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Abstract

This study presents the first three-dimensional (3D) physics-based ground motion simula-
tions conducted for southern Turkiye, focusing on the foreshocks and aftershocks associ-
ated with the February 6, 2023 Turkiye earthquake sequence. The simulations were per-
formed using a fourth-order staggered-grid finite-difference method developed for elastic
media, incorporating a point-source double-couple representation to model rupture pro-
cesses. Moderate-magnitude earthquakes were selected to enable the investigation of site-
specific effects with reduced influence from the complex source characteristics typically
associated with large events and from nonlinear behavior of near-surface soils. According-
ly, a regional-scale velocity model was constructed to capture both the source locations of
these events and the dense strong-motion observation network covering Kahramanmaras,
Gaziantep, Tiirkoglu, Nurdagi, and Pazarcik. The simulation results for both the Nurdagi
(Gaziantep) Mw 4.5 aftershock on February 19, 2023 and the Pazarcik (Kahramanmaras)
Mw 4.5 foreshock on October 20, 2022 are analyzed by incorporating variations in the
deep crustal velocity structure and low-velocity shallow sedimentary layers, with shear-
wave velocities as low as 800 m/s. Simulated ground motions were compared with ob-
served strong-motion records, and validation was carried out using a comprehensive set of
intensity and frequency-based ground motion metrics. These included waveform similarity,
Arias duration, energy duration, Arias intensity, energy integral, peak ground acceleration
(PGA), peak ground velocity (PGV), peak ground displacement (PGD), response spectra,
and Fourier amplitude spectra, following the quantitative fit scoring methodology based
on synthetic-to-observed motion comparison metrics proposed by Anderson (Earthquake
Engineering Research Institute, 2004). Strong-motion recordings were largely consistent
with the simulations, with intensity-based fit scores predominantly in the 6—8 range and
coherent response spectrum residuals in the 1-10 s period band, demonstrating the reli-
ability of the results up to 1.0 Hz for long-period ground-motion assessment and for re-
solving contributions from both shallow and deep structural features. The study highlights
the critical importance of capturing irregular wave propagation patterns shaped by regional
stratigraphy and sedimentary basin configurations. Overall, the research provides essential
methodological and modeling infrastructure to improve seismic hazard assessment and
support resilient infrastructure planning.
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1 Introduction

On February 6, 2023, a devastating sequence of earthquakes struck southeastern Turkiye
near the Syrian border, beginning with two major events with moment magnitudes of Mw
7.7 and Mw 7.6 as reported by the Disaster and Emergency Management Authority of Tur-
kiye (AFAD), the principal governmental agency responsible for national seismic monitor-
ing. The United States Geological Survey (USGS) reported these events as Mw 7.8 and
Mw 7.5, respectively, while the Kandilli Observatory and Earthquake Research Institute
(KOERI) provided magnitude estimates of Mw 7.8 for the 04:17 local time (UTC+3) event
and Mw 7.6 for the 13:24 event. These earthquakes occurred near the complex tectonic
junction of the Anatolian, African, and Arabian plates, a region characterized by high seis-
mic hazard due to active plate interactions (Duman et al. 2018). This unprecedented inland
earthquake sequence, involving ruptures along segments of the East Anatolian Fault Zone
(EAFZ) and the Dead Sea Fault Zone (DSFZ), was followed by an intense aftershock activ-
ity, significantly impacting a vast area. The most severe impacts were observed in densely
populated cities such as Kahramanmarag, Hatay, and Gaziantep, where basin structures and
local site conditions are related to have contributed to the observed amplification of ground
motions and the resulting damage. A thorough understanding of the physical parameters
governing the spatial variability of ground motion, including seismic source characteristics,
wave-propagation effects, and local site responses shaped by geological and geotechnical
conditions, is crucial for accurately assessing structural damage in urban regions. Insights
into these parameters are largely derived from systematic analyses of strong-motion datasets
acquired in regions with dense seismic instrumentation and a history of major earthquake
activity. Findings derived from these analyses directly facilitate the identification of ground
motion amplification processes and their spatial correlation with documented damage pat-
terns, consequently enhancing the development of advanced seismic design methodologies
and resilience-oriented infrastructure planning (AFAD 2023).

However, the scale and complexity of the February 6, 2023 earthquake sequence pre-
sented significant challenges regarding the availability and quality of strong-motion record-
ings across the affected region. The scarcity of reliable near-fault ground motion recordings,
particularly for the mainshocks, limits the ability to fully characterize the source rupture
processes and near-field wave propagation effects. Even available waveform data from net-
works such as the Turkiye Earthquake Data Center System (TDVMS; https://tdvms.afad.g
ov.tr/) often required careful screening due to issues such as noise contamination, ambigu-
ous signal onsets, early termination, delayed triggering, instrument malfunctions, or severe
near-fault phenomena like clipping and large baseline offsets, leaving a limited number of
usable records near the primary rupture zones (Buckreis et al. 2024a, b). These deficien-
cies underscore the difficulties in relying solely on observational data for a comprehensive
ground motion analysis.

To bridge this data gap and enhance our understanding, physics-based numerical simula-
tions of seismic wave propagation offer a powerful alternative. By solving the elastodynamic
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wave equation in heterogeneous media, these simulations can generate spatially complete,
source-consistent ground motion time histories, providing critical insights for engineering
applications and regional seismic hazard assessments (Graves and Pitarka 2015; Paolucci et
al. 2021; McCallen et al. 2021). The fidelity of such simulations, however, is fundamentally
dependent on the accuracy of the 3D subsurface velocity model representing the geological
structure, including features like sedimentary basins known to significantly amplify seismic
waves (Semblat et al. 2005; Makra and Chavez-Garcia 2016).

Research into site effects and wave propagation in layered media has evolved signifi-
cantly. Early studies utilized analytical or semi-analytical methods (Aki and Larner 1970),
followed by the application of numerical techniques like finite differences and finite ele-
ments to explore wave phenomena in laterally varying structures (Smith 1975; Bard and
Bouchon 1980; King and Tucker 1984; Kawase 1996). Numerous studies have focused on
specific aspects, such as propagation through deep sedimentary layers (Yamanaka 1989),
the influence of bedrock topography (Papageorgiou and Kim 1991), basin response (Zhang
and Papageorgiou 1996), and amplification by shallow structure features (Graves 1998).
While empirical adjustments to ground motion prediction equations can partially account
for site effects (Somerville and Graves 2003), recent advancements in 3D numerical model-
ing, significantly boosted by the increasing power of high-performance computing enable
more rigorous, physics-based site-specific and regional simulations (Khanbabazadeh et al.
2013; Chavez-Garcia et al. 2018; Moczo et al. 2018; Zhu et al. 2018; Ozaslan et al. 2020;
Khanbabazadeh et al. 2022; Ozaslan et al. 2022). These advancements now make regional
3D simulations up to frequencies relevant for engineering (~1 Hz or higher) computation-
ally feasible.

Understanding and accurately predicting ground motion characteristics in irregular geo-
logical settings is paramount for seismic hazard assessment and risk mitigation strategies
(Graves et al. 1998; Pitarka 1999). The development and refinement of regional models is
crucial not only for minimizing epistemic uncertainties in physics-based simulations but
also for advancing the scientific understanding of underlying fault mechanics. Despite this
progress and various geophysical investigations in southern Turkiye, a validated, high-
resolution 3D velocity model encompassing the extended Kahramanmarag-Hatay region
suitable for simulating ground motions up to engineering frequencies has been unavail-
able. Furthermore, although physics-based ground-motion simulations have been widely
explored by international research groups, their implementation within Turkiye has been
concentrated primarily in the Istanbul region, and the scarcity of integrated subsurface and
site-specific data in most other areas continues to limit the broader adoption of validated
3D physics-based simulations for seismic hazard assessment. Responding to this critical
need, particularly highlighted by the 2023 events, this study contributes by developing and
rigorously evaluating the first regional 3D velocity model designed for the southeastern Tur-
kiye region. Recognizing the complexities involved in accurately characterizing the seismic
source of large earthquakes (e.g., Miyake et al. 2003; Yamada and Iwata 2005; Irikura and
Miyake 2011; Taborda and Bielak 2011; Petersson and Sjogreen 2012; Zhang et al. 2019;
Petrone et al. 2021; Pitarka et al. 2021), a necessary first step is the validation of the struc-
tural (velocity) model itself. Simulating a smaller-magnitude event, such as an aftershock,
with a well-constrained, simpler source representation (like a point double-couple) allows
for a focused evaluation of the path effects introduced by the 3D velocity structure, mini-
mizing uncertainties related to inherently uncertain source processes.
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To support improved seismic hazard characterization in the aftermath of the 2023 earth-
quake sequence, this study presents the development and performance evaluation of a 3D
regional velocity model for southeastern Turkiye. The model incorporates both shallow sed-
imentary layers and deeper crustal structures that extend to the Moho, approximately 30 km
in depth. Ground motion simulations were conducted for two moderate-magnitude earth-
quakes, specifically the Mw 4.5 aftershock near Nurdag: (Gaziantep) on February 19, 2023
and the Mw 4.5 foreshock near Pazarcik (Kahramanmaras) on October 20, 2022. These
simulations applied a point-source double-couple approximation and produced synthetic
waveforms up to 1 Hz. The results were evaluated through detailed comparisons between
synthetic seismograms and observations from the Turkish National Strong Motion Net-
work. The assessment included waveform correlation, amplitude-based parameters such as
Arias intensity and peak ground motions, frequency-domain measures involving spectral
accelerations and Fourier amplitude spectra, and timing metrics represented by energy and
significant duration. These comparative analyses yielded composite scores in accordance
with established quantitative methodologies proposed by Anderson (2004). The results of
the quantitative scoring assessment indicate that the simulated ground motions are reliable,
and that the proposed velocity model provides a scientifically sound basis for future broad-
band simulations and scenario-based seismic hazard modeling. These outcomes enhance
the regional understanding of ground motion characteristics and support the development of
earthquake-resilient design strategies across southern Turkiye.

2 Physics-based 3D earthquake simulations

Performing 3D physics-based ground motion simulations, particularly at the higher frequen-
cies relevant for engineering assessment, presents significant computational challenges. The
computational effort required for simulating 3D wave propagation scales approximately
with the fourth power of the maximum frequency resolved (f,,,.*). Consequently, achiev-
ing a 1 Hz resolution demands a sufficiently fine computational mesh, especially in regions
with low seismic velocities (Vg,,;;7=800 m/s), leading to substantial computational cost
and necessitating efficient numerical methods and High-Performance Computing (HPC)
resources (Smerzini et al. 2023; McCallen et al. 2024).

This computational intensity underscores the importance of optimizing both the numeri-
cal framework and the characterization of earthquake sources. In parallel with these numeri-
cal developments, significant progress has been made in modeling seismic slip distributions
on faults, typically through kinematic source models constrained by long-period seismic
observations, such as strong-motion velocity or displacement records and teleseismic data.
At such periods, ground motion behavior tends to be predominantly deterministic, allow-
ing relatively simplified representations of source and crustal structure to reproduce wave-
form characteristics with reasonable accuracy. In contrast, modeling high-frequency strong
ground motion remains substantially more challenging. These motions exhibit considerable
randomness due to their sensitivity to fine-scale heterogeneities and the material anisotropy
of near-surface layers. As a result, they are predominantly stochastic in nature, and their
detailed waveforms generally remain beyond the reach of accurate simulation. For this rea-
son, simulations conducted up to 1 Hz, where epistemic uncertainties are relatively lower,

@ Springer



Bulletin of Earthquake Engineering (2026) 24:1905-1930 1909

provide more reliable and consistent results within the modeled frequency range (Somer-
ville et al. 1999).

In this study, we employed the Finite Difference Method (FDM) using a staggered-grid
velocity—stress formulation as implemented in the FD3D code, originally demonstrated by
Graves (1996) to be numerically stable, accurate, and consistent through comparisons with
frequency—wavenumber solutions, and further developed and used in current simulation
research by Yamada and Iwata (2005) at the Tokyo Institute of Technology. This explicit
scheme solves the elastodynamic wave equation through time stepping. Simulations were
carried out within a three-dimensional computational domain measuring 80 km x 80 km
horizontally and extending to a depth of 30 km. To suppress artificial wave reflections at
the model boundaries, absorbing boundary conditions were applied along the lateral sides
and the bottom of the domain, while a free-surface condition was assigned at the top, ensur-
ing physically realistic outward propagation of seismic waves. The model space was dis-
cretized using a uniform grid with a spatial resolution of A x = Ay = A z = 200 m. This
grid spacing ensures accurate simulation of wave propagation up to the target frequency
of 1 Hz by maintaining approximately five grid points per minimum S-wave wavelength
(A min = VSmin/fmax > 4A x) within the lowest velocity zones of the model. The total
duration of each simulation was set to 100 s, and the time step was assigned according to the

6A x
7V3 Vs
ment relative to the spatial grid spacing and the local shear-wave velocity. This criterion
represents the stability limit for three-dimensional staggered-grid elastodynamic formula-
tions (Graves 1996; Yamada and Iwata 2005).

numerical stability condition (A t < ), which constrains the allowable time incre-

2.1 Development of the 3D regional velocity model of Kahramanmaras

As part of efforts to improve regional seismic modeling, 3D regional velocity model was
developed for the source region of the February 6, 2023, Kahramanmaras earthquake to
accurately capture seismic wave propagation within a geologically and geotechnically
heterogeneous environment. The model domain extends over an area measuring 80 km
by 80 km, covering the Kahramanmaras Basin as well as nearby urban centers including
Gaziantep, Tiirkoglu, Nurdagi, and Pazarcik. Shear-wave velocity (V) values across the
regional stations range from 280 to 1220 m/s, indicating variability in near-surface geologi-
cal conditions, and these values were obtained from the AFAD Strong Motion Database and
classified according to the Turkish Building Earthquake Code (TBEC-2018) site classifica-
tion scheme. Stations such as KHMR (1220 m/s) and 2703 (756 m/s) represent rock or very
stiff soil conditions. Intermediate Vs;, values, indicative of stiff soils or weathered rock,
are recorded at stations 4618 (715 m/s), NAR (653 m/s), 2712 (599 m/s), 2709 (555 m/s),
and 2708 (523 m/s). Lower Vs, values, characteristic of soft sedimentary environments,
are observed at stations 4622 (440 m/s), 4615 (485 m/s), 4624 (280 m/s), 4616 (390 m/s),
and 4630 (347 m/s). Figure 1 provides a geographical overview of the February 6, 2023
earthquake sequence, the simulated events, the distribution of strong-motion stations, and
the spatial extent of the Kahramanmaras Basin.

A uniform grid spacing of 200 m was adopted in the finite-difference mesh, which per-
mits the representation of near-surface structures with thicknesses on the order of 200—
600 m. Within this resolution, the spatially averaged shear-wave velocities generally exceed
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Fig. 1 The left map illustrates the epicentral locations of the two mainshocks of the February 6, 2023
earthquake sequence: the Mw 7.8 Pazarcik event (37.226°N, 37.014°E; 01:17:34 UTC) and the Mw 7.5
Elbistan event (38.011°N, 37.196°E; 10:24:48 UTC), both represented by stars. The right map displays
the simulated foreshock and aftershock with Mw 4.5. The extent of the Kahramanmaras Basin is indi-
cated, and AFAD strong-motion recording stations employed in this study are marked with red triangles

800 m/s; consequently, the model incorporates velocities down to this threshold, whereas
very low-velocity sediments (Vs<400 m/s), which critically influence site-specific ampli-
fication, are not explicitly resolved. Such thin soft-sediment layers are inherently difficult
to capture in regional-scale simulations and would require substantially finer grid spac-
ing together with considerably greater computational resources. This limitation restricts to
reproduce site-specific amplification effects in very shallow low-velocity layers, although
it remains appropriate for assessing regional wavefield characteristics and supporting long-
period seismic hazard evaluations. In this framework, shallow structures up to 200 m are
integrated with deeper crustal units extending to 30 km, enabling a physically coherent
representation of long-period wave propagation.

To establish the fundamental layered structure, seismic properties were derived from
previously published crustal models and regional seismic investigations that employed
geophysical methods. The deeper crustal structure, including distinct layer boundaries
and velocity distributions, was constructed using results from surface-wave tomography,
receiver-function analyses, and local earthquake tomography. These methods collectively
provide constraints on large-scale velocity gradients, Moho depth, and crustal zones
beneath southeastern Turkiye. Deep crustal and upper-mantle structures were primarily
constrained using 3-D tomographic inversion of surface-wave data (Maggi and Priestley
2005), receiver-function (RF) analyses on broadband stations interpreted through genetic-
algorithm—based inversion to obtain 1-D shear-wave profiles and Moho depths (Tezel et
al. 2013), and local-earthquake tomography resolving heterogeneous crustal zones along
the East Anatolian Fault Zone (Ozer et al. 2019). The shallow structure was constrained
using microtremor array measurements at strong-motion stations in the region (Ozmen et
al. 2017). These datasets were merged by transforming the depth—velocity information from
1-D RF models, 2-D migrated RF sections, 2-D tomography slices, and 3-D regional crustal
models into a uniform eight-layer parameterization, consistent with the requirements of the
FD3D medium code structure. Depth interfaces obtained from these studies were gener-
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Fig. 2 The segments of the East Anatolian Fault and Narli Fault are shown in red and blue on the map,
while earthquake sources and strong-motion stations are indicated by stars and triangles, respectively. The
central section illustrates two-dimensional geological profiles, showing the shallow subsurface layering
in the upper image and deeper crustal structure down to the Moho depth in the lower image. These profiles
are derived from the 3D regional velocity model covering the urban areas of Kahramanmaras, Gaziantep,
Nurdagi, Pazarcik, and Tiirkoglu. On the right, Vs—Vp profiles are shown for station 4617, which is lo-
cated near the city center of Kahramanmaras

Table 1 Structural model param-  Tayerno H(km) p(kg/m®) Vp(km/s) Vs(km/s) Q
eters for the Kahramanmaras re-

. 1 0~0.2 1950 1.36 0.80 28
gion. Layer numbers correspond
to the cross-sections presented in 2 0.4~0.8 2150 2.04 1.20 49
Fig. 2. Thicknesses vary spatially 3 0.6~2.4 2300 2.72 1.60 71
within the three-dimensional 4 12~2.6 2500 3.65 2.15 106
model 5 3.2~54 2600 4.60 2.70 143
6 4.0~52 2680 5.10 3.00 165
Q values follow the formulation 7 6.0~9.0 2720 6.00 3.53 205
8 7~12.0 2900 6.80 3.99 241

of Campbell (2009)

ated by applying pointwise linear interpolation between these depth—velocity control points
across the entire finite-difference grid in both horizontal directions to generate continuous
layer boundaries across the model domain. The interpolated horizons were mapped onto a
uniform eight-layer structure, and each grid cell in the finite-difference mesh was assigned a
material block code according to its depth. The resulting 3D model comprises eight primary
layers that capture lateral and vertical variations in seismic properties. P-wave velocities
(Vp) and densities were taken from these studies, and corresponding S-wave velocities (Vs)
were computed assuming a regional Vp/Vs ratio of 1.7 (Zor et al. 2003; Medved et al. 2021).
In addition, Fig. 2 provides a visual representation of the layer configuration together with
the depth intervals of each stratigraphic unit. The detailed parameterization, including the
spatial distribution and variability of Vp, Vs, density (p), and quality factor (Q), is also sum-
marized in Table 1.

Seismic attenuation was modeled by assigning quality factors using an empirical rela-
tionship defined as Q = 0.00382 V's'333 (Campbell 2009), which reflects typical attenu-
ation behavior observed in comparable geological materials. This formulation enables
realistic simulation of wave energy loss during propagation, thereby ensuring that the model
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adequately captures the mechanical and anelastic behavior of both shallow sedimentary
sequences and deeper crustal structures throughout the region.

2.2 Source characterization of the target earthquakes

Recent advancements in broadband ground motion simulation methods, such as those by
Graves (1996), the Irikura and Miyake (2011) recipe, and Graves and Pitarka (2016), under-
score the importance of realistic, physics-based kinematic rupture models for capturing
faulting characteristics in large earthquakes. Although broadband simulations theoretically
target frequencies from 0.1 Hz up to 10 Hz, practical implementations have only reached this
upper limit within the last half-decade, primarily through state-of-the-art exascale comput-
ing efforts (McCallen et al. 2024). These approaches employ hybrid schemes that combine
deterministic rupture asperity modeling with stochastic Green’s functions to better resolve
high-frequency content. The continued refinement of such methods, particularly through
empirical relations of rupture parameters, has significantly enhanced their applicability to
various earthquake scenarios, especially those involving intricate source characteristics.
The selection of an appropriate earthquake source model for ground motion simulation is
critical and is governed by the specific objectives of the study, the characteristics of the
earthquake’s focal mechanism, and the irregularity of the regional crustal velocity structure.
The accuracy of the simulation depends on how well these factors are represented, as they
significantly influence the propagation and amplitude of seismic waves (Zeng and Ander-
son 1996). Additionally, due to the inherent uncertainties of modeling nonlinear seismic
response, which result from post-elastic deformation induced by high-energy excitations,
and the challenges associated with defining finite fault models for such events, significant
discrepancies often arise between recorded ground motions and simulation results. These
factors present considerable obstacles to accurately incorporating nonlinear effects into the
validation process of elastodynamic numerical methods. As further emphasized by Biz-
zarri (2014), achieving full physical realism is challenging, since it requires accounting for
all geometrical features of the fault, spatial heterogeneities, stress drop distribution, and
the dynamic forces acting along the rupture interface. However, applying these advanced
models often requires comprehensive knowledge of the fault geometry and rupture process,
which may not be readily available, particularly in the early stages of simulation-based stud-
ies in a given region.

In this context, the use of a point double-couple source not only ensures computational
efficiency but also permits for the assumption of a constant slip rise time, a key parameter
that defines the slip duration at a point on the fault surface and strongly affects the high-
frequency content of radiated ground motion. Although direct observation of slip rise time
is typically not feasible, it can be estimated through deterministic modeling that is calibrated
against recorded ground motions. In rupture modeling practices, some approaches assume
a constant slip rise time across the entire fault plane, while others incorporate spatial vari-
ability to reflect more realistic rupture dynamics. However, the ability to constrain spatial
variations in slip rise time is significantly limited by the distribution, density, and azimuthal
coverage of seismic recording stations. In this study, a simplified double-couple point-
source representation was employed, for which a constant rise time is commonly assumed.
Accordingly, a slip rise time of 1.0 s was adopted for both events based on empirical scal-
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ing relationships and parameters widely used in ground-motion simulations for moderate-
magnitude earthquakes (Graves 1998; Graves and Pitarka 2016).

Furthermore, the selection of the Mw 4.5 aftershock was guided by the relative quality
and availability of seismic recordings compared to other events in the 2023 Turkiye earth-
quake sequence. According to recent assessments (e.g., Buckreis et al. 2024a, b), many
recordings from the mainshocks (Mw 7.8 and Mw 7.5) were affected by issues such as
early termination (likely due to power failures), signal clipping, instrument saturation, and
baseline correction problems. In contrast, the recordings from the selected aftershock exhib-
ited fewer data quality issues, with greater spatial coverage, and provided more consistent
broadband and accelerometer records. This enabled the assessment of ground motion simu-
lations through the availability of high-quality observational data for model evaluation. In
addition to the aftershock, the nearest recorded foreshock prior to the main rupture was also
selected for comparison, enabling evaluation of the simulation framework under different
rupture scenarios and ensuring temporal coverage of the sequence’s seismic evolution.

For these reasons, initial modeling efforts in a newly studied regions commonly focus
on small- to moderate-magnitude events using simplified source representations, such as
point double-couple models. This approach provides an efficient and sufficiently accurate
means of evaluating the simulation framework, while also isolating the effects of individual
modeling components. In line with this strategy, moderate-magnitude earthquakes (Mw 4.5)
were intentionally selected in this study to minimize the effects of rupture characteristics
and nonlinear soil behavior. The source was modeled using a point double-couple represen-
tation derived from moment tensor solutions, providing a reliable means of capturing fault
slip and stress release. Given the moderate magnitude and reduced source-related epistemic
uncertainty of the selected events, a balance between physical realism and computational
efficiency was achieved in the source characterization.

The moment tensor solutions for the selected Mw 4.5 earthquakes were obtained from
the Turkish Disaster and Emergency Management Authority (AFAD) database: the Nurdag:
(Gaziantep) earthquake on February 19, 2023, at 04:07:40 UTC+3 local time (AFAD
Event ID 16913) and the Pazarcik (Kahramanmaras) earthquake on October 20, 2022 at
11:34:59, UTC+3 (AFAD Event ID 14346). The foreshock (Mw 4.5) was located at a focal
depth of 5.0 km with a source mechanism of strike=180°, dip=35°, and rake = —123°,
whereas the aftershock (Mw 4.5) occurred at a depth of 8.3 km with a mechanism defined
by strike=316°, dip==83°, and rake = —148°. The seismic moment values were computed
following the empirical relationships provided by Irikura and Miyake (2011), based on the
assigned moment magnitude of Mw 4.5 for both events. The rupture velocity adopted in this
study falls within the commonly accepted range of 0.7Vs to 0.9Vs reported for crustal earth-
quakes (Mendoza and Hartzell 1989; Pitarka et al. 2020). Accordingly, a value of 0.85Vs
was selected, consistent with standard kinematic rupture modeling practice (https://tadas.af
ad.gov.tr/event-detail/16913, and 14346).
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3 Ground motion simulation results and quantitative validation
analysis

3.1 Wave propogation on the regional model

An analysis of the simulated wavefield across the regional three-dimensional velocity
model was conducted to examine the attenuation characteristics of seismic wave behavior,
with particular attention to the temporal and spatial distribution of energy radiated from
the source. The snapshots in Fig. 3 provide visual insight into the progression of seismic
wavefronts generated by the Mw 4.5 aftershock, offering a qualitative understanding of
wave behavior across the regional 3D structure. These time frames (5, 9, 12, 15, 18, and
21 s post-origin time) allow for a qualitative assessment of how the seismic energy radiates
outward from the source and interacts with the layered subsurface conditions of southeast-
ern Turkiye.

Early frames (5-9 s) highlight concentrated wave energy near the epicenter, with coher-
ent circular fronts indicative of initial body-wave propagation. As time progresses (1221 s),
wavefronts expand radially, interacting with the structural heterogeneities of the basin.
Observable wavefront distortion and amplitude variations become evident, particularly
toward the north and east, indicating the influence of basin effects and lateral heterogeneities
in the velocity model. The clear amplification and prolonged duration of waveforms as the
fronts traverse the Kahramanmarag basin and surrounding regions reflect both sedimentary
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Fig. 3 Snapshots of horizontal (N-S) wave propagation generated by the Nurdag: (Gaziantep) Mw 4.5
aftershock on 19 February 2023 at 04:07:40 local time UTC+3, displayed at 5,9, 125, 155, 18 s, and
21 s from top to bottom. The unfiltered waveforms qualitatively depict the spatiotemporal distribution of
seismic energy throughout the region
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layering and crustal structure-induced scattering. The differential arrival times and interfer-
ence patterns visible at stations such as 4616, 4624, and 2703 imply localized variations in
wave speed and impedance contrasts.

Figure 4 presents the same sequence of six snapshots that depict the spatiotemporal evo-
Iution of the unfiltered horizontal (North—South) component of seismic wave propagation
generated by the Mw 4.5 foreshock near Pazarcik. At approximately 3 s after rupture initia-
tion, the seismic energy becomes visible at the surface near the epicenter, around stations
NAR and 4615. Distinct circular wavefronts are evident and continue to expand radially
with time. By 9 to 12 s, the wavefront reaches the central parts of the Kahramanmaras basin,
including stations 4616, 4617, 4618, and 4619. The temporal alignment of the wavefronts
with known station locations provides a qualitative match with theoretical arrival times,
supporting the validity of the propagation dynamics modeled. Between 15 and 21 s, the
wavefield extends to broader regions, including southern stations such as 2703 (Gaziantep)
and 2712. Compared to the Nurdagi aftershock shown in Fig. 3, the wave propagation in this
event appears more distorted and spatially irregular, likely due to differences in the source
mechanism, focal depth, or local geological conditions.

As the distance from the source increases, the wavefront begins to exhibit notable
changes. First, there is a progressive reduction in amplitude, evident from the weakening
waveform coloration, consistent with attenuation effects due to geometric spreading and
intrinsic energy loss. Second, the shape of the wavefront becomes increasingly asymmetric,
reflecting interactions with lateral variations in crustal structure, sublayer gradients, and
potential basin-edge effect (Ozaslan et al. 2022). Furthermore, complex wave interference
becomes visible in the form of scattered energy and emerging codas behind the main wave-
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Fig. 4 Snapshots of horizontal (N-S) wave propagation generated by the Pazarcik (Kahramanmarag) Mw
4.5 foreshock on 20 October 2022 at 11:34:59 local time UTC+3
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front. These features suggest significant scattering and reflection within the heterogeneous
crust, particularly at basin boundaries and stratigraphic transitions.

When considered together, Figs. 3 and 4 demonstrate the regional wave propagation char-
acteristics for two moderate-magnitude events associated with the 2023 Kahramanmarag
earthquake sequence. The Nurdag: aftershock (Fig. 3) exhibits relatively symmetric and
radially expanding wavefronts, with smoother energy distribution across the region. In con-
trast, the Pazarcik foreshock (Fig. 4) reveals more variable propagation patterns, including
localized amplification and apparent directional focusing, especially in areas characterized
by significant subsurface structure variability and sedimentary basins. These differences
underscore the influence of both source properties and three-dimensional crustal structure
on seismic wave behavior. Together, the figures validate the model’s ability to capture real-
istic wavefield dynamics and highlight the critical role of regional heterogeneities in shap-
ing ground motion characteristics across southeastern Turkiye.

Figures 5 and 6 provide a comprehensive evaluation of observed versus simulated ground
velocity time histories, filtered within the 1-10 s period band. In Fig. 5, which corresponds
to the Nurdag1 Mw 4.5 aftershock, waveform comparisons are displayed for 13 stations
across the region. Simulated traces are shown in red (N-S), blue (E-W), and green (verti-
cal), while observed records are plotted in black. PGV values in cm/s are reported above
each synthetic trace, allowing both visual and quantitative assessment of the waveform
correspondence.

In Fig. 5, the synthetic time histories exhibit component-dependent discrepancies across
the stations located within the Kahramanmaras Basin. At stations 4618, 4619, 4622, and
4624, the simulated N—S components produce larger amplitudes than the observed motions.
On the other hand, at stations situated closer to the source region near Tiirkoglu and Narls,
including 4615, 4616, NAR, and 4630, the amplitudes of the vertical (U-D) components
are overestimated. These discrepancies are likely influenced by near-source path effects,
local subsurface heterogeneities, the simplified Q-model and vertical impedance contrasts,
all of which can modify long-period energy partitioning and contribute to elevated vertical
amplitudes in the simulations. Importantly, the timing of the primary arrivals and the char-
acteristics of the later phases show notable similarities with the observed records.

In the southern part of the region, station 2712 exhibits consistent agreement across three
components in terms of waveform characteristics and peak amplitude, whereas stations
2708, 2709, and 2703 (Gaziantep) show observed amplitudes that exceed the simulated
values. Despite these amplitude differences, the timing of the arrivals remains broadly con-
sistent across most stations, reflecting wave-propagation patterns that are coherent with the
structure of the regional velocity model. Given the scale of the regional model, a certain
amount of mismatch is expected due to necessary simplifications in shear-wave velocity
distributions, attenuation properties and stratigraphic layering, and near-surface conditions
beneath individual stations.

Figure 6 provides a station-by-station comparison of synthetic and observed ground
velocity time histories for the Mw 4.5 foreshock that occurred near Pazarcik on October 20,
2022. Compared to the simulated aftershock results, the waveform matches in Fig. 6 shows
greater variability. Several stations exhibit larger mismatches in amplitude, particularly in
the vertical component. For instance, at station 4624, the simulated vertical trace signifi-
cantly underestimates the observed amplitude. Similar underrepresentation in the vertical
components is observed at stations 2708 and 2712.
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Fig. 5 Comparison of observed and simulated ground velocity time histories for the Nurdag: aftershock.
Waveforms are band-pass filtered (1-10 s) and plotted with a uniform amplitude scale. Synthetic motions
(red: N=S, blue: E-W, green: vertical) and observed motions (black) are shown. Peak velocities (cm/s) are

indicated above each trace, and station locations are shown on the map
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Fig. 6 Comparison of observed and simulated ground velocity time histories for the Pazarcik foreshock.
Waveforms are band-pass filtered (1-10 s) and plotted with a uniform amplitude scale. Synthetic motions
(red: N=S, blue: E-W, green: vertical) and observed motions (black) are shown. Peak velocities (cm/s) are
indicated above each trace, and station locations are shown on the map
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To further interpret the spatial variability in waveform agreement, a comparative analy-
sis between the northwestern stations and the southeastern station 2703 was conducted.
Analysis of the stations located northwest of the source (4617, 4618, 4619, 4622, and 4624)
in comparison with the southeastern station 2703 indicates that the amplitude distribution
observed in Fig. 6 is influenced by both epicentral distance and regional subsurface structure.
Although stations 4617, 4618, and 2703 are situated at comparable epicentral distances of
approximately 38 km, 37 km, and 40 km, respectively, the expected reduction in amplitude
at station 2703 is evident in the observed records. For most of the northwestern stations, this
distance—amplitude relationship is preserved; however, the observed three components at
station 4618 and the E-W component at station 4617 deviate from the expected pattern. The
simulation results reproduce this behavior only partially: the amplitude contrast between
the northwestern stations and 2703 appears clearly in the E-W components, while the N—S
components show this pattern only at station 4622. This component-dependent inconsis-
tency suggests that long-period radiation characteristics are sensitive to subtle variations
in the source geometry. Even modest changes in strike, rake, or dip can alter azimuthal
energy distribution, which helps explain why the expected amplitude alignment—consis-
tent with a NW—SE or NE-SW oriented fault plane—is distinct in the E-W components
but less pronounced in the N—S directions. In addition, the structurally complex geological
setting, particularly the deep and low-rigidity sedimentary layers (Vs=~800 m/s) underly-
ing the Kahramanmarag Basin and the Gaziantep region, introduces spatial heterogeneity
that modifies long-period wave propagation and contributes to variations in peak ground
velocities beyond those predicted solely by epicentral distance. These combined source- and
structure-related effects account for the amplitude variability and component-dependent dis-
crepancies observed across stations with similar epicentral distances in Fig. 6.

The comparative evaluations of Figs. 5 and 6, which present observed and simulated
ground velocity time histories for the Nurdagi aftershock and the Pazarcik foreshock, quali-
tatively examine the performance of the regional velocity model in capturing long-period
ground motion characteristics across southeastern Turkiye. In both the aftershock and fore-
shock simulations, the comparison between observed and synthetic ground motions reveals
component-dependent similarities as well as notable discrepancies in their long-period char-
acteristics. These differences reflect the combined influence of source specifications and
the limitations inherent in representing shallow velocity structures within a regional-scale
model. Overall, the comparative evaluation of the two events demonstrates that although
several features of long-period wave propagation are approximated, finer- scale near-sur-
face structural conditions remain more difficult to reproduce accurately.

As a result, achieving uniformly high agreement across all components and stations is
generally attainable only in models constructed with very high spatial resolution and sup-
ported by extensive field investigations, both of which require substantial financial and
computational resources. Such levels of detail are becoming increasingly feasible as high-
performance computing technologies advance and as larger budgets are allocated to dense
geophysical surveys and site-specific characterization efforts. For this reason, the primary
objective in regional-scale modeling is to construct computationally feasible frameworks
based on geological and geophysical assumptions that can reliably predict long-period
ground motions with a quantitatively acceptable level of accuracy. In line with this objec-
tive, the following section employs ground-motion similarity proxies to quantitatively eval-
uate the performance of the regional velocity model and to assess its ability to reproduce
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long-period seismic wavefields. To further assess the applicability of the simulated ground
motions in engineering analyses, particularly in seismic demand estimation, performance-
based structural design, and seismic hazard studies, a comprehensive quantitative evaluation
is required. As presented in the following section, this evaluation quantifies key parameters
such as energy content, peak amplitudes, and signal durations in both the frequency and
time domains.

3.2 Quantitative proxies for evaluating synthetic ground motions

In recent decades, the validation of synthetic strong ground motions has emerged as a fun-
damental objective in simulation-based earthquake research. While large-scale numerical
models have enabled increasingly realistic representations of seismic wave propagation,
they often exclude shallow subsurface stratigraphy due to the substantial computational cost
associated with detailed 3D simulations. This limitation can compromise the predictive reli-
ability of ground motion outputs. Importantly, the practical applicability of synthetic records
in engineering analyses depends on the outcomes of comprehensive and multi-parameter
quantitative evaluations. Effective validation, therefore, requires systematic, event-specific
comparisons across a representative set of strong-motion stations. However, interpreting
these comparisons is frequently complicated by the combined effects of source-related com-
plexity, lateral crustal heterogeneities, and nonlinear site response. These interacting factors
can obscure the distinct contribution of the velocity model to the simulated wavefield, high-
lighting the necessity for targeted evaluation approaches that isolate and quantify its role
within the broader modeling framework.

The proposed goodness-of-fit evaluation builds upon the methodology introduced by
Anderson (2004) and subsequently implemented by Tsuno et al. (2023), enabling quantita-
tive assessment of both physical and signal-based characteristics of seismic ground motions.
This approach is particularly well-suited for assessing the fidelity of synthetic seismograms
relative to observed data. The evaluation employs a suite of intensity and frequency-based
ground motion metrics, including Arias duration, energy duration, Arias intensity, energy
integral, peak ground acceleration (PGA), peak ground velocity (PGV), peak ground dis-
placement (PGD), response spectra (with 5% damping), Fourier amplitude spectra, and
averaged scores, labeled as C1~C9 and C,yg. An average fit score is derived from nine
individual quality measures. These metrics are defined by Eq. (1) through (10) and their
corresponding mathematical definitions are summarized as follows.

SDa =101 — maz (F™ (t))|, where FTA(t) = N4 (t) - NJA (1), NTA@1)=20 (1)

SDe =101 —maz (FF ()|,  where F¥(t)=|NF ()~ NF (1), N'F@) =20 (2)

In both metrics (C1 and C2), I (t) and Ig (t) denote the cumulative Arias intensity and
cumulative energy, respectively, up to time t, while IA and IE are the total Arias intensity
and energy over the entire duration of the record. The normalized cumulative functions
NIA(t) and N'F (t) describe the accumulation of energy or intensity as a function of
time. The differences F74 (t) and F'F (t) represent the absolute deviations between the
normalized observed and simulated records. The maximum of these differences across time
quantifies the greatest mismatch in temporal evolution. Subtracting this maximum value
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from 1 and scaling by 10 transforms it into a similarity score ranging from 0 (poor match) to
10 (perfect match). These duration-based metrics effectively capture how well the simula-
tions reproduce the temporal energy accumulation of real ground motions, which is critical
for characterizing shaking duration and cumulative damage potential.

Sla= S(IAy, IAy), where TA; = Ini(Ta), Iai(t) = % [ ga? (t) dt 3)
SIv= S(IEy, 1Es), where 1E; = Ip; (Ta), Ipi(t) = [ (v? (t)dt 4

Where a;,), v;4), d;q): acceleration, velocity, and displacement time histories for record i,
defined over 0<t<T,, where T, is the total duration of the motions. I4; (t) and Ig; (t) are
Arias intensity (C3) and energy integral (C4), respectively.

Spga =S (Ala AQ) s )
Spgv= 5 (V1, V2), (6)

Where A; = max|a; (t)|, Vi = max |v; (t)|, and D; = maz|d; (t)|, represent the peak
ground acceleration, peak ground velocity, and peak ground displacement, respectively, of
the i,;, component, derived from either recorded or simulated time histories, and used in
metrics C5, C6, and C7.

Ssa = mean[S (SA:1 (f;), SA2(f;))], ®)
Sfs= mean[S (FS1(f;), FS2(f;))] )

Where SA; (f;), FS(f;): spectral acceleration and Fourier amplitude spectrum of the i
accelerogram at frequency f, used in metrics C8 and C9.

Among the employed proxies, a general similarity function is used to quantitatively
assess the agreement between observed and simulated values across various ground motion
parameters. This function is defined as follow:

2
S (p1,p2) = 10eap ((mp(”)) ) (10)

Where p; and p, represent the observed and simulated values of a given parameter. The func-
tion returns a score ranging from 0 to 10, with higher values indicating stronger agreement.

All comparisons are based on records that have been band-pass filtered between 0.1 Hz
and 1 Hz to ensure consistency in frequency content and to minimize low-frequency drift
and high-frequency noise. Each metric is scored on a scale from 0 to 10, and the overall fit
score is computed as the average of the individual metric scores. An overall score below 4
indicates poor agreement, values between 4 and 6 denote fair agreement, scores between 6
and 8 represent good agreement, and scores above 8 reflect excellent fit.
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Figures 7 and 8 present the distribution of similarity scores for the Nurdag1 (Gazian-
tep) Mw 4.5 aftershock and the Pazarcik (Kahramanmaras) Mw 4.5 foreshock simulations,
respectively. For each strong-motion station, nine individual goodness-of-fit metrics (C1—
C9) were computed across three motion components: East—West (blue squares), North—
South (red triangles), and vertical (green circles). This component- specific representation
facilitates the assessment of directional variability in the agreement between simulated and
observed waveforms. The average of the nine similarity scores is illustrated by a bar graph
placed at the beginning of each station’s row, providing a concise summary of the overall
model performance at each location. This comparative analysis enables a systematic evalu-
ation of the model’s ability to reproduce observed ground motions across different stations
and motion directions.

Horizontal components (red and blue traces) tend to yield higher and more consistent
scores than the vertical component (green), particularly at stations 4616, NAR, 2708, and
2709. This indicates better waveform agreement in horizontally polarized ground motions,
which may be attributed to the source radiation pattern or basin-related amplification effects.
Stations located closer to the epicenter, such as 2712 and 4630, exhibit a wider variation
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in scores across components and metrics, potentially due to more irregular wave interfer-
ence and near-field effects. In contrast, stations located farther from the epicenter, such
as station 2703 in Gaziantep, exhibit average scores across the three components that are
relatively close to one another. However, the reduced seismic energy reaching these distant
sites, particularly affecting cumulative energy-related metrics such as C3 and C4, results in
overall similarity scores remaining within the range of 4 to 5. Additionally, in Fig. 7, the
low similarity scores across proxies C3—C7 in the N—S components at stations 4618 and
4622 are likely governed by basin-edge effects. Both stations are located near the northern
basin edge of the Kahramanmaras Basin, where the superposition of incident SV and P
waves with waves reflected and refracted at the basin inclined boundary can produce local-
ized amplification. This mechanism is consistent with previous numerical and observational
studies on basin-edge amplification (Ozaslan 2022; Khanbabazadeh et al. 2022). Overall,
the majority of comparisons for the aftershock demonstrate good to moderate agreement
between observed and simulated ground motions, with average similarity scores across all
three components generally falling within the 6 to 9 range.
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Compared to the Nurdagi aftershock (Fig. 7), the Pazarcik foreshock (Fig. 8) demon-
strates greater spatial variability in similarity scores across the region, indicating a wider
range of waveform agreement. Several stations, including 4622, NAR, and 4630, exhibit
substantial misfits across all three components, frequently resulting in considerably lower
scores. Horizontal components (N and E) generally retain moderate to high similarity scores
at many stations, underscoring their relative robustness in simulating seismic energy propa-
gation. With the exception of station 2712, nearly all sites reveal marked inter-component
variation, particularly characterized by reduced vertical component scores (green) in met-
rics C3 to C6. This pattern may be attributed to limitations in vertical site response modeling
arising from localized heterogeneities in the near-surface velocity structure.

In Fig. 8, stations in the Kahramanmarag area record high scores in the horizontal com-
ponents, indicating that wave propagation is accurately represented in this region. Similarly,
station 2708 (Nurdagi) shows strong agreement in the horizontal components, whereas sta-
tion 2712 stands out with notably lower scores. This reduction may be attributed to its tran-
sitional geological setting, located between soft sedimentary layers and more rigid bedrock
formations, which may produce increased variability in wave transmission. In compari-
son with the aftershock case, the lower similarity scores observed in the foreshock simula-
tion, particularly for metrics C2 to C6, may originate from the specific parameters used
in the foreshock source model, including the adopted moment tensor solution and energy
distribution.

Stations such as 2712, 4622, 4630, and NAR exhibit notably low similarity scores dur-
ing the Pazarcik foreshock simulation. Based on the AFAD strong-motion station database,
these sites possess relatively low Vg3, values, typically between 347 m/s and 653 m/s,
consistent with soft to intermediate sedimentary conditions. Their close proximity to the
epicenter, ranging from approximately 10 km to 33 km, places them within the near-field
region, where complex wave interference, rupture directivity, and vertical ground-motion
amplification commonly exert strong influence on long-period waveform characteristics.
While the velocity model used in this study incorporates shallow layers down to 800 m/s,
it does not resolve the full spectrum of the slower near-surface velocities that are essential
for representing site-specific amplification in soft sedimentary environments. This limi-
tation was initially considered the primary explanation for the poor fit observed at these
stations. However, Fig. 7 (Nurdag: aftershock) shows that the model achieves reasonable
performance at the same locations despite these structural simplifications, indicating that
the reduced similarity in Fig. 8 is more likely attributed to the source characterization of the
foreshock. In addition, several stations were excluded from Fig. 8 because their observa-
tional records contained clipping or incomplete time windows, preventing stable computa-
tion of the quantitative proxies.

This contrast may be attributed to differences in the source characteristics between the
foreshock and aftershock events. In addition, localized velocity heterogeneities and non-
linear site effects, which are not fully captured in the current model, may have interacted
more strongly with the foreshock source. Consequently, the discrepancies observed in the
foreshock case cannot be solely attributed to the exclusion of sub-800 m/s layers; they are
more likely the result of a combination of source complexity, wavefield interference, and
local site conditions.

In general, the validation results of this study indicate that the horizontal ground motion
components tend to be better reproduced, as evidenced by the prevalence of similarity
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Fig. 9 Spectral acceleration residuals of RotD50 for horizontal components comparing observed and
simulated ground motions in two events, graph (a) shows results for the Nurdag: aftershock and (b) for
the Pazarcik foreshock. Logarithmic residuals (In[Obs/Sim]) are plotted across a period range of 1 to 10's.
Solid lines represent the average residuals across all stations, while shaded regions indicate+ 1 standard
deviation and the full residual range

scores exceeding 6. This finding reflects a reasonable level of agreement between observed
and simulated records within the current modeling framework. Further improvements may
be realized by increasing spatial resolution and incorporating a broader range of earthquake
events with varying source characteristics.

4 Discussion

This study provides a significant and novel contribution to regional seismic modeling by
presenting the first application of physics-based ground motion simulations specific to
southeastern Turkiye, focusing on the development and validation of a 3D regional velocity
model constructed in response to the destructive 2023 Kahramanmaras earthquake sequence.
The model incorporates key geological features of the region, including crustal structures
extending to the Moho (~30 km), which strongly influence seismic wave propagation. The
finite-difference modeling framework utilized in this study, selected for its proven numeri-
cal stability and computational efficiency, facilitated the simulation of moderate-magnitude
fore- and aftershocks up to 1 Hz (Pitarka et al. 2004). Validation was conducted through
detailed comparisons between synthetic and recorded ground motions using a suite of quan-
titative metrics. These comparisons consistently demonstrated moderate to good agreement
at most stations.

To further evaluate the results, the RotD50 response spectrum is analyzed, which quanti-
fies the geometric mean spectral acceleration at the orientation representing typical struc-
tural response, averaged over all horizontal directions. This rotationally invariant metric is
widely adopted in seismic engineering due to its robustness and direct relevance to structural
performance. Figure 9 presents a residual analysis between observed and simulated RotD50
spectral accelerations across a broad period range (1-10 s), expressed as the logarithmic
ratio In(Obs/Sim). The mean residual curve demonstrates a near-zero bias, indicating strong
agreement between synthetic and recorded motions, while the + 1 standard deviation bands
and the full min—max envelope confirm that interstation variability remains within accept-
able bounds. Notably, even at periods up to 2 s (T <2 s), where simulation challenges such as
limited resolution and attenuation-related uncertainties typically become more significant,
the residual spread remains limited, underscoring the model’s capability to capture key fre-
quency-dependent characteristics of wave propagation. These results reinforce the conclu-
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sions drawn from waveform and similarity score analyses, affirming the reliability of the 3D
regional velocity model in reproducing the spectral content of long-period ground motions.

While the current simulation bandwidth is limited to 1 Hz due to computational con-
straints, the presented framework establishes a scalable platform for future developments.
Enhancing simulation frequency content to 5 Hz and beyond is crucial for capturing the
higher-frequency demands of mid- to low-rise structures and critical infrastructure. Achiev-
ing this will require implementation on high-performance computing (HPC) systems with
GPU-based acceleration and optimized parallel processing. In addition, extending the model
to incorporate nonlinear site response and detailed velocity structures in urban basins will
improve its ability to predict amplification effects and spatial variability in ground shaking.

As physics-based simulations become increasingly integrated into seismic hazard analy-
sis, explicitly addressing modeling uncertainties has become essential. Significant progress
has been driven by large-scale computational frameworks such as the Southern California
Earthquake Center’s CyberShake platform (Graves et al. 2010) and the exascale EQSIM
workflow (McCallen et al. 2024), which collectively advance fault-to-structure simulation
capabilities through the use of SW4, a fourth-order summation-by-parts finite-difference
code for 3D seismic wavefield modeling (Petersson and Sjogreen 2015). Together, these
developments illustrate how modern high-performance computing platforms enable fully
integrated, multi-scale, physics-based ground-motion simulations.

Research on validating physics-based ground-motion simulations against past earth-
quakes has traditionally focused on their ability to reproduce intensity measures in an aver-
age sense. However, comparing simulations solely with empirical ground-motion models is
insufficient, because the apparent variability in empirical predictions is strongly influenced
by the functional assumptions of those models. Therefore, uncertainties in simulation out-
puts must be evaluated directly against observational strong-motion data to ensure that the
physical variability of the earthquake system is adequately represented (Bradley 2019).

Growing confidence in average predictive performance has motivated recent advances
addressing modeling uncertainties in physics-based simulations. Studies examining vari-
ability in kinematic rupture parameters (e.g., Graves and Pitarka 2016) demonstrate that
uncertainties in magnitude, slip distribution, and stress drop can generate substantial varia-
tions in both long- and short-period motions. As shown in Fig. 9, the relatively low standard
deviations reported at long periods highlight a key advantage of physics-based ground-
motion modeling, the ability to capture large-scale source and crustal features that govern
long-period wave behavior. Continued improvement in source, path, and site characteriza-
tion is expected to extend this improved performance toward shorter vibration periods.

Future research will also benefit from the integration of multiscale modeling strategies,
enabling the coupling of regional wave propagation with localized soil-structure interaction
(SSI) models. This is particularly important for simulating infrastructure response under
reliable ground motions that incorporate basin effects, rupture directivity, and stratigraphic
influences. Such integration will also facilitate scenario-based simulations that account for
source characteristics, thereby enhancing the robustness of seismic hazard assessments.

In summary, this study demonstrates the feasibility and value of physics-based simu-
lations for regional seismic hazard assessment in Turkiye. The proposed methodological
framework, supported by rigorous validation and comprehensive spectral analysis, provides
a robust foundation for future high-resolution, physics-informed modeling. These advance-
ments are expected to contribute to the development of more reliable ground motion pre-
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diction methodologies and the design of earthquake-resilient infrastructure in tectonically
active regions.

5 Conclusion

Although the current study provides a robust framework for long-period ground motion sim-
ulation, critical limitations persist that require continued exploration. The deterministic sim-
ulations are constrained to frequencies up to 1.0 Hz, suitable for evaluating the behavior of
long-period structures and base-isolated systems but insufficient for accurately representing
the seismic demand on mid- and low-rise buildings, which are sensitive to higher-frequency
content. While source-to-structure predictions within this frequency range offer valuable
insight, extending simulations to capture higher frequencies remains challenging due to the
limited resolution of geological and source parameterization. To bridge this gap, stochastic
simulation methods are often employed beyond 1 Hz to account for epistemic uncertainties
and small-scale heterogeneities not explicitly resolved in the deterministic model. Advanc-
ing simulation capabilities toward 5 Hz and beyond will require the integration of nonlin-
ear site response analysis, improved near-surface geotechnical data, and high-performance
computational strategies. Moreover, linking regional wave propagation models with site-
specific soil and structural response models is essential for capturing localized amplification
effects and for supporting performance-based earthquake engineering applications. More-
over, optimizing the simulation framework for next-generation high-performance comput-
ing platforms will enable the efficient execution of large-scale scenario modeling, including
multiple realizations of accurately modeled fault ruptures. These advancements will signifi-
cantly enhance the realism and applicability of ground motion simulations, thereby contrib-
uting not only to the refinement of regional seismic hazard models and the development of
earthquake-resilient infrastructure across Turkiye, but also offering valuable methodologies
applicable to other seismically active regions worldwide.
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