights to each GMPE,
allowing models to be combined according to their relative applicability
rather than selecting a single “best” model. Across four representative
earthquakes, the 2022 Menyuan, 2023 Jishishan, 1920 Haiyuan, and 1927
Gulang events, Wang™, Huo and Hu*, and GB™ are repeatedly identified as
the most representative models. The persistence of these rankings across
independent events, including historical earthquakes without instrumental
records, indicates stable cross-event applicability that is not fully captured by
residual-based comparisons alone.

Several uncertainties and limitations should be acknowledged. Part of
the uncertainty arises from data-related aspects, including earthquake

source parameters and site characteristics. For the 2022 Menyuan and 2023
Jishishan earthquakes, we use epicentral location, focal depth, magnitude,
and observed GM data. All these data are derived from instrumental
observations and are considered relatively reliable. For the 1920 Haiyuan
and 1927 Gulang earthquakes, the epicentral location, focal depth, and
magnitude are associated with uncertainties due to their historical nature.
Such uncertainties may affect the absolute PGA values predicted by the five
GMPEs. However, the information-theory-based evaluation is conducted
under identical parameter conditions for each event, and these uncertainties
are not dominant in the evaluation. An analysis of earthquake parameter
uncertainties for these two earthquakes is provided in the Supplementary
Information. In addition, only two earthquakes provide sufficiently dense
instrumental coverage, so any mechanism-related tendencies, such as the
apparent preference of Wang™ for strike-slip events and GB” for thrust
events, should be considered suggestive rather than definitive. The Vs30
data used in this study are derived from a global model constructed using
topographic-slope proxies, which may not fully capture local site conditions
compared with site-specific Vs30 measurements. Given the pronounced
influence of loess deposits on ground-motion amplification in the study
region, the incorporation of more detailed site-condition parameters
represents an important direction for future studies.

From a methodological perspective, differences in the functional forms
of GMPEs imply that source, path, and site effects are represented in dif-
ferent ways. These formulation differences lead to differences in model
performance when earthquakes with different mechanisms and geological
settings are compared. The information-theory-based approach assumes
that GM data follow a normal distribution. Therefore, the functional form of
a GMPE may influence the evaluation results. In addition, the spatial extent
of ground-motion sampling, defined by the selected distance threshold from
the earthquake epicenter, directly influences the sample size and its statis-
tical distribution, thereby affecting the evaluation results. Details regarding
the distance threshold analysis are provided in the Supplementary Infor-
mation. These uncertainties highlight the need for continued refinement of
regional site characterization, further accumulation of high-quality strong-
motion data, and broader validation across additional earthquakes to
improve the robustness of GMPE applicability assessments in the NETP
region.

In summary, this study underscores the value of incorporating
observational and information-theoretic perspectives in GMPE evaluations.
The dual-framework facilitates more robust model selection and allows for
the derivation of normalized weights that reflect relative applicability across
diverse scenarios. This framework enhances confidence in GMPE selection
and provides a practical basis for ground-motion estimation in tectonically
complex and observationally data-limited regions such as the NETP region.
Future work should incorporate additional well-recorded earthquakes,
refine regional site characterization through improved Vs30 constraints,
and examine the transferability of this framework to other earthquake-
prone regions.

Methods
Strong ground motion observation
This study utilizes ground motion (GM) recordings from the 2022
Menyuan and the 2023 Jishishan earthquakes. As shown in Fig. 4, a total of
1180 surface PGA values were obtained for the Menyuan earthquake,
whereas the Jishishan event yielded 14,407 surface strong-motion records
due to denser instrumentation and more favorable station coverage at the
time of occurrence™.

The highest recorded PGA for the Menyuan earthquake was
499 ms > Although the Jishishan earthquake had a lower magnitude, it
generated significantly higher PGA values, reaching up to 11.08 m s ™. The
relatively strong ground motions observed during the Jishishan event are
attributed to multiple factors, including its thrust-fault focal mechanism and
substantial site amplification effects associated with loess deposits™**".
Although these are currently the only two strong-motion datasets available
within the study region, their differences in source mechanism and site
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Fig. 4 | Distribution of PGA values (colored circles) recorded by strong-motion stations. a The 2022 Menyuan earthquake and b The 2023 Jishishan earthquake.

Background hillshade derived from SRTM digital elevation model.

conditions provide a valuable basis for evaluating GMPE performance
under varying seismic scenarios.

Vs30 data

Information on site conditions was incorporated into the strong-motion
dataset using Vs30, obtained from the United States Geological Survey
(USGS) global Vs30 model (https://earthquake.usgs.gov/data/vs30/) at
spatial resolution of 30 arc-s (~1 km). This dataset provides a consistent and
widely used reference for site classification and characterization in regions
lacking detailed local measurements. The spatial distribution of Vs30 in the
study area is shown in Fig. 5. Throughout this paper, “Vs30” refers speci-
fically to the values derived from this dataset.

Selected GMPEs for the NETP

Considering that PGA is commonly used to represent seismic hazard in
engineering safety evaluations and risk assessments, this study selects PGA
as the target ground-motion parameter in the GMPE models. To identify
GMPEs suitable for the NETP, a preliminary selection was conducted based
on the following criteria: a model was chosen if it (a) was developed using
strong-motion data from the NETP, either entirely or partially; (b) was
specifically adjusted or optimized for earthquakes in the NETP; or (c) had
been applied to NETP earthquakes and demonstrated applicability through
validation. Based on these criteria, five GMPEs were selected for this study:
Huo and Hu”, Si*, GB*, Zhou™, and Wang™.

Detailed information on each model is provided below. In the fol-
lowing, R, denotes the distance (km) from the earthquake epicenter to the
selected site; R;, denotes the distance (km) from the earthquake hypocenter
to the selected site; and D represents the focal depth (m).

(a) Huo and Hu:

log,yPGA = C, + C,M, + C;M? + C,log, (R, + Cs * exp(CsM,)),
{ C, = —1.822,C, = 1.448, C, = —0.052, C, = —2.018, Cs = 0.1818, C, = 0.7072, forrock,
C, = —1.164,C, = 1.203, C; = —0.044, C, = —1.650, C5 = 0.1818, C4 = 0.7072, forsoil.

¢y

Huo and Hu” model is an early GMPE developed for China based on
the conversion of intensity data** and has remained widely used, including
the NETP region"**. Rock sites are defined as Vs30 > 760 m s—', and soil
sites as Vs30 < 760 m s—". For each computational grid cell, the site is first
classified as rock or soil based on its Vs30 value (Fig. 5), and the predicted
PGA is then computed using Eq. (1).

(b) Si and Midorikawa’":

log,,PGA = 0.5M,, + C,D — log,, (R, + C, * 10%°M+) — C;R, 4+ C,
C, = 0.0043,C, = 0.0055,C; = 0.003,C, = 0.61
@

Si and Midorikawa™ model has proven effective for the post-
earthquake rapid evaluations® and seismic hazard assessments within the
region*>”. It was originally developed for soil sites, defined as locations with
Vs30<1140ms™" .

(c) GB™:

log,,PGA = C, + C,M, + Cjlog;o (R, + C, * exp(CsM,))
{ C, = 0.561,C, = 0.746,C; = —1.925, C, = 0.956, C5 = 0.462,ifM, < 6.5
C, =2.501,C, = 0.448,C; = —1.925,C, = 0.956, C; = 0.462,ifM,> 6.5

(€)

GB” model was developed for the current seismic zoning map of
China”. Equation (3) applies to medium-dense soil site, while predictions
for other site classes are obtained by adjusting this reference using site
amplification factors; the detailed procedure is provided in the Supple-
mentary Information.

(d) Zhou™:

log,\PGA = C, + C,M,, + C;M2, + C, * log, (R, + C; * exp(CeM,,)) + C,R.? + C4R,
C, = —1.26102,C, = 1.203,C; = —0.044,C, = —1.65,C; = 0.1818
Cg = 0.7072, C, = —9.82429 % 1075, Cg = 0.0050472

4

for soil.

This model is based on Huo and Hu”, with soil-site adjustments tar-
geted to western China (including the NETP); for rock sites, the Huo and Hu
model is retained (Eq. 1).

(e) Wang™:

INPGA = C, + C,M,, + Cy (8.5 — M,)* +(C, + cSMW)ln(. /R, + cg) + an(ﬁgg)

+Cy exp(CoViag — 360)In (PHE) 4+ £y, £y,

C, = 8.8987,C, = —0.8896, C;, = —0.2112, C, = —3.0899, C; = 0.2673,
C¢ = 10.3706, C, = —0.568, Cy = —0.1720, Cy = —0.0067, C, = 0.1

(©)
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1

where PGA, represents the PGA value corresponding to Vzo=760ms .
The term f,,, represents the hanging-wall effect adopted from the same
formulation used in the NGA-West2 model*. This term was omitted in the
present study (f;,, = 0) due to insufficient information on the fault
geometry for the selected events. The term fj denotes the fault-type
adjustment; f 5, = —0.3742 for reverse faults with M,, >6.5, and f, = 0
otherwise. Wang”® model expresses PGA in units of the acceleration due to
gravity g, whereas the other models use gal (cm s). To ensure consistency
and comparability, all predicted and observed PGA values have been
converted to ms” (1 g=9.8 ms?, 1 gal =0.01 ms™).

In this study, the model domain refers to the spatial evaluation domain
used for GMPE calculations. The domain is represented by a regular grid, in
which each grid cell corresponds to a 1 x 1 km” area, and shares the same
spatial extent as the Vs30 dataset shown in Fig. 5, with longitudes ranging
from 96.2°E to 111.7°E and latitudes ranging from 31.3°N to 42.5°N. The
Vs30 value assigned to each grid cell is directly taken from the corre-
sponding cell of the Vs30 raster. Ground-motion parameters predicted by
the GMPEs are evaluated at the center of each grid cell, using the cell-
centered Vs30 value and the corresponding source-to-site distance. Con-
sequently, the resulting PGA values represent ground-motion estimates at
grid-cell centers within the model domain.

GMPE model evaluation based on residual analysis

We evaluate the performance of the five GMPEs for the Menyuan and
Jishishan earthquakes using four evaluation metrics: root mean square error
(RMSE), MAE, BIAS, and the coefficient of determination (R?). The

definitions, ideal values, and interpretations of these metrics are summar-
ized in Table 5.

While these metrics provide a straightforward assessment of prediction
accuracy, they are not directly used for model ranking. Relying on a single
evaluation metric may lead to biased or incomplete conclusions, whereas
incorporating multiple metrics raises the challenge of assigning weights in a
rational and objective manner. Drawing on the approach of Mak et al.” in
assessing the applicability of NGA models in Japan and New Zealand, we
propose a residual-based method to determine the relative ranking of
GMPEs. The calculation is described as follows.

Let us assume that there are M records of strong GMs and N candidate
models (in this study, N = 5). For the m-th record of the GM, the perfor-
mance score of model i, denoted as R, ;, is calculated as:

N
Rm,i =1+ ZDm,zj (6)
JEi
1if|P,,; — O,,| <|P,,; — O,
D, ;=13 05if|P, ;= O,] = P,,; = O, (7)
0if|P,; — O,|>IP,; — O,

where P, ;and P, ; are the predictions of models i and j for the m-th record,
and O,, is the observed value. That is, model i's prediction is compared

against each of the other models based on its absolute deviation from the
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Table 5 | Evaluation metrics used for GMPE performance assessment

Index Formula Ideal value Interpretation
RMSE (ms?) N a 0 Measures the standard deviation of prediction errors, sensitive to large errors
RMSE = |43 (P = O;)
i=1
MAE (ms™) g 0 Measures average absolute prediction error, more robust to outliers
MAE = N2|P, -0
i=
BIAS (ms™) N 0 Indicates systematically overestimation or underestimation
BIAS = };Y-(P, - O)
i=1
R? N 2 1 Indicates how well predictions explain observed variance
Z (P i O,)
i=1
R =1-4 —
Z (OI - O)

Here, P; is the predicted value for the ground-motion record i; O; is the observed value or the ground-motion record i, O is the mean of the observed values, N is the total number of observations.

observation. A score of 1 is given if model i's deviation is smaller than that of
model j, 0 if worse, and 0.5 if equal. For each record m, the best-performing
model will score R, ; = N, and the worst will score R,, ; = 1. The overall
performance score R of model i is obtained by summing 1ts scores across all
M records.

R =) R, 8)

GMPE model evaluation based on information-theory

The study adopts an information-theory-based approach proposed
by Scherbaum et al.”’ to assess the applicability of candidate GMPEs
and to derive appropriate model weights. The Kullback-Leibler
divergence, D, is used to quantify the difference between the prob-
ability distribution of observed ground motions (which is inherently
unknown) and the distribution predicted by a given GMPE model. It
is defined as:

D(f,g) = E;[log, (f)] — E¢[log,(g)], ©)

where f is the probability distribution of observations, g is the probability
distribution related to the selected GMPE, and E; is the expected value.
Scherbaum et al. suggested to calculate E, [log,(g)] using the average
sample log likelihood (LLH)*:

LLH(g,x) = ——Zlogz (10)
where g(x;) represents the sequence of ground-motion values predicted by a
GMPE model, x = {x,, x,,...xy } are GM samples obtained from g(x;).
For the sequence x; (i=1, ..., N), the probability density function (PDF) of a
normal distribution is determined as:

- () w(-£6)

where y is the mean (expectation), o is the standard deviation, and o2 is the
variance. So, for this PDF, the value of LLH can be estimated as:

(11)

LLH = log, («/271) + log,0 + ng(e)z ( )2. (12)

Given the LLH value for each GMPE model g, the weight (w;) and the data
support index (DSI;) can be calculated:

M
WJ — 27LLH(gj‘x)/ Z 27LLH(gk,x)7 (13)

k=1

— Wunif

DSI. = 100 x h ! 14
L= X ,wherew .. = —,
j Wonit unif M ( )

where w,,,;c is the uniform weight, and M = 5 in this study. The GM {x;} are
sampled from GMPE:s for all grid cells of the model domain within a circular
region of specified radius centered at the epicenter. Based on the obtained
{x;}, the LLH, W and DSIj for each model were calculated following the
procedure described above (Egs. 9-14). Only the GMPEs with positive DSI
values were considered applicable, and their corresponding weights (w;) and
rankings were subsequently determined.

Within this framework, LLH is not used as a standalone ranking
metric but as an input to derive DSI and normalized model weights, which
underpin the final model ranking reported in this study. Consequently,
LLH, DS, and the resulting weights are interpreted in a relative sense by
comparing candidate GMPEs within the same model set, study region,
and evaluation procedure, rather than as absolute measures of predictive
performance.

Data availability

The observational strong-motion dataset used in this study was obtained
from the China Earthquake Administration data portal (https:/data.
earthquake.cn/datashare/report.shtml?PAGEID=ground_motion_list).
The Vs30 data are taken from the USGS global Vs30 model (https://
earthquake.usgs.gov/data/vs30). The ground-motion prediction datasets
generated by the evaluated GMPEs have been archived on GitHub and are
available at https://github.com/EdenYYT/RapidGMPE/tree/Data.

Code availability

The information-theoretic GMPE evaluation code developed in this study is
openly available on GitHub at https://github.com/EdenYYT/RapidGMPE.
A graphical user interface (GUI) version of the software has also been
implemented and is provided for practical use. Additional scripts used in the
analyses are available from the authors upon reasonable request.
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