ADVANCING
EARTHAND
f\\,\l SPACE SCIENCE

Journal of Geophysical Research: Solid Earth

RESEARCH ARTICLE

10.1029/2018JB015635

Key Points:

« Near-source ground motion presents
directive impulsive signals occurring
on average at ~12% of receivers
around the source

«+ Pulse occurrence and duration are
enhanced on the footwall of the fault,
as compared to the hanging wall

« Pulse occurrence and duration
mainly depend on the rupture speed,
average risetime, and hypocenter
depth

Supporting Information:
« Supporting Information S1

Correspondence to:
A. Scala,
antonio.scala@ingv.it

Citation:

Scala, A, Festa, G., & Del Gaudio, S.
(2018). Relation between near-fault
ground motion impulsive signals and
source parameters. Journal of
Geophysical Research: Solid Earth, 123,
7707-7721. https://doi.org/10.1029/
2018JB015635

Received 8 FEB 2018

Accepted 4 AUG 2018

Accepted article online 14 AUG 2018
Published online 7 SEP 2018
Corrected 24 JAN 2019

This article was corrected on 24 JAN
2019. See the end of the full text for
details.

©2018. American Geophysical Union.
All Rights Reserved.

Relation Between Near-Fault Ground Motion Impulsive Signals
and Source Parameters
, and S. Del Gaudio®?

A. Scala'? (), G. Festa?

"Istituto Nazionale di Geofisica e Vulcanologia - Sezione Roma 1, Rome, Italy, 2Dipartimento di Fisica “Ettore Pancini” -
Universita degli studi di Napoli Federico II, Naples, Italy, *Now at Stogit S.p.A., via Libero Comune, Crema, Italy

Abstract Near-fault ground motion records often present impulsive signals, characterized by a large
amplitude in the velocity wavefield and by the energy concentrated in a short time window as compared
to the total earthquake duration. This pulse-like behavior is ascribed to the directivity of the seismic rupture,
and it requires a stronger demand to the buildings not predicted by the classical design spectra. In this work
we investigate the pulse occurrence and duration in near-fault synthetic seismograms generated from an
ensemble of k=2 source models. We exploited the fault geometry of the M,, = 6.3, 2009 L'Aquila earthquake,
which represents a typical example of normal-fault earthquake for which several records in the fault vicinity
are available for comparison with synthetics. We show that impulsive records are sensitive to the rupture
velocity, to the hypocenter depth, and to the station location, whether it is on the hanging wall or on the
footwall. The pulse duration was also shown to be proportional to the risetime, and it scales with the
source-receiver distance and inversely with the rupture velocity. We model these results as an effect
of the coupled along-strike and updip directivity.

1. Introduction

Ground motion and its variability are influenced to the first order by earthquake source and wave propaga-
tion effects, the latter occurring at crustal and local scales. Fault mechanism, radiation pattern, and directivity
are the main source effects that may change the amplitude and the shape of the waveforms as a function of
the source azimuth, at the same distance from the source. These effects have been theoretically and numeri-
cally analyzed (Bernard & Madariaga, 1984a, 1984b; Hanks & McGuire, 1981; Somerville et al,, 1997), and they
are empirically retrieved to influence the ground motion; they affect the attenuation relationships, both for
peak values and spectral ordinates (e.g., Akkar & Bommer, 2010; Spudich & Chiou, 2008).

Classical along-strike rupture directivity enhances the S wave amplitude up to a factor of 10 in the direction of
the rupture propagation, for strike-slip events (Bernard et al., 1996; Boatwright & Boore, 1982). However, a
rupture developing along normal and thrust faults that nucleates at depth can interact with the free surface
and can also produce along-dip (updip) directivity in the near source region (Sommerville, 2005). Such rup-
tures can mechanically accelerate to the S wave speed in the along-strike, antiplane direction while either
they are limited to the Rayleigh wave speed (subshear regime) or they can accelerate toward the P wave velo-
city (supershear regime) along the updip, in-plane direction (Burridge, 1973; Rice, 1979). For these ruptures,
the situation is reversed as compared to strike-slip events, and they are expected to mechanically enhance
the ground motion in the near-source domain, in the along-dip direction.

Such theoretical expectation was also observed in real data recorded during normal/thrust events, resulting
in pulses at stations located in the hanging wall and footwall of the fault, in the source vicinity (Chioccarelli &
lervolino, 2010). These pulses dominate the velocity wavefield of near-source stations; they are concentrated
in the initial portion of the signal and they are characterized by a short duration and a relevant amplitude
with respect to the average amplitude, as inferred from ground motion prediction equations (Baker, 2007;
Somerville et al.,, 1997).

With the increase of the densification of accelerometric networks surrounding active faults, pulse-like signals
are nowadays recorded for a wide class of events. Also, recent normal earthquakes in Italy, such as the 1997,
M 6.0 Colfiorito, the 2009, M 6.3 L'Aquila, the 2016, M 6.0 Amatrice, and the 2016, M 6.5 Norcia earthquakes,
clearly generated pulse-like signals (Chioccarelli & lervolino, 2010; Cultrera et al., 2009; lervolino et al.,
2016, 2017).
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Numerical algorithms have been designed to retrieve pulses from the three-component ground motion
records, based on wavelet analysis (Baker, 2007; Baker et al., 2011). Using these algorithms, the pulses from
strike-slip events are predominantly observed on the fault-normal component of the ground velocity records
(Somerville et al.,, 1997), while there is a large variability in the orientation of near-source pulses for dip slip
events (Luzi et al.,, 2016). Additionally, pulse duration is comparable or slightly larger than the average rise-
time of the source, although its distribution exhibits a large intraevent variability (Baker, 2007). Several studies
have been performed to show its dependence on the magnitude (Baker, 2007; Bray & Rodriguez-Marek, 2004;
Mavroeidis & Papageorgiou, 2003; Sommerville, 2003) and on other source parameters such as the hypocen-
tral position and the rupture velocity (Fayjaloun et al., 2017; Mavroeidis & Papageorgiou, 2010). Some authors
also claim a dependence on the remote stress field and tectonic regime (Cork et al.,, 2016).

The signature of rupture directivity in the ground-motion signals has been often used to constrain the source
models (Abercrombie et al., 2017; Luo et al.,, 2010) and to detect a preferred rupture propagation direction
associated with geometrical discontinuities (Calderoni et al, 2015) of the fault and/or with bimaterial
propagation (Kane et al., 2013; Rubin & Ampuero, 2007; Scala et al., 2017).

However, a more comprehensive understanding of the impulsive ground motion characteristics and their
connection to the seismic source features still require further analysis.

The pulse-like signal behavior requires a stronger demand to the buildings affecting the spectral shape of the
expected ground motion (lervolino & Cornell, 2008). Specifically, the elastic demand in the presence of pulses
is expected to be larger than for nonpulse signals and developed in a short time window, with an increase of
the spectral ordinates near the pulse period (Alavi & Krawinkler, 2001; Hubbard & Mavroeidis, 2011; Liossatu &
Fardis, 2016; Ruiz-Garcia, 2011; Tothong & Luco, 2007). The inelastic demand has been shown to affect the
spectral ordinates at periods smaller than half of the pulse period (Baltzopoulos et al., 2016; lervolino et al.,
2012). Indeed, probabilistic hazard analysis may fail to provide accurate estimates of response spectra in
the near source range, for fault mechanisms and locations that favor the emergence of pulses (Chioccarelli
& lervolino, 2013; Tothong et al., 2007). Therefore, some algorithms to include directivity in probabilistic seis-
mic hazard assessment have been recently proposed (Shahi & Baker, 2011). On the other hand, including
directivity effects in the definition of attenuation laws contributes to reduce their uncertainties (Kurzon
etal, 2014).

In this study we analyze how source parameters affect the pulse occurrence and its variability. Fayjaloun et al.
(2017) investigated the intraevent variability of the pulse, in terms of pulse period. They showed that the
source-station geometry and the rupture speed are the main factors that affect the pulse duration, which
can be as large as 8-10 s for a magnitude 6.5 event.

In this study, we thoroughly investigated the pulse occurrence, using a kinematic description of the rupture
and we analyzed how the kinematic source parameters affect the pulse occurrence and its duration. In the
next section we describe the numerical simulations used to generate near-source strong motion synthetics
from a kinematic description of the rupture. Then we discuss how the pulse is detected and characterized
in terms of its duration. We discuss the parameter dependence and their mutual correlation on the pulse
occurrence. We finally evaluate the intraevent variability associated with the pulse occurrence and compare
it to the variability observed in the empirical relationships.

2. Numerical Simulations of Pulse-Like Signals

To address the role of the source parameters in the pulse occurrence and its duration, we produced several
sets of synthetic seismograms in the geometrical configuration of the L’Aquila earthquake. This event repre-
sents a typical normal fault earthquake for Italy in terms of geometry and size, for which several pulse-like
signals were observed (Chioccarelli & lervolino, 2010). Additionally, the wide literature on this earthquake
and the availability of several near-source strong motion data allow to put constraints on source geometry
and kinematics and to compare the results from simulations with the recorded waveforms. For this study,
the geometry, the moment magnitude, and the station distribution were indeed fixed to the ones of the
L'Aquila event. We modeled a M,, 6.3 earthquake, along a normal fault striking at 135° and dipping at 50°
(Chiarabba et al.,, 2009). Fault length and width are, respectively, L = 28 km and W = 22 km (Cirella et al,
2009). To investigate the sensitivity of the kinematic source parameters to the pulse occurrence and duration,
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Figure 1. Number of events as a function of the source parameters. (a) Lognormal distribution of roughness K. (b) Uniform
distribution of rupture velocity between 65% and 85% of S wave velocity. (c) Uniform distribution of the nucleation
position with respect to the strike direction; the distribution is tapered at the boundaries of the domain. (d) Weibull
distribution of the nucleation depth as a function of the along-dip distance.

we allowed the position of hypocenter, the rupture velocity, the risetime, and the slip distribution to vary on
the fault plane.

We modeled the seismic source adopting a kinematic k=2 model that describes the f~2 high-frequency decay
observed in the far-field displacement spectra (Causse et al., 2009; Herrero & Bernard, 1996). According to this
model, slip distributions are represented in the wave number domain k by a |k|’2 decay beyond the corner
wave number k., where k. = K/L, K represents the dimensionless roughness parameter, and L. represents the
smallest fault dimension, that is in this case the fault width W. Therefore, K is inversely proportional to the size
of the main asperity of the slip over the fault plane (Causse et al., 2009; Del Gaudio et al., 2015). The rupture
evolution on the fault was modeled as a slip pulse of width L, related to the average risetime, and propagat-
ing at constant rupture velocity V, from the hypocenter. The synthetic seismograms were computed
assuming a 1-D velocity model for wave propagation (Bianchi et al., 2010 modified by Ameri et al., 2012).
Numerical Green’s tractions were evaluated for each subfault station couple and for 181 frequency values
ranging from 0.05 to 2.2 Hz, the latter value being the maximum deterministic frequency in the simulations.
We used the software AXITRA for the computation of the Green’s functions (Coutant, 1989). The seismic
signals were finally enriched in high frequency (up to 25 Hz) by adding a stochastic contribution to fit the
Peak Ground Acceleration (PGA) and the Arias intensity according to the ground motion prediction equations
of Sabetta and Pugliese (1996). The coupling with the deterministic numerical part of the seismograms was
done using matched filters in the frequency domain (Smerzini & Villani, 2012).

The K parameter for the simulations was extracted from a lognormal distribution (Causse et al., 2009). While
its standard deviation was fixed to 0.28 (Del Gaudio et al., 2015), we analyzed two different cases for the mean
value of K, ux=0.74, and ux = 1.3. The lowest value corresponds to have self-similar ruptures at all scales, from
the aftershocks to the main event (Causse et al., 2009). Maintaining fixed the event magnitude, larger values
of the roughness parameter correspond to concentrate the slip in patches of smaller size. Kinematic models
of the L'Aquila earthquake effectively show slip concentration in patches whose size is smaller than the
width of the fault (Cirella et al., 2009; Del Gaudio et al., 2015; Gallovic & Zahradnik, 2011). Indeed, larger
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Figure 2. (a) Example of distribution of risetime on the fault plane with an average risetime 7 = 0.9s. (b) Histogram of the
risetime Gaussian distribution.

values of K were also tested to investigate the effect of small patches on the generation of pulse signals. In
Figure 1a the roughness distribution for an ensemble of 1,500 source models, with mean value equal to
1.3, is shown. Figure S1 of the supporting information shows three different slip distributions obtained
from three different K values as extracted from the distribution of Figure 1a.

The rupture velocity for each simulation was chosen to be constant, with values extracted from a uniform
distribution limited between 65% and 85% of the S wave velocity, the latter quantity being evaluated in
the near-fault region (Figure 1b). This choice is justified by the seismological evidence of the fast acceleration
of the rupture toward the limit rupture velocity (Mai & Thingbaijam, 2014), which is the Rayleigh wave speed
for subshear in-plane ruptures and the S wave speed for antiplane ruptures.

Hypocenter position along strike was extracted from a uniform distribution tapered at the edges of the fault
plane, whereas its position along dip was assumed to follow a Weibull distribution to ensure that a deep
nucleation is more likely to occur than a shallow one (Causse et al., 2009). These two distributions are shown
in Figures 1c and 1d. In these plots, the distance along strike, from north-west to south-east, is normalized to
the fault length L whereas that distance along the dip, from north-east to south-west, is normalized to the
fault width W. The 1,500 different source models are defined extracting parameters from the distributions
showed in Figure 1.

The average risetime was selected according to the values expected for an M,, 6.3 event. According to the
scaling laws in literature, we have 0.5 s <7 < 1.0 s for events of magnitude between 6.0 and 6.5 (Geller,
1976; Sato, 1979). We assumed values varying between 0.6 and 1.2 s, the minimum value being constrained
by the maximum frequency deterministically simulated in the numerical Green'’s tractions. We performed
simulations both with constant and variable risetime on the fault plane. In this latter case, we extracted a
value for each subfault from a Gaussian distribution with standard deviation of 0.1 s, while the range of
the mean value is the same as for the constant case. Also, for a variable risetime, the distribution of risetime
was forced to maintain a spatial coherence between contiguous subsources.

An example of variable risetime distribution (with mean value 7 = 0.9 s) on the fault plane is shown in
Figure 2a, with the associated histogram represented in Figure 2b.

For the first part of the analysis, we selected four stations, where real accelerograms are also available. Three
of them (AQU, AQK, and AQG) are located on the surface projection of the fault plane and thus on the hang-
ing wall; the fourth station (GSA) is outside this projection, on the footwall, at a distance from the M,, 6.3
L'Aquila earthquake epicenter of about ~25 km. This choice will allow to compare the pulse occurrence both
in the synthetic and real data in order to validate the numerical simulations. To analyze the spatial distribu-
tion of impulsive ground motion records, more stations were added as shown in Figure 3. In this plot the real
stations are represented in orange and the additional stations in blue.

The station distribution is symmetric with respect to the dip direction, and the receivers cover pretty
uniformly the near-fault area. As shown in section 5, this allows for an estimation of the intraevent spatial
variability in terms of percentage of near-source stations subjected to an impulsive ground shaking.
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ST19

5 km

Figure 3. Station distribution used for the simulations. Orange triangles represent the position of the real stations. Blue
triangle stations were added to study the spatial distribution of the pulse occurrence and duration. Red rectangle
represents the projection of the fault on the surface. The along-strike length was assumed 28 km, whereas the along dip
width is 20 km (Cirella et al., 2009). The shallowest point of the fault is at 500-m depth, whereas the deepest point is at
16.7-km depth. Strike angle is imposed at 130°, and the dip angle is at 50° (Chiarabba et al., 2009).

The space scale associated with the average interstation distance is able to capture the space variability of the
pulse occurrence for this simplified source model. A denser station distribution would require a more detailed
description of the source geometry including possible variations in the focal mechanism during the rupture
propagation and small-scale complexities in the rupture kinematics.

2.1. Pulse Detection

The pulses were detected and characterized by a wavelet analysis (Baker, 2007). For each three-component
waveform, the two horizontal traces were transformed using a Daubechies wavelet transform of order 4. The
signals were then rotated in the horizontal direction that maximizes the pulse amplitude. This procedure is
different from the classical one adopted to seek for pulses, which is limited to the analysis of the fault-normal
component in the data (Baker, 2007; Chioccarelli & lervolino, 2010; Somerville et al., 1997). Indeed, here we
want to identify the features of the largest amplitude impulsive signals that may occur along directions dif-
ferent from the fault-normal one.

After rotating the trace in the direction that maximizes the pulse (Figure S2a of the supporting information),
the pulse given by the wavelet transform (Figure S2b) is subtracted from the original signal to compute the
residual ground motion (Figure S2c). Finally, the pulse indicator (Pi) is computed as follows (Baker, 2007):

. 1
Pi =
1 1 e 233+14.6(PGVrto)+20.5(Ereio)

m

where PGV 440 is the ratio between the peak ground velocity (PGV) measured on the residual trace and the
PGV measured on the original rotated signal. Analogously, the energy ratio ., is the ratio between the
energy computed on the same two traces, where the energy is defined as the integral of the squared velocity.
As suggested by Baker (2007), potential pulses have to verify the condition Pi > 0.85. Two further conditions
are considered to classify a signal as impulsive. First, the PGV on the original trace must be larger than
20 cm/s. This choice avoids that relatively low amplitude signals are recognized as pulse-like records because
the velocity time history has a simple shape in our synthetics (Baker, 2007). Moreover, pulse-like signals are
associated to the direct S wave. Indeed, we also require that the time, at which the energy of the original trace
is reduced to the 20% of its value, is larger than the time at which the energy of the detected pulse is reduced
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at the 10% of its value. Although there is no unambiguous definition for the period from the wavelet analysis,
the comparison of the maximum of the wavelet Fourier spectrum with a sine wave having the same period
allows to extract a pulse pseudoperiod. This pseudoperiod provides an estimation of the duration of the pulse
(Baker, 2007). We noticed that during the analysis a few pulses emerged with duration of about 0.5 s. This
period is close to the inverse of the maximum frequency associated with the deterministic contribution to
the numerical simulations (2.2 Hz). Inspecting the corresponding pulses, we found that these pulses were
generated by spurious amplifications in the stochastic high-frequency contribution. After discarding these
spurious impulsive signals, we found that the remaining pulses all have a duration larger than 1.0 s. We also
verified that the pulse emergence is robust independent of the stochastic contribution. When fixing the
deterministic part of an impulsive signal, in all cases the pulse emerges in more than 85% of synthetic signals
obtained by changing the stochastic contribution.

3. Impulsive Signals at Real Stations

3.1. Pulse Occurrence

As a first analysis, we compared the results related to the frequency of pulse occurrence obtained with con-
stant and variable risetime. In the comparison, the mean of the Gaussian distribution producing a variable
risetime is the same as the constant risetime value. In Figure 4a the histograms for pulse occurrence are
shown at the four stations separately (first four bars from left) and when merging all the synthetic traces
together (last bar on the right) both for a constant risetime 7z = 0.6 s (blue bars) and for a variable risetime with
a mean value of 7 = 0.6 s (red bars). Both histograms result from 1,500 simulations. Figure 4a shows that the
pulse occurrence is almost insensitive to the risetime distribution on the fault, when fixing the mean value
and the pulse occurs slightly more frequently in the case of constant risetime (~1%). The same results hold
for all the investigated risetime values, showing that an inhomogeneous risetime poorly differentiates from
a constant one for the probability of the pulse emergence. This conclusion allows us to assume hereinafter a
constant risetime. Nevertheless, the absolute value of the risetime strongly affects the emergence of the
pulse and its frequency increases when increasing the risetime value as shown in Figures 4b and 4c where
the histograms of the pulse occurrence are shown for =0.9 and 1.2 s, respectively. The increasing probability
of occurrence is more pronounced for the stations on the hanging wall than for GSA, located on the footwall.
The larger the risetime the larger the portion of the fault that emits coherently.

For the different risetime distributions, 1,500 source models are generated, and the associated synthetics are
calculated. In order to understand how the single source parameters may affect the generation of impulsive
records, the source parameters are clustered in equally spaced bins; within each bin the ratio between the
number of events presenting pulse over the total number of events is used to provide an estimate of the
probability of occurrence of the pulse itself. Thus, this ratio represents the marginal probability of the pulse
occurrence for that single parameter, obtained after integration over the whole variability domain for the
other parameters. As concerns the rupture velocity, the fraction of impulsive events almost linearly increases
with the rupture speed, for all the analyzed stations, as shown in Figure 5a. We recognize a similar trend at
stations AQK, AQU, and GSA, while the increase is less evident at station AQG. Nevertheless, the limited num-
ber of impulsive signals recorded at this station makes the statistics less robust than at other stations. The
increasing probability of the pulse occurrence with the increase of the rupture velocity (or the risetime)
can be associated with the directivity effect: the faster the rupture, the shorter the radiation time from
slip patches.

A similar analysis was carried out for the hypocenter depth as shown in Figure 5b. The percentage of pulse-
like signals exhibits a saturation at an intermediate depth for GSA while it is an increasing function of the
depth for AQU and AQK. Again, the small number of pulses at AQG does not allow to evidence any trend
for this station. The increasing pulse emergence with depth is a signature of the updip directivity. For GSA,
beyond the saturation depth (at about 0.6 times the maximum depth) we do not observe any further increase
of the number of pulses; since the footwall station experiences updip directivity all along the dip section of
the fault, this length scale defines a characteristic directive updip length required to generate pulses at
this station.

When the pulses are analyzed as a function of the roughness (Figure 5c), we found a maximum for the pulse
occurrence at GSA, AQK, and AQU between K= 0.9 and K = 1.1. These results hold independently of the mean
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occurrence is also shown for a variable risetime normally distributed around the average value7 = 0.6 (red bars). This latter comparison is shown to demonstrate the
equivalence between a constant and a variable risetime distribution in terms of pulse occurrence.

value of roughness, whether it is 0.74 or 1.3. When the parameter K ~ 1, the size of the main slip asperity is
comparable with the width of the fault and this appears to be the favored condition to generate impulsive
behavior in the ground motion. Smaller values of K smoothen more and more the slip originating smaller
amplitude signals, whereas higher values of K concentrate the slip in smaller size patches making the
rupture propagation less coherent and limiting the directivity effect and thus the pulse emergence. Since
we have verified that the mean value of the roughness distribution does not produce significant effects on
the pulse occurrence; hereinafter, we present results achieved using a lognormal distribution with mean
Uk = 0.74. Finally, the marginal probability density function for the along-strike coordinate of the position
of hypocenter shows that the number of pulse events increases with the increasing distance from the
station toward south-east (see Figure 5d) as a signature of the along-strike directivity, up to a maximum of
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Figure 6. Variability of pulse duration as a function of the risetime for the four stations: (a) the average of pulse duration for
each station for increasing risetime. The pulse duration appears to linearly increase as a function of the risetime with
stronger dependence for hanging wall stations. (b) For each station and for risetime 7 = 0.6 s, the different pulse durations
are plotted. The orange diamonds reflect the duration of pulses recorded during L'Aquila earthquake (Chioccarelli &
lervolino, 2010), whereas the magenta dashed line represents the expected duration from the magnitude-pulse size scaling
law proposed by Baker (2007).

about 0.6 times the fault length. Beyond this maximum the fraction of pulse-like signals decreases. For a small
along-strike hypocentral distance, the along-strike directivity contributes to generate a pulse in the first S
wave arrivals. For longer along-strike distances the directive pulse is delayed with respect to the first S
wave arrivals and the energy contribution of the pulse, as defined in equation (1), is now concentrated in
the middle of the signal. These signals do not satisfy the pulse criterion defined in section 2 and are not
recognized as pulses.

The number of pulses observed at the station AQG is small, despite its location on a side of surface projection
of the fault would favor the emergence of along-strike directive effects. However, the projection of the station
on the fault is at depth and this limits the effect of the updip directivity.

Additionally, since the station is close to the north-west boundary of the fault surface, the seismic wave-
forms at this station are influenced by stopping phases, which spread the energy within the whole §
wave packet.

Finally, a two-point correlation analysis was performed to analyze the correlations between the source
parameters. The results for AQK are summarized in Figure S3 of the supporting information. They show that
large risetime values can generate impulsive signals also for slower (Figure S3a) and shallower ruptures
(Figure S3b), whereas no correlation appears between the risetime and the roughness. Analogous correlation
can be observed between depth and rupture velocity with increasing probability of pulse occurrence for
slower events originating deeper on the fault (Figure S3d). The correlation images show some maxima, in
risetime versus rupture velocity and depth versus rupture velocity plots. They do not correspond to a general
trend; they are rather specific to single stations. The same two-point correlation analysis was carried out for
the station GSA on the footwall (Figures S4a-S4d in the supporting information). For that station the source
parameters are poorly correlated with each other, and no clear trends are evidenced.

3.2. Pulse Duration

The analysis was completed with a comparison between distribution of the pulse duration from synthetics
and the duration of the impulsive signals recorded during the M,, = 6.3 L'Aquila earthquake. We show in
Figure 6a that the average value of the duration is an increasing function of the risetime z. The increase is
faster for stations on the hanging wall, whereas the duration at GSA seems to be less influenced by the rise-
time. The interevent distribution of the duration for the smallest value of the risetime (z = 0.6 s) is shown in
Figure 6b to compare our results with real data and with the duration expected by the Baker classification
(Baker, 2007). For AQG only 11 impulsive signals were detected, and their duration oscillates between 1.7 s
and 3.6 s, while a pulse of duration 1.02 s was observed at this station (orange diamond on the AQG column
in Figure 6b, Chioccarelli & lervolino, 2010). However, we never found physical pulses with such small dura-
tions at AQG and the limited number of pulses makes the statistics not robust. At the other two hanging wall
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stations a considerable number of pulses was detected: 326 for AQU (red dots) and 198 for AQK (black dots).
These signals show similar behavior in terms of pulse durations, respectively, ranging from 1.4 s to 4.5 s and
from 1.4 sto 4.3 s, respectively. In the real data an impulsive ground motion was evidenced only at AQK with a
duration of 1.99 s, this value being represented by the orange diamond on the AQK column in Figure 6b
(Chioccarelli & lervolino, 2010). It is compatible with the range derived from simulations. The expected value
from the Baker magnitude-pulse size scaling law (1.91 s), and marked with a magenta dashed line in Figure 6b,
is also shown to be compatible with the real and the simulated results. Finally, at GSA 397 impulsive signals
were recorded with a smaller variability and values ranging from 2.1 to 3.7 s. All these values are larger than
the expected value from the Baker scaling law but they fit the real duration (3.13 s), as computed by
Chioccarelli and lervolino (2010) and shown in Figure 6b. When adopting kinematic source models for the
L'Aquila earthquake inferred from strong motion and geodetic data (Ameri et al., 2012; Cirella et al,, 2012;
Del Gaudio et al., 2015), the duration of the pulses (Evangelista et al., 2017) is compatible with the intervals
represented in Figure 6b.

4, Spatial Distribution of the Pulses

In order to investigate the spatial distribution of the pulses observed in the near-source region of the
L'Aquila-like event, we also computed synthetics seismograms at a larger number of stations located within
and around the surface projection of the fault plane. In order to have an almost uniform coverage of the
investigated area and to also include the real stations, we compute the ground motion at 25 stations
(Figure 3). The station distribution is symmetric with respect to the along-dip direction of the fault. Since
the two close stations AQU and AQK show quite similar results, we have not considered the results from
AQK and its symmetric station ST12, to keep an almost constant interstation distance.

We already observed (e.g., Figure 4a for risetime 7 = 0.6 s) that the footwall station GSA shows a larger
probability of pulse occurrence, in spite of the larger distance from the fault plane. When closer stations
are considered on the footwall, this large probability of pulse occurrence becomes more evident.
Figure 7 shows the pulse occurrence in a synthetic data set of 1,500 scenarios generated from the same
source models as used in the previous section and a risetime value of 7 = 0.6 s. In Figure 7, the stations on
the hanging wall are represented by blue bars and the stations on the footwall are represented by red
bars, respectively. Looking at the pulse occurrence on the footwall, the stations ST4 and ST5 and their
symmetric ST16 and ST17 show a high percentage (~ 50%) of pulse occurrence; the stations ST1 and
ST14, which are closer to the fault boundary, show a lower probability, although this value is still larger
than the average probability of pulse occurrence on the hanging wall. Here at stations located between
the center of the fault plane projection and north-west and south-east fault boundaries (e.g.,, AQU and
ST11, respectively) the development of pulses is favored as compared to stations close to the boundary
(e.g., AQG) and to those located in the middle of the fault projection (e.g., ST2). As expected, the along-
strike geometrical symmetry of the station distribution is retrieved in Figure 7 where symmetric stations
show very similar probabilities to develop pulses. Exploiting this symmetry, we searched for common
source features in the ensemble of the events generating pulse at the same group of stations. In particular,
in Figure 8a we show the epicenters of the events (cyan stars) that produce pulses only at the footwall
stations ST4-ST5. We can individuate two clusters of events: most of them nucleated on the same fault
half-side as the stations at depths between 0.6 W and 0.9 W and produce pulses as a result of pure updip
directivity. Most of the remaining events originated on the other half-side of the fault at shallower depths
(between 0.5 W and 0.8 W), and the associated pulses result from combined along-strike/along-dip direc-
tivity effects. Conversely, when we consider the events producing pulses at one station on the hanging
wall (e.g, AQU) and one station on the footwall (e.g., ST4), the epicenter distribution (red stars in
Figure 8a) evidence the importance of the contribution of the along-strike directivity to the pulse occur-
rence. Finally, in all cases, the events that produce pulses at a specific set of stations are clustered on
the fault.

Complementarily, we analyzed the number of stations showing a pulse for each event. The results are sum-
marized in the histogram of Figure 8b. Few events do not generate any pulse (~8%), whereas ~46% of the
earthquakes generate impulsive signals either at 1 or 2 stations over 23, corresponding to a fraction of sta-
tions smaller than the 10%. The remaining part of the events produces pulses at three or more stations
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Figure 7. Description of the spatial distribution pulse emergence. The histogram shows the percentage of pulse occur-
rence at the stations of Figure 3. Footwall stations (marked with red bars) show more pulses than hanging wall stations
(marked with blue bars).

with the 75th percentile of the distribution in Figure 8b corresponding to four stations (~17% of the stations)
and the 95th percentile to seven stations (~30%). Finally, from the distribution in Figure 8b, the average
number of stations presenting an impulsive behavior is 2.8 (~12% of the stations) with a standard
deviation of 2.1.

In Figure 8b the histogram shows the number of events as a function of the number of stations at which these
events have produced an impulsive ground motion.

We also reanalyzed the dependence on the risetime, showing the pulse duration as a function of the source-
receiver epicentral distance and the rupture speed. In Figure 9a, the pulse duration and its standard deviation
are shown for the station AQU, grouping the results in distance bins; the different colors refer to the simula-
tions carried out by imposing the risetime values 7 = 0.6, 0.9, and 1.2 s, respectively. The pulse duration
increases as the epicentral distance increases, this latter being connected to the distance covered by the rup-
ture under directive regime. In Figure 9b, we plot the pulse size as a function of the rupture velocity at the
same station. Increasing the rupture speed reduces the duration of the coherent radiation contribution under
directive regime and diminishes the final duration of the pulses. In Figures 9c and 9d the same plots are
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Figure 8. Figure 8a shows the distribution of the epicenters of the events that produce pulses only at ST4-ST5 (cyan stars)
and at AQU-ST4 (red stars). In the former case, we can individuate two clusters: Events are either located at large depth
on the same half-side of the fault or on the other side at shallower depth. In the latter case, events originate on the
south-east part of the fault and generate pulses as a combination of the along-dip and along-strike directivity.
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Figure 9. Variability of the pulse durations as a function of some source features. Pulse duration versus epicentral distance
for the hanging wall station AQU (a) and the footwall station ST4 (c). Pulse versus rupture speed for the hanging wall
station AQU (b) and the footwall station ST4 (d). In all panels the different colors represent the results achieved for different
risetime, as clarified in the legend.
shown for the footwall station ST4, which experienced the largest frequency of pulse occurrence. The trends
of the pulse duration with the distance and the rupture velocity are similar to AQU, even though the correla-
tion is less pronounced. The effect of the risetime results at the first order as an additive term not modifying
the qualitative trend of the relationships. The apparent dissimilarity in the trend of Figure 9a is likely due to
the scarce number of detected pulses for small risetime values making the statistics less robust. We also
found that the duration is almost insensitive to the slip roughness. Longer pulse durations (>3 s) occur when
the hypocenter is on the opposite side of the fault as compared to the receiver location, and the pulses are
due to the coupling between updip and along-strike directivity effects.
In order to evaluate the intraevent pulse duration variability, we considered the ensemble of synthetic data
carried out with 7 = 0.6 s. The average duration is 2.4 s with a standard deviation of 0.6 s. We compare this
value with the estimates extracted from Baker (2007) for a M,, = 6.3 earthquake, which are 1.9 and 1.0 s for
the mean and the standard deviation, respectively. We note that the mean value retrieved in this study is
compatible with the estimate of Baker (2007), which combines data from earthquakes recorded in different
tectonic regimes. We finally computed the standard deviation around the average pulse size for all the 684
events showing pulses at least at three stations. The average of these 684 standard deviations is used as
an estimate of the intraevent variability, and it is o; = 0.54 s, this value being lower than the standard devia-
tion estimated by the Baker scaling law.
5. Discussion
The main effect in the spatial distribution of the pulse occurrence and duration is related to the location of the
station with respect to the fault, if it lies on the hanging wall or on the footwall.
In particular, the footwall stations experience on average a frequency of the pulse occurrence that is more
than twice larger than the average for the hanging wall stations.
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Figure 10. The plot provides an interpretation of the higher pulse occurrence on the footwall stations. These latter stations
(cyan triangle) see as directive all the updip propagation along all the direction over the fault plane. This contributes to
give coherency to the emitted signals during the rupture propagation and to concentrate the most part of the energy

in small part of the recorded seismograms. Conversely, when a station is on the hanging wall (green triangle), there is
always a point (the base of the dashed black line on the left side) after which the propagation is seen as antidirective by the
station itself. This eventually subtracts coherency to the emitted radiation spreading the energy in the seismograms over
longer time intervals.

This larger pulse occurrence in the footwall is a consequence of the updip directivity effect as illustrated in
Figure 10. Whatever is the depth of the nucleation and the position of the station on the footwall (see the
cyan triangle in the Figure 10) the updip propagation of the rupture will be seen from that station as entirely
directive. On the contrary, a station on the hanging wall (see the green triangle in the Figure 10) experiences a
transition from a directive position to an antidirective one after the rupture overcomes the projection of the
station on the fault (dashed black line on the left side in Figure 10), contributing to enlarge the signal coda
duration and thus limiting the pulse emergence. We also expect larger pulse duration in the footwall than
in the hanging wall. Additionally, impulsive ground motion may be due to the combination of along-strike
and along-dip directivity, with the coupling more pronounced for the hanging wall stations than for the
footwall ones.

We observed that the duration of the impulsive ground motion is increasing with the hypocentral distance
and decreasing with the rupture velocity, while the risetime appears as an additive contribution to the first
order. The Doppler effect can be used to model the impulsive signal duration as observed from the numerical
simulations, using the simplified sketch of Figure 10. Assuming a constant rupture velocity v, and a homoge-
neous medium with S wave velocity v,, the expected duration of the pulse T} is (Fayjaloun et al., 2017)

Lyi 1 Lair Ly L
To=t + = ] cosO(x)dxat + —2F — =9I cosh), 2
Vi Vs o Vr Vs
where 7 is the constant risetime on the fault and the angle 6 is plotted in Figure 10 both for the hanging wall
and footwall stations with the subscript zero referring to the hypocenter.

Lgir is the distance covered by the rupture in the directive regime, which generally combines along-dip and
along-strike directivity, as it is the distance between the hypocenter and the projection of the station onto the
fault surface for a hanging wall station and the distance from the hypocenter to the point of the fault closest
to the receiver for the footwall stations. Thus, it is equivalent to the parameter d defined in Shahi and Baker
(2011). A representation of the quantity Lg;, is shown by a double arrow in Figure 10 both for the hanging wall
and footwall. Figure 11a shows the comparison between the pulse duration Tg computed from the simula-
tions (red dots) and the theoretical duration Tf, (blue dots) from equation (2), using the source parameters
that have generated impulsive synthetic ground motion at the hanging wall station AQU. In Figure 11b
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Figure 11. For the same stations of Figure 9, we show the distribution of the residuals between the theoretical and the

computed pulse duration from synthetics. In Figure 11a the blue and red dots represent, respectively, Tf, and Tf,’ at the

hanging wall station AQU, whereas in Figure 11b the normalized residuals are grouped in bins. In Figures 11c and 11d
similar results are shown for the footwall station ST4.

the histogram of the normalized residuals (Tf, — T;) /Ty is plotted. The distribution has a mean value x4 = 0.07

and a standard deviation o = 0.19 evidencing a good agreement between the expected and the observed
pulse duration. Figures 11c and 11d show a similar result for the footwall station ST4 with the distribution
of the residuals having a mean value u = 0.15 and a standard deviation ¢ = 0.20. The slight overestimate
of the expected pulse size can be due to the simplicity of the one-dimensional model that does not take
into account at all the complexity of the source model introduced by the k=2 slip distributions.
Nevertheless, Figures 11b-11d show that for both cases the modal class of the distribution contains the
zero. Finally, using the same correlation estimator of Fayjaloun et al. (2017), that is, the natural logarithm
residuals, we obtain ojnraqu) = 0.20 and oj,pst4) = 0.26 for AQU and ST4, respectively, improving the
previous estimate.

A final comment is related to the station AQG. At this station a short duration pulse signal (~1.0 s) was
observed during the 6 April 2009, L'Aquila earthquake (Chioccarelli & lervolino, 2010). Nevertheless, occur-
rence of pulse-like signals at this station is very rare in our numerical simulations and the pulse never emerges
when the hypocenter location is very close to the real one. We suggest that the real source geometry is more
complex beneath AQG than the one we assumed in our simulations, with possible changes in the focal
mechanism close to the north boundary of the fault. This will allow energy focusing and possibly directivity
effects also at AQG.

6. Conclusions

We performed kinematic simulations of seismic ruptures assuming a L'Aquila-like source model and a k2
description of the rupture process. We investigated the sensitivity of the kinematic parameters to the pulse
emergence and duration. We found that the emergence of the pulse is not dependent on the variability of
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the risetime on the fault, but its emergence and duration depend on the average value of the risetime, on the
station position, on the rupture speed, on the event depth, and less significantly on the slip roughness.
Specifically, stations on the footwall experience a large number of pulses with longer duration, as compared
to receivers in the hanging wall as an effect of the updip directivity. As the rupture speed increases, the signal
becomes shorter, and the emergence of pulses is enhanced while its duration decreases. We modeled the
pulse duration using a simplified 1-D Doppler model as shown in equation (2). The good agreement between
the model and the computed duration from synthetics has been shown in terms of residuals.

When analyzing the intraevent pulse occurrence, we observe that the average percentage of stations where
the pulse occurs is ~ 12%, when a uniform station coverage around the fault is available. In all cases, stations
located on the hanging wall in the opposite direction, as compared to the updip propagation, almost never
experience any pulse. The average intraevent variability of the pulse size is about 0.5 s, this value being smal-
ler than the standard deviation expected from the scaling law proposed by Baker (2007) for that magnitude.
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Erratum

In the originally published version of this article, there was an error in Figure 1. The error has been corrected,
and this version may be considered the authoritative version of record.
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