W) Check for updates

EARTHQUAKE
Research Paper SPECTRA

Earthquake Spectra

An analysis of directivity 1w

R . . e Author(s) 2025
pulses using empirical e B
data and dynamic rupture 7 et engont corhomelos
simulations of the 2023 S Sage

Kahramanmaras earthquake
doublet

Ming-Hsuan Yen'-2 , Elif Tiirker"z, Thomas Ulrich3,
Mathilde Marchandon®, Alice-Agnes Gabriel*#, and
Fabrice Cotton'?

Abstract

Near-field earthquake ground motions characterized by strong velocity pulses can
cause extensive damage to buildings and structures. Such pulses were identified
during the Mw 7.8 and Mw 7.5 earthquake doublet of the 2023 Turkey seismic
sequence, potentially contributing to the extensive damage it caused. Therefore, a
better understanding and characterization of pulse properties (e.g. period and
amplitude) and their underlying physical factors are crucial for earthquake-resistant
design. In this study, we characterize the velocity pulses reported in observed
records and synthetic waveforms generated by a three-dimensional (3D) dynamic
rupture simulation of the Mw 7.8 event. We observed significant variability in the
pulse properties of the observed records in near-fault regions, particularly regarding
their orientations. This variability was not fully captured by the dynamic rupture
simulation. Our results indicate that directivity effects are not the only factors
influencing pulse characteristics in this earthquake doublet. While site effects (e.g.
basin effects) may influence pulse characteristics at some stations, local
heterogeneities in slip amplitude, orientations, and fault geometries can be critical
in generating or influencing pulse properties in this earthquake doublet.
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Introduction

The left-lateral East Anatolian Fault Zone (EAFZ) in Turkey extends for more than
550 km, starting from the Karliova Triple Junction in the east to the southernmost end of
the Mediterranean Sea (Duman and Emre, 2013). Even though the EAFZ is less seismi-
cally active than the North Anatolian Fault Zone, it has hosted numerous large
(Mw > 6.5) ecarthquakes over the last few centuries (Sengdr et al., 1985; Tatar et al.,
2004), the most recent being the Mw 6.8 Elazig earthquake in 2020.

On 6 February 2023, at 01:17 UTC, a Mw 7.8 earthquake nucleated only 20 km off the
main strand of the EAFZ, rupturing multiple segments of the East Anatolian Fault sys-
tem. Just 9 h later, another major earthquake (Mw 7.5) occurred 90 km north of the first
mainshock, on the northern strand of the EAFZ, near Elbistan province. Following these
two mainshocks, the region experienced hundreds of aftershocks with Mw > 4. We refer
to these two major events as the “earthquake doublet.” This doublet caused significant
damage to more than 220,000 buildings (which were either totally destroyed or collapsed),
resulting in over 55,000 casualties in Turkey and Syria (Hacettepe University Department
of Civil Engineering, 2023). Cities located more than 150 km from the epicenter (e.g.
Hatay) were completely devastated. Thus, it was the worst disaster that the country has
experienced in the last millennium.

Strong velocity pulses have been identified in these earthquakes and correlated with the
extensive damage distribution observed (Baltzopoulos et al., 2023; Erdik et al., 2023).
These findings align with previous studies of large and moderate earthquakes that demon-
strated the potential impact of strong velocity pulses on resulting seismic damage (Heaton
et al., 1995; Strasser and Bommer, 2009; Tiirker et al., 2023).

Such velocity pulses can be generated by two main physical phenomena: fling steps and
directivity effects. A fling step is associated with a displacement waveform containing a
permanent offset and occurs in very near-surface fault ruptures (Hisada and Tanaka,
2021). It is characterized by a one-sided pulse (fling pulse) in the velocity waveform and a
step-function displacement waveform. Directivity pulses result from near-field rupture
directivity effects and are observed in the direction of rupture propagation (Bray and
Rodriguez-Marek, 2004; Somerville et al., 1997). A directivity pulse is a two-sided pulse in
the velocity waveform. However, several studies have commented on the origin of velocity
pulses being more complex. Rodriguez-Marek and Bray (2006) showed that site effects
can interact with near-field directivity effects when the pulse period is close to the site’s
dominant frequency. These effects may interact mutually or solely affect pulse generation
(Chioccarelli and Iervolino, 2010; Kaneko and Goto, 2022), potentially leading to signifi-
cant variability in pulse properties. In addition, localized variability arises from dynamic
rupture effects, including off-fault plasticity, surface-breaking, or coalescence of multiple
rupture fronts due to fault property heterogeneities or geometric complexity (Schliwa and
Gabriel, 2023; Wang and Day, 2020).

Most pulse analyses have been conducted using empirical data. However, numerical
simulations can also aid a better assessment of the factors controlling pulse variability
(Yen et al., 2022). The severe seismic damage and complex rupture process of this seismic
sequence in Turkey have inspired numerous studies to understand the earthquake origin
and rupture process (Jia et al., 2023; Mai et al., 2023; Petersen et al., 2023). The dynamic
rupture models of Jia et al. (2023) and Gabriel et al. (2023), which treat the nucleation,
propagation, and arrest of earthquakes in a physically self-consistent manner, indepen-
dently reproduce the main features of the kinematic models for the Mw 7.8 earthquake
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and produce ground motion synthetics that exhibit pulse-like behavior. These simulations
provide a valuable opportunity to study the variability of ground motion pulses from syn-
thetic data.

In this study, we analyze pulse variability in detail, in terms of period, velocity ampli-
tude, and orientation. We use the wavelet analysis method of Shahi and Baker (2014) (see
the Methodology section) to extract the pulses and characterize their properties. We ana-
lyze the characteristics of the observed pulses and those obtained from the simulations of
Jia et al. (2023) to comprehensively quantify and evaluate pulse variability. Furthermore,
we compare the results with the pulse characteristics obtained in past earthquakes (updated
database of Yen et al. (2022)).

Data

For the analysis, we investigate two observed empirical datasets from the Mw 7.8 Pazarcik
and Mw 7.5 Elbistan earthquakes, as well as two synthetic datasets from the Mw 7.8
Pazarcik earthquake. These two earthquakes were recorded by 349 and 288 strong ground
motion stations (AFAD-TADAS), respectively. The two synthetic datasets are derived
from the physics-based three-dimensional (3D) dynamic rupture simulation of Jia et al.
(2023).

The first observed empirical data used in this study are initially provided by AFAD-
TADAS. We perform the following processing on the raw data: (1) detrending accelera-
tion waveforms, (2) cumulative integration of acceleration waveforms into velocity wave-
forms, and (3) detrending velocity waveforms. We refer to this dataset as “uncorrected
data,” indicating that the static displacement in the time history is uncorrected.

The corrected data are provided by the Engineering Strong Motion Database (ESM)
(Luzi et al., 2020), which have been manually corrected by the ESM data processing team
using the broadband ITACA processing schemes of Paolucci et al. (2011). The processing
includes (1) baseline correction (constant detrending), a cosine taper, and a second-order
acausal frequency domain Butterworth filter applied to the acceleration time series; (2)
double integration of the acceleration time series to obtain the displacement time series;
and (3) linear detrending applied to the obtained displacement time series. These processes
remove the static displacements in the time history, as shown in the time histories of sta-
tions 3123 (in the basin), 3144 (at the center of the rupture fault), 4615 (near the hypocen-
ter), and 4616 (at the intersection of two faults) shown in Figure S1. We refer to this
dataset as “corrected data,” indicating the removal of the static displacement in the time
history.

The two synthetic datasets used in this study are derived from the dynamic rupture
simulation of Jia et al. (2023) and are referred to as the first synthetic data and the second
synthetic data. The first synthetic dataset is directly from the model of Jia et al. (2023),
with a maximum resolved frequency of 1.5 Hz. The second synthetic dataset is derived
from a higher resolution dynamic rupture model, based on a larger mesh of 685 million
cells and a higher polynomial order of the basic functions (p = 5), which was unpublished
and required significant supercomputing resources (10 h on the full Frontera supercompu-
ter, equivalent to 4.5 million CPU hours). The simulation is numerically accurate to 5 Hz
in an NW-SE aligned refined area of 400 km X 200 km X 20 km, containing the fault
network and all the near-fault stations. Dynamic rupture models require many assump-
tions, including the initial fault loading and strength, subsurface velocity model and
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geometries, and fault friction. The fault geometry is based on surface rupture traces
inferred from available satellite data (e.g. USGS and Sentinel-2), and the initial shear
stress is inferred from regional seismo-tectonics with small-scale heterogeneities inferred
from static slip inversion. The models incorporate topography. The one-dimensional (1D)
velocity model is based on the study of Giivercin et al. (2022) and does not consider het-
erogeneous site configurations (e.g. Vs30). Such models predict the evolution of slip, seis-
mic waves, and surface deformation in a physically self-consistent manner. The maximum
resolved frequency is sufficient for our pulse identification analysis, as pulse periods gener-
ally range between 1 and 15 s (0.1-1 Hz), as shown by the pulse scaling by Shahi and
Baker (2014) and Yen et al. (2022). Jia et al. (2023) have shown that the surface displace-
ments and slip histories produced by the dynamic rupture simulation compare well with
high-resolution geodetic data, kinematic rupture representations, and observed ground
motions. We further examine how pulse characteristics and their variability are repro-
duced by the models. The synthetic time histories of selected stations are shown in Figure
S2. The synthetic data processing is carried out in the same manner as for the uncorrected
data.

Identification and characterization of velocity pulses

Methodology

In this study, we use the wavelet analysis algorithm of Shahi and Baker (2014) to detect
pulse-like velocity in the Kahramanmaras earthquake doublet. Their wavelet analysis has
been widely recognized and used in other studies on this earthquake doublet (Baltzopoulos
et al., 2023; Ertuncay and Costa, 2024). This choice ensures consistency with previous stud-
ies in the characterization of velocity pulses, particularly the analyses of Shahi and Baker
(2014) and Yen et al. (2022).

The algorithm employs the wavelet transform of two horizontal orthogonal components
of the ground motion to search for orientations more likely to contain strong pulses. The
wavelet with the largest coefficient is identified as the strongest pulse. Thus, the pulse prop-
erties in this study reflect the characteristics of the strongest pulse.

The strength of a pulse is classified by the pulse indicator (PI), which defines the
strength as follows: (Equation 12 of Shahi and Baker, 2014):

PI = 9.384(0.76 — PC — 0.0616PGV)(PC +6.914x 10" *PGV — 1.072) — 6.179

PC = 0.63XPGV,4ip + 0.777 X energy,asio M)
where the principal component (PC) is the linear combination of two variables (peak
ground velocity (PGV) of the waveform projected along the extracted orientation ratio
and energy ratio), accounting for the largest amount of variability in the data, and the
energy ratio is the L2 norm of the residual and original ground motions, while the PGV
ratio is that of the residual and original PGV.

As a first criterion for pulse identification, the PGV must exceed 20 cm/s, following the
criterion established by Shahi and Baker (2014). The classification algorithm then cate-
gorizes a velocity time history as either pulse-like or non-pulse-like, according to the PI
value. A record is defined as pulse-like if PI > 0, or as non-pulse-like if PI < 0. The algo-
rithm also provides additional information about the pulse, including its orientation,
period (7,), and the associated PGV.
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Velocity pulses from observed empirical data

Following the aforementioned selection criteria (i.e. PGV > 20 cm/s), we selected 50 sta-
tions within a rupture distance (Ry,p) of 250 km for both the observed data (uncorrected
and corrected) from the Mw 7.8 Pazarcik earthquake. Similarly, 21 stations within a rup-
ture distance of 200 km were selected for the observed data from the Mw 7.5 Elbistan
earthquake. The pulses identified from the corrected data of the Pazarcik earthquake (first
event) are present at 23 out of the 50 stations listed in Table 1. The pulses identified for
the Elbistan event (second event) are listed in Table 2, with 7 out of the 21 stations indi-
cated as pulses. The rupture distances are calculated from the stations to the rupture mod-
els of the earthquake doublet referenced by the United States Geological Survey (USGS).

Figure 1a and Table 1 show the pulse distribution for the observed data of the Mw 7.8
Pazarcik earthquake first event). A noticeable trend is that most of the observed pulses are
located along the main fault branch (EAFZ), with 22 out of 23 records having
R.,p < 20 km (i.e. near-fault). Conversely, the hypocentral distances seem to play a
minor role in pulse detection, with highly variable distances ranging from 30 to 130 km
(Table 1). The pulse orientations (i.e. fault-normal (FN) or fault-parallel (FP) compo-
nents) exhibit high variability. The largest pulse PGV (173-179 cm/s) is found at station
3123, located in the city of Antakya (Rhypo = 130 km; R, = 1.5 km), which suffered
the most seismic damage during these events.

Figure 1b and Table 2 show the pulse characteristics for the observed data of the Mw
7.5 Elbistan earthquake (second event). Notably, the pulses are mostly located to the
south, away from the main fault segment, with R, ranging from 3 km to almost 70 km.
Pulse-like features are detected only at a few stations and at greater distances, likely due
to the limited number of stations near the fault. Pulse orientations at stations in the rup-
ture direction are on the FIN component (stations 131, 132, and 4612), while those at sta-
tions to the south of the fault are on the FP component. The largest pulse PGV (181 cm/s)
is recorded at station 4612, marked by Ry, = 3 km.

Velocity pulses from synthetic data

First, to ensure that the synthetic recordings exhibit the key features of interest, we
compare the time histories of stations 3123 (in the Karasu-Amik Basin), 3144 (at the cen-
ter of the East Anatolian Fault), 4615 (near the hypocenter), and 4616 (at the intersection
of East Anatolian Fault segments) for the uncorrected, corrected, and synthetic data
(Figure 2). All their time histories show pulse-like features, confirming that we can analyze
the pulses using these synthetic data.

We then apply the pulse extraction algorithm to both generations of the synthetic
ground motions. The synthetic data of the Pazarcik event show pulse-like features at 18
out of 50 stations in the first synthetic dataset and at 17 out of 50 stations in the second
synthetic dataset (Table 1). The simulations capture specific pulse characteristics, such as
pulse period and velocity, at most stations in the near-fault region. However, the pulse
orientations show a significant tendency to focus on the FIN component in both synthetic
datasets (Figure 3a and b).

High-frequency ground motions are not fully modeled by the simulation approach, and
false positives of impulsive motions may result from this lack of high frequencies. Table 3
indicates the ratio of pulse-like motions over total stations per distance. The percentages
between the number of pulses from empirical data and simulations differ slightly only for
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Table 2. Parameters table of the extracted pulses for the Mw 7.5 Elbistan earthquake

Index Sta. Riypo  Reyp  Uncorrected data Corrected data
(km)  (km) . .
Ang. Ori. T, PGV Pl Ang. Ori. T, PGV Pl
(s) (cm/s) (s) (cm/s)

24 4612 64.0 30 87 -7 62 1814 139 88 -8 62 1809 137
25 131 97.7 154 76 -34 122 382 38 76 -34 117 374 4.0
26 132 97.7 155 87 =23 12 25.1 1.3 87 -23  11.8 242 1.0
27 4611 331 274 22 74 |1 42.5 45 22 74 108 403 43
28 4614 613 559 10 86 9.3 342 35 11 86 9.3 345 3.7

29 NAR 71.1 682 6 90 97 279 26 7 89 9.6 265 22
30 4615 718 69.1 I3 83 94 308 33 13 83 94 304 3.3

short distances, suggesting that the number of such false-positive impulsive motions
remains limited.

Understanding the variability of pulse orientations

Somerville et al. (1997) showed that pulses can be present in two horizontal orthogonal
components associated with two different phenomena (directivity effects and fling step)
and can also overlap in some orientations. However, the static displacements are removed
in the corrected data, excluding the fling-step effect from this dataset. Notably, the pulse
orientation here indicates the orientation of the strongest pulse, representing the most
dominant effect.

Figure 4 shows a comparison of pulse orientations and their uncertainty from the
uncorrected data, corrected data, and first synthetic data. The within-pulse uncertainty in
orientations ranges from 20 to 30 degrees in both observed and synthetic data. The orien-
tations between pulses exhibit high variability in the observed data. However, the orienta-
tions of the synthetic data show that the pulses are predominantly aligned with the FN
component, with less variability than the pulses from the observed data.

A common assertion is that near-field rupture directivity effects generate pulses in the
FN component (Bray and Rodriguez-Marek, 2004; Kaneko and Goto, 2022; Somerville
et al., 1997). However, the pulse orientations of these two events are highly variable, as
shown in Figure 5a. The pulse orientations of the Pazarcik earthquake are highly variable
in the near-fault region (R,,, < 5 km) but become more pronounced in the FN compo-
nent for stations with R, > 5 km. At distant stations (R,,, > 30 km), the pulse orienta-
tions for the Elbistan earthquake are predominantly observed on the FP component. The
pulses observed in this earthquake doublet demonstrate a large variability in orientations.

This significant variability in pulse orientation may not arise solely from directivity
effects. Site effects (e.g. basin and soft-soil effects) may also influence the detected velocity
pulses (Kobayashi et al., 2019). To analyze the site effect in this context, we evaluate the
correlation between the pulse orientations and the corresponding Vs30 (a proxy for site
conditions) (Figure 5b). A few pulses are observed at stations with low Vs30 (soft soils,
Vs30 < 360 m/s). For these stations, pulses shown on the FP component may be a conse-
quence of site effects (e.g. NAR). Ground motion pulses on soft soils would exhibit multi-
ple large cycles in the time history, generally a signature of the presence of soft-soil effects
(Somerville, 2003). The ground motion at station 3123 (Vs30 = 470 m/s) in the Pazarcik
earthquake (showing a pulse-like feature) exhibits such multiple large cycles (Figure Sc).
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Figure 1. Distributions of the strongest velocity pulses detected for (a) the Mw 7.8 Pazarcik
earthquake, and (b) the Mw 7.5 Elbistan earthquake from the corrected observation dataset. The circles
represent the velocity pulses identified in the events. The size of the circles indicates the amplitude of
the velocity pulses. The color of the circles represents the pulse period, T,. The arrows on the circles
indicate the orientations of the strongest pulses. Fault geometries are sourced from USGS. The station
names highlighted in green are those shown in Figure 2, S|, and S2.

However, the correlation between pulse orientation and Vs30 remains weak, and most sta-
tions showing pulses are located on stiff soils, suggesting that other factors (see Discussion)
may explain the variability in orientation.

Comparison of velocity pulses with a global dataset

In Figure 6, we compare the pulse periods extracted from the corrected data of this earth-
quake doublet with previously observed pulse periods from global earthquakes (Shahi and
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Figure 2. Comparison of velocity time histories on the EW and NS components for the uncorrected
(uncorr.), corrected (corr.), first synthetic data (synl), and second synthetic data (syn2) for the Mw 7.8
Pazarcik earthquake. The geographic locations of the stations (names in green) are shown in Figure |.

Baker, 2014; Tiirker et al., 2023; Yen et al., 2022). Observations of earthquake pulses show
a correlation between pulse period and earthquake magnitude, along with a large variabil-
ity of pulse period for a single earthquake (various records of a single earthquake), as
shown by Yen et al. (2022). The pulse periods observed in the Mw 7.5 Elbistan earthquake
are comparable to those of the Mw 7.6 1999 Kocaeli earthquake.

Figure 7 illustrates the differences between the observed pulse periods and the predicted
pulse periods calculated from the regression of Shahi and Baker (2014), revealing the dif-
ferences to be substantial for large earthquakes (M > 7). The standard deviation (log
transformation) of the pulse periods of the Mw 7.8 Pazarcik earthquake (1.19) is larger
than that of the pulse periods of the Mw 7.5 Elbistan earthquake (0.64). This aligns with
the findings of Yen et al. (2022), showing that variability of the pulse period for a single
earthquake is magnitude-dependent (see Discussion).
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the pulse period, T,. The arrows on the circles indicate the orientations of the strongest pulses. Fault
models are sourced from USGS geometries.
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Figure 4. Comparison of the pulse orientations with the maximum and minimum values from the
uncorrected data (blue squares), corrected data (red squares), and first synthetic data (green squares) of
two earthquakes. The left panel displays the first event and the right panel the second event.

Table 3. The ratio of pulse-like motions over total stations per distance (D, km) bins.

0<D=<I0 I0<D=<20 20<D <50
Empirical data 67% 50% 7%
First synthetics 58% 25% 7%
Second synthetics 54% 25% 7%

Since earlier studies have shown that the pulse period is not simply related to earth-
quake magnitude (Yen et al., 2022), we further analyze the correlation of the pulse period
and PGV with the rupture distance, one of the dependencies contributing to this large
variability (Figure 8). The pulse periods of the two events range from 3 to 14 s at different
distances, suggesting no dependence between rupture distance and pulse period.

In Figure 8b, we compare the pulse PGV with the predicted PGV from the ground
motion model of Bindi et al. (2014) for the Mw 7.8 earthquake, with a seclected
Vs30 = 480 m/s; the latter. The ground motion model of Bindi et al. (2014) is derived for
Europe and the Middle East from the RESORCE strong motion database, which does
not consider directivity effects. Notably, the predicted PGV is the geometric mean of the
horizontal components, while the pulse PGV is the peak value of ground velocity pro-
jected along the extracted orientation. Generally, the pulse PGV is larger than the pre-
dicted PGV and around the upper bound of one standard deviation of the ground motion
model predictions. In the near-fault regions (R, < 5 km), the largest pulse PGV reaches
about 200 cm/s for the observations. This analysis confirms that the pulse PGV in the
Pazarcik and Elbistan earthquakes is consistent with the values and decay with rupture
distance shown by other earthquakes of similar magnitude.

Response spectra of pulse-like versus non-pulse-like recordings

While peak ground motion effectively represents the highest ground motion intensity dur-
ing an earthquake, it cannot capture the seismic response of structures with distinct natural
vibration periods when subjected to near-fault pulse-like ground motions. It is precisely
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Figure 5. (a) Pulse periods, velocity, and angles to the FP component as a function of the rupture
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Pazarcik earthquake while the circles depict the pulses of the Mw 7.5 Elbistan earthquake. The color
represents the pulse periods. (c) A rotated time history of the pulse induced by the soft-soil effect at
station 3123.

the amplitude and duration (7),) of the seismic pulses that contribute to higher spectral dis-
placement and may result in larger damage, depending on the structural behavior of the
building (Giines and Ulucan, 2019). The ratio of the pulse duration, T, to the natural
period of the building, also known as the first mode period, T1, provides a critical para-
meter for describing structural response. Previous studies have demonstrated an expected
wider shape in the acceleration response when near-fault ground motions include velocity
pulses (Chopra and Chintanapakdee, 2001). Accordingly, the potential effects of near-fault
pulse-like ground motions should be accounted for in probabilistic seismic hazard assess-
ment (PSHA) studies, as suggested by Shahi and Baker (2011).

Considering the destructive and widespread damage caused by the two major events,
we analyze the pseudo-elastic response spectra (hereafter referred to as response spectra)
of several pulse-like and non-pulse-like recordings to evaluate the potential impacts of the
detected velocity pulses on the seismic response of buildings. Figure 9 shows the velocity
response spectra of pulse-like and non-pulse-like near-field recordings taken at similar
fault distances (R < 35 km). The differences in the shape of the response spectra, as well
as in the maximum values, are significant among the stations, with noticeably broader and
higher spectral values for pulse-like recordings (red curves in Figure 9a). The pulse-like
ground motion shakings are shifted to longer periods, posing a larger destruction potential
for modern, taller buildings. This trend is more pronounced for the records of the Pazarcik
event (Mw 7.8), as shown in Figure 9a. However, we emphasize that more stations are
available for this event, unlike the Elbistan earthquake (Figure 9b), where only a handful
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of near-fault recordings are available. Such results are consistent with the analysis of
Ertuncay and Costa (2024).

Discussion

In this study, we detect several velocity pulses near the ruptured fault segments (Ry,, = 1-
70 km) that strongly affect the response spectral characteristics of the observed ground
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motions (Figure 9). Comparisons of pulse period and pulse velocity amplitude with other
damaging earthquakes in global datasets confirm that the pulses of these two events are
not unexpectedly large and are consistent with past observations (Figures 6 and 8).
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Figure 9. A selection of velocity response spectra of the observations for the strong pulses (Pl > 10)
for (a) the Mw 7.8 Pazarcik and (b) the Mw 7.5 Elbistan earthquakes. Red curves show the velocity
response spectra of stations with a pulse-like feature, while black curves show the velocity response
spectra of stations without a pulse-like feature.

The pulses observed during the Mw 7.8 Pazarcik earthquake exhibit large variability in
pulse characteristics, even when fling-step effects are excluded (Figure 1). The occurrence
of the pulses is highly specific to the station location. Indeed, variation of the pulse prop-
erties remains significant even when the inter-station distance (D) is small (D < 5 km).
For example, in the Pazarcik earthquake, stations 2708 and 2709 are close to each other
(D = 3.8 km), but the record of only one station was defined as pulse-like (Figure 1).
There is a substantial difference in pulse orientation (73°) between station 4615 and NAR
(D = 1.8 km) (Table 1).

In the empirical regressions of pulse period and earthquake magnitude, standard devia-
tions are calculated for all events. However, our results reveal that the differences between
the observed and predicted pulse periods from the regression of Shahi and Baker (2014)
are large for large earthquakes. This is consistent with the finding of Yen et al. (2022) that
the standard deviation of the pulse period in a single earthquake is indeed magnitude-
dependent. Large earthquakes may involve more complex physical phenomena, such as
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more heterogeneous slip and varied fault mechanisms, contributing to increased pulse
variability. Consequently, this magnitude-dependent variability suggests the importance of
further investigation into the driving factors of pulse variability between earthquakes.

Several studies over the last few decades have focused on directivity pulses due to their
destructive nature. Somerville et al. (1997) showed that directivity pulses are often expected
on the FN component for strike-slip earthquakes. However, Poulos and Miranda (2023)
and Tiirker et al. (2023) found that the orientations of the maximum spectral response (i.e.
pulse orientation) do not occur exclusively on the strike-normal orientation when consider-
ing stations recorded at different distances. The results of our study support these observa-
tions, as the two events exhibit highly variable pulse orientations, with no tendency to
align solely on the FN component (Figure 5). The kinematic simulations (Figure S3) indi-
cate that pulse orientations depend strongly on the faulting mechanism and the location of
the station relative to the fault in the near-fault region. This is consistent with the finding
of Poiata et al. (2017), which indicated that pulses are influenced not only by directivity
effects but also by a combination of rupture configurations and the S-wave radiation
pattern.

Another interpretation is that the presence of directivity pulses is strongly related to slip
heterogeneity on the fault plane, where the location and size of asperities (large slip areas)
determine the generation of directivity pulses (Mena and Mai, 2011). Dreger et al. (2011)
simulated strong ground motions using a 3D finite-difference method and found that seg-
mented faults and short-wavelength variations in fault geometry can introduce complexity
that affects the degree of directivity focusing and the FP motions. Their simulations indi-
cate that both fling steps and directivity pulses can occur in any of the three components
and suggest that faulting style and variations in fault parameters must be considered in
detailed site-specific analyses. Horizontal polarities of near-field ground motion also reflect
the dynamic complexities of rupture, such as sub-shear versus supershear rupture speeds
(Ben-Zion et al., 2024). This suggests that dynamic rupture simulations should consider
more heterogeneous slip, faulting mechanisms, or fault geometry complexity to reproduce
the variability of pulse observations.

Some studies have also found that site effects can influence both the amplitude and the
period of directivity pulses when the pulse period is close to the site resonance period
(Kobayashi et al., 2019; Rodriguez-Marek and Bray, 2006). Our analysis of pulse orienta-
tions and the correlation with Vs30 and the ground motion at station 3123 (Figure 5Sc)
confirms that site effects, together with directivity effects, can affect pulse characteristics,
specifically increasing its amplitude. However, site effects are possibly not the main con-
trolling factors since the correlation with Vs30 remains weak (Figure 5). Other factors
mentioned above (e.g. heterogeneous slip and complexity of faulting dynamics and geome-
try) may contribute more to pulse variability in this earthquake doublet.

In this study, we assume the accuracy of the orientations provided in the ESM database.
However, Biiylikakpinar et al. (2021) reported temporal changes in the sensor orientation
of some stations in the Kandilli Observatory and Earthquake Research Institute (KOERI)
network. To our knowledge, such sensor orientation errors have not been detected for the
stations used in this study. If such misorientation of the sensor components exists, it may
potentially cause bias in the variability of the observed pulse orientation.
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Conclusion

In this study, we demonstrate that pulse characteristics, particularly the pulse orientation,
in the near-fault regions of large-magnitude earthquakes can be highly variable and that
the variability of the pulse period for a single earthquake is magnitude-dependent, as found
by Yen et al. (2022). This pronounced variability in pulse characteristics can be attributed
to diverse factors (e.g. directivity, site, and source effects). We confirm that site effects can
amplify pulse amplitude when the pulse period is close to the site resonance frequency, as
observed at station 3123 in the Mw 7.8 Pazarcik earthquake. However, site effects are not
the primary factor in increasing pulse variability. Our results also suggest that heteroge-
neous slip and more complex faulting dynamics are major contributors to increased pulse
variability in large earthquakes and that the interaction of these factors further complicates
pulse properties. The significant pulse variability resulting from various driving factors
emphasizes the importance of studying each earthquake individually to understand the fac-
tors influencing pulse characteristics.
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