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Rodolfo Puglia, Maria D'Amico, Emiliano Russo, Georgios Baltzopoulos,
and Iunio Iervolino

ABSTRACT

The availability of high-quality waveforms recorded in epicen-
tral areas of moderate-to-strong earthquakes is a key factor for
investigating ground-motion characteristics close to the seismic
source. In this study, near-source strong-motion waveforms
(named NESS1) were collected from worldwide public ar-
chives with the aim of building a flat file of high-quality meta-
data and intensity measures (IMs) of engineering interest.
Particular attention was paid to the retrieval of reliable infor-
mation about event sources, such as geometries and rupture
mechanisms that are necessary to model near-source effects for
engineering seismology and earthquake engineering applica-
tions. The accelerometric records are manually and uniformly
processed, and the associated information is fully traceable.
NESS1 consists of about 800 three-component waveforms rel-
ative to 700 accelerometric stations, caused by 74 events with
moment magnitude larger than 5.5 and hypocentral depth shal-
lower than 40 km, with Joyner–Boore distance up to 140 km.
Ground-motion data were selected to have a maximum source-
to-site distance within one fault length, defined through seis-
mological scaling relations. About 40 records exhibit peak
acceleration or peak velocity exceeding 1g or 120 cm=s, and
they represent some of the largest ground motion ever re-
corded. Evidence of near-source effects was recognized in
the NESS1 dataset, such as velocity pulses, large vertical ground
motions, directional and hanging-wall amplifications and fling
step. In particular, around 30% of the records was found to
exhibit pulse-like characteristics that are possibly due to for-
ward rupture directivity.

Electronic Supplement: Table listing the main features of the
selected events, including the references of fault geometry
parameters and Figures showing further metadata and intensity
measures distributions of the NESS1 flat file.

INTRODUCTION

The availability of waveforms from moderate-to-strong events
recorded in epicentral areas is a relevant need for earthquake

engineering and engineering seismology purposes. This is
demonstrated by the increasing number of studies in the last
decades that were focused on the characterization of ground-
motion effects in the near-source region, particularly after the
1999 Mw 7.6 İzmit (Turkey) event (e.g., Campbell and Bo-
zorgnia, 2003; Mavroeidis and Papageorgiou, 2003; Somerville,
2003; Bray and Rodriguez-Marek, 2004; Chioccarelli and Ier-
volino, 2010). These studies pointed out that ground motion
recorded close to the seismic source may show features that are
responsible for peculiar seismic demand imposed on structures
situated in epicentral area (e.g., Champion and Liel, 2012;
Iervolino et al., 2012).

Typical and well-known effects observed in the near-
source regions include the vertical component exhibiting much
larger amplitude than the corresponding horizontal compo-
nent, pulse-like ground motion due to forward directivity, a
fling-step effect due to permanent tectonic displacement, and
hanging-wall (HW) or footwall (FW) systematic difference.
Polarization of motion, or directionality, is also observed in
strong-motion data recorded close to the source (Shahi and
Baker, 2014).

Several attempts have been carried out to model HW
(e.g., Donahue and Abrahamson, 2014) and directivity effects
(e.g., Spudich et al., 2014), as well as the amplitude of fling
step (e.g., Faccioli et al., 2004; Kamai et al., 2014; Burks
and Baker, 2016). On the other hand, despite the relevant im-
pact and engineering significance of the ground-motion char-
acteristics in near-source conditions, few attempts have been
made to account for them in seismic code provisions (Tothong
et al., 2007; Grimaz and Malisan, 2014; Baltzopoulos
et al., 2015).

Ground-motion prediction equations (GMPEs) typically
seek to account for such effects as a function of a few explana-
tory variables (e.g., magnitude, source-to-site distance, azimuth
between the fault strike and the observer). However, existing
models produce results that may significantly differ from one
to another, mainly due to the paucity of near-source records
and the lack of adequate knowledge and/or a high level of
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uncertainty in the characterization of the fault geometry, which
is essential information to model the mentioned effects.

Another issue concerns the modeling of the distance
scaling in near-source regions that is only captured by the
classical GMPEs up to some extent, because typical distance
metrics have, in general, limited explanatory power with re-
spect to the effects of the rupture propagation and slip distri-
bution on an extended fault (Thompson and Baltay, 2018).

To contribute to addressing these issues, we compiled a
dataset of near-source strong-motion records and metadata
suitable for seismic response analysis and ground-motion stud-
ies in proximity to the seismic source. This near-source ground-
motion dataset (hereinafter referred as NESS1), is a collection
of 800 worldwide records, selected from various repositories of
accelerometric data, according to specific criteria in terms of
moment magnitude (Mw ≥ 5:5) and distance. In particular,
ground-motion data were selected to have a maximum
source-to-site distance proportional to the fault length, defined
through seismological scaling relations.

A fundamental step in the compilation of the NESS1 was
to retrieve adequate information about event-source geometries
and rupture mechanisms that allowed the calculation of
different metrics to define the source-to-site configuration.
Moreover, only raw waveforms available on public repositories
were selected and manually processed to construct a homo-
geneous dataset of ground-motion intensity measures (IMs).
The suitability of NESS1 to represent the ground motion
in the near source is shown by evidence of velocity pulses, large
vertical components, polarized ground motions, and HW ef-
fects that were identified via a preliminary analysis.

DATASET

To construct a dataset of accelerometric waveforms potentially
affected by near-source effects, worldwide active-crustal earth-
quakes (Fig. 1) were initially selected according to the follow-
ing criteria: (1) moment magnitude (Mw) greater than or equal
to 5.5, (2) hypocentral depth less than 40 km, (3) availability of

geometrical information on the finite-fault
model, and (4) availability of strong-motion re-
cords in epicentral areas and in free-field con-
ditions.

For the selected events, only raw waveforms
were collected and then uniformly processed to
compute the IMs. The near-source strong-mo-
tion dataset was arranged as a table (named
NESS1 flat file) that contains verified and reli-
able metadata and IMs of the manually proc-
essed waveforms. The fields of the flat file are
consistent with the Engineering Strong-Motion
(ESM) flat file (Lanzano et al., 2018) and can
be grouped into six main blocks of metadata:
(1) event-related, (2) source-related, (3) sta-
tion-related, (4) metrics of source-to-site distan-
ces, (5) waveform-related, and (6) ground-
motion IMs. The NESS1 webpage provides ac-

cess to the flat file and to related documents (field dictionaries
and user manual).

Earthquakes
To build the dataset, we identified 74 worldwide events with
Mw ≥ 5:5 (see Ⓔ Table S1, available in the electronic supple-
ment to this article). For 60 earthquakes, fault geometries were
retrieved from published studies or from regional and world-
wide databases (see Data and Resources). The saved informa-
tion includes: strike, dip, and rake angles, the depth of the top
of rupture plane, the fault length and width, and the coordi-
nates of the reference point that are needed to compute differ-
ent source-to-site distances. In case of events with multi-
segment rupture (e.g., 2002 Mw 7.9 Denali, Alaska; 2011
Mw 6.6 Fukushima Homadoru, Japan; 2016 Mw 7.0
Kumamoto-shi, Japan), the parameters of the dominant fault
segment were considered.

Hypocentral coordinates and moment magnitude were
recovered after consulting multiple catalogs (see Data and
Resources) and specific event studies. For the oldest events,
the instrumental hypocenter provided by catalogs may fall be-
yond the edges of the proposed fault geometry. For this reason,
in addition to the coordinates of the instrumental hypocenter,
the coordinates of the starting point of the rupture on the fault
plane (namely the nucleation point) were also included.

For the other 14 events (Ⓔ Table S1) having high-quality
strong-motion records in the epicentral area, it was not pos-
sible to obtain complete finite-source models. In these cases,
the strategy of simulating the fault geometry (virtual fault,
in Ⓔ Table S1) or some missing parameters were adopted,
modifying the procedure by Kaklamanos et al. (2011). The
input parameters for virtual-fault calculation are the moment
magnitude Mw , the strike and dip of the fault-plane solutions
of moment tensor, and the hypocentral depth. The basic steps
are: (1) calculating the fault length L and width W through
empirical correlations in the function of Mw (Wells and
Coppersmith, 1994); (2) setting the coordinates of the nucle-
ation points equal to the hypocentral ones; (3) computing the

▴ Figure 1. Map of the epicentral distribution of the 74 worldwide earthquakes
included in near-source strong-motion waveforms (NESS1). The color version
of this figure is available only in the electronic edition.
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points coordinates of the fault surface projection, assuming the
location of the nucleation point at 1/2 L and 2/3W from the
top edge of the fault; (4) and, finally, calculating the depth of
the top of the fault and the fault trace, obtained from the ex-
tension of the fault plane up to surface.

The focal mechanism of the events was assigned in accor-
dance to the rake angle of the literature source models or to the
solution of the moment tensor provided by the regional and
international catalogs, using the convention of Aki and
Richards (1980), with the modification of Boore et al. (1997)
for strike-slip events.

Strong-Motion Waveforms
To select a number of accelerometric data possibly showing
near-source features, it was assumed that such effects occurred
in a limited area around the source, that is, within a few times
the fault length. By applying the classical seismological scaling
relations (Lay and Wallace, 1995) among seismic moment, slip
on the fault and static stress drop Δσ, and the relationship
between seismic moment and moment magnitudeMw (Hanks
and Kanamori, 1979), a threshold distance Rns (near-source
distance), proportional to the fault length, was defined as
follows:

EQ-TARGET;temp:intralink-;df1;52;228 log�Rns� � log�k� � 1
2
Mw −

1
3
log�Δσ� � 3:134; �1�

in which Rns is given in m and Δσ is in Pa, k is a parameter used
to quantify how many fault lengths the sites should be away
from the fault, to be considered within the region of interest.

The NESS1 dataset features strong-motion data recorded
by stations located in the near-source region, according to the
conventional criterion of equation (1) with k � 1 that is
within one fault length and static stress drop that is equal
to 10 bars, the latter representing the average value for mod-
erate and strong events (Allmann and Shearer, 2009). As the

distance metric, the Joyner–Boore distance, such as RJB ≤ Rns,
was considered. As an example, the near-source regions for
magnitude 6.5 and magnitude 7.0 earthquakes extend up to
25 and 40 km, respectively, from the surface projection of
the faults (Fig. 2).

The choice of one fault length, although arbitrary, is
roughly consistent with evidence of near-source effects in other
studies (e.g., Chioccarelli and Iervolino, 2010).

Applying the above-mentioned criteria to the 74 events, the
dataset resulted in 770 waveforms recorded by 666 different ac-
celerometric stations. The majority of the events (Fig. 1) are lo-
cated in the United States (18 events) and Italy (18 events).
Japan and Turkey contribute with nine and seven events, respec-
tively. The remaining earthquakes are distributed among Iran
(five events), Greece (five events), New Zealand (five events),
Montenegro (two events), Mexico (two events), Nepal (one
event), Uzbekistan (one event), and Chile (one event).

The oldest earthquake included is the well-known 1933
Mw 6.4 Long Beach event that contributes with only a single
record to the dataset, whereas the most recent ones are the
2016 Mw 8.0 Kaikōura (New Zealand), the 2016 Mw 7.0
Kumamoto-shi (Japan), and the 2016 Mw 6.5 Norcia (Italy)
earthquakes that are also the most sampled events, with more
than 30 waveforms. The event with the largest magnitude
corresponds to the 2014 Mw 8.1 Chilean earthquake.

Source-to-Site Distance
Close to the seismic source, the point source-to-site distance
measures (epicentral and hypocentral distance) that describe
the scaling of ground-motion intensity are usually replaced
by metrics based on the geometry of the finite-fault rupture
plane. The distance measurements obtained using different
metrics can differ significantly, especially in proximity to the
source (see Ⓔ Fig. S1). Therefore, for the NESS1 records,
six source-to-site distance measurements introduced into the
Next Generation Attenuation-West2 (NGA-West2) Project

▴ Figure 2. Data distribution of NESS1: (a) magnitude Mw versus Joyner–Boore distance RJB. Lines represent the scaling of the near-
source distance in the function of magnitude and stress drop, according to equation (1) and k � 1, (b) number of waveforms as a function
of Mw, and (c) Joyner–Boore distance RJB. The color version of this figure is available only in the electronic edition.
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database (Ancheta et al., 2014) were computed: epicentral dis-
tance REPI, hypocentral distance RHYP, Joyner–Boore distance
RJB, rupture distance RRUP, horizontal distance measured
perpendicular to the fault strike RX , and horizontal distance
off the surface projection of the rupture plane measured par-
allel to the fault strike RY0. In addition, the distance from the
nucleation point (RNP) and from the top edge of rupture plane
(RLINE) were also calculated (Table 1).

Metadata Distribution
The dataset covers distances of up to 140 km when measured
in RJB terms, with the bulk of the records in the magnitude
range 6.0–7.5 and with distances between 0 and 30 km (Fig. 2).
About half of the waveforms (300) were recorded at
RJB < 10 km, and 45 waveforms were recorded over the
surface projection of the fault (RJB � 0).

Normal, strike-slip, and thrust focal mechanisms are
included in the dataset, with a dominance of strike-slip events
mainly located in the United States, New Zealand, and Turkey.
Normal mechanisms are typical of Italy and Japan, whereas
almost half of the thrust events are located in the United States
(see Ⓔ Fig. S2).

Average shear-wave velocity in the uppermost 30 m (V S30)
was assigned to all recording stations (Ⓔ Fig. S2). When a
direct measurement of the S-wave velocity profile was not
available, V S30 was estimated by empirical correlation with the
topographic slope, as proposed byWald and Allen (2007) using
a 90 m digital elevation map (DEM, digital elevation map pro-
vided by the Shuttle RadarTopographyMission). The majority
of strong-motion data was recorded on soil (VS30 < 600 m=s)
and only 8% on rock sites (VS30 > 800 m=s). In the flat file,

the soil categories relative to the National Earthquake Hazards
Reduction Program (NEHRP) (BSSC, 2003) and the EC8
(Comite Européen de Normalisation [CEN], 2004) classifica-
tions are included, associated using measured VS30 values,
where available (if not, estimated VS30 is used for the former
and surface geological information for the latter).

Waveform Processing
The accelerometric data were downloaded from different
worldwide databases (see Data and Resources) in raw version
and manually corrected by using the processing tool (Puglia
et al., 2018) developed within the ESM database (Luzi et al.,
2016). This tool implements the procedure described in Pao-
lucci et al. (2011) and detailed in Pacor, Paolucci, Ameri, et al.
(2011) that entails the application of a second-order acausal
time-domain Butterworth filter to the zero-padded accelera-
tion time series and zero-pad removal to make acceleration
and displacement consistent after double integration.

Most of the digital waveforms, that constitute about 70%
of the dataset, are filtered with high-pass frequencies of
≤ 0:1 Hz, whereas analog data are, on average, filtered at
frequencies around 0.2 Hz, due to their lower quality. In both
cases, the value of the low-frequency cutoff tends to decrease
with increasing magnitude.

For each waveform component (horizontals as recorded
and vertical), peak (peak ground acceleration [PGA], peak
ground velocity [PGV], and peak ground displacement [PGD])
and integral IMs (significant duration, Housner, and Arias
intensities) were computed from the processed waveforms. Fur-
thermore, the 5% damped acceleration response spectra (SA)
values are calculated for 36 ordinates in the natural vibration
period range 0.01–10 s.

Several other IMs of horizontal ground motion, such as
the geometrical mean, the fault-normal (FN) and fault-parallel
(FP) components (i.e., normal and parallel to the fault strike),
rotated with respect to the fault strike, the maximum (D100),
the minimum (D00), and the median (D50) values of the
ground-motion parameters, were obtained rotating the time
series over all orientations (Boore, 2010).

Peak Ground-Motion Distributions
The dataset is characterized by relatively large ground motions:
about 50% of the records have horizontal PGAs and PGVs
larger than 0:2g and 23 cm=s, whereas 2% have PGAs and
PGVs exceeding 1g and 100 cm=s, respectively (Fig. 3). The
values of the vertical distributions are smaller than the horizon-
tal ones but tend to increase in the upper percentiles, mainly
for high-frequency ground-motion parameters.

Following Anderson (2010) and Pacor, Paolucci, Luzi,
et al. (2011), records with PGAs and PGVs exceeding a given
high percentile of the corresponding distributions are identi-
fied as exceptional. Selecting the 95th percentile as the thresh-
old, separately for vertical and horizontal components, 83 such
records are recognized within NESS1; 35 of those exceptional
records belonging to the 98th percentile of the distribution
(Table 2).

Table 1
Notation and Description of the Distance Measures

Distance
Measures

Description

REPI Epicentral distance: distance from
epicenter

RHYP Hypocentral distance: distance from
hypocenter

RJB Joyner–Boore distance: distance
computed from the surface projection of
the fault

RRUP Rupture distance: shorter distance to the
rupture plane

RX Horizontal distance measured
perpendicular to the fault strike from the
top edge of rupture plane

RY 0 Horizontal distance off the surface
projection of rupture plane measured
parallel to the fault strike.

RNP Nucleation point distance: distance from
nucleation point

RLINE Shorter distance from the top edge of

rupture plane computed as
��������������������
R2
X � R2

Y 0

q
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The 83 exceptional records mainly come from Japanese,
American, New Zealand, and Italian events. Strike-slip and
thrust earthquakes each account for 89% of this subset, whereas
the remaining 11% is generated by normal-fault mechanisms.
The RRUP of these records varies from 0 to 30 km, and they
cover the magnitude range 6.0–8.1 (Fig. 4).

The exceptional PGAs and PGVs do not seem to exhibit a
clear dependence on magnitude and distance, similar to those
observed in previous empirical studies (Anderson, 2010). They
may be related to the complexity of the rupture process, such as
the localized failure of different portions of the fault (Hanks
and Johnson, 1976; Schmedes and Archuleta, 2008). More-
over, site effects can also play a role in ground-motion ampli-
fication: in NESS1, exceptional values are mainly recorded on
medium-to-dense deposits, characterized by VS30 < 800 m=s,
and only seven records are recorded on rock site
(V S30 ≥ 800 m=s). These ground motions were compared
with the predictions of the empirical model, proposed by
Campbell and Bozorgnia (2014; hereafter, CB14). Indeed,
CB14 was calibrated via more than 7000 data recorded within
80 km from the source, and the authors claim (nonregional)
applicability to shallow active-crustal zones. Although CB14 is
calibrated for D50 as the IM, the residuals (i.e., the difference
between natural logarithms of observations and the CB14 pre-
dictions) were computed considering D100 values, to estimate
the deviation of the exceptional values with respect to the pre-
diction of the reference model. CB14 is able to describe the
NESS1 ground motions, as documented by the PGA and
PGV residual distributions that are roughly normally distrib-
uted, with almost zero median and standard deviations equal to
0.65 and 0.59, respectively (see Ⓔ Fig. S3).

Figure 5 shows the PGA and PGV epsilons (i.e., the
residual divided by the standard deviation of the prediction
model) as a function of magnitude, distance, and observed peak
parameter. Although no clear trend with magnitude is ob-
served, the majority of the exceptional peak values (black

circles) exceeds one standard deviation level, and some data
points have an epsilon larger than three. Most of the large ep-
silon values (> 2) correspond to the highest PGAs and PGVs
included in NESS1; this is evident from Figure 5c, in which the
number of standard deviations is plotted in function of the
observed peak values.

EVIDENCE OF NEAR-SOURCE EFFECTS IN NESS1

In this section, NESS1 is preliminarily analyzed to recognize
some well-known near-source features, such as velocity pulse,
large vertical ground motion, directionality, and HW effects.
Figure 6 shows some NESS1 processed waveforms, as illustra-
tions of characteristic manifestations of these effects. The
velocity waveforms at IT.ACC (2016 Mw 6.5 Norcia, Italy,
event) and BO.SMN01 (2000 Mw 6.6 Tottori, Japan, earth-
quake) seem to exhibit typical pulse-like behavior. An example
of plausible forward directivity can be observed by comparing
the FN velocity traces recorded at the BO.KMM19 and
BO.KMM15 stations (2016 Mw 7.0 Kumamoto-shi, Japan,
earthquake) that are in opposite positions along the strike di-
rection of the fault: the two velocity waveforms show a differ-
ent frequency content, with the station that sees most of the
rupture propagation happen toward it, that is, KMM15, exhib-
iting narrow-band, pulse-like characteristics.

Vertical acceleration components exceeding in intensity
their horizontal counterparts by a wide margin are observed
at stations IT.T1214, and IT.MRN, situated over the faults
of the 2016Mw 6.5 Norcia event and the 2012Mw 6.0 Emilia
second shock (both Italian). Interesting is the vertical acceler-
ation trace at BO.IWT33 station (2008 Mw 6.9 Iwate, Japan,
earthquake), located on the HW side of the fault. The wave-
form is asymmetrical and features an extreme PGA value of
almost 4g that is twice the horizontal ones (see Aoi et al.,
2008; Suzuki and Iervolino, 2017, for details). On the other
hand, the special position of the NZ.WTMC station, close to

▴ Figure 3. Empirical cumulative distribution functions for (a) peak ground acceleration (PGA) and (b) peak ground velocity (PGV) in
terms of D100 (solid lines) and vertical component (dashed lines). The reported values 1073 and 870 cm= s2 for PGA, as well as 119 and
52 cm= s for PGV, indicate the upper second percentiles. Mean and standard deviation (log10 unit) are also reported.
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the epicenter of the 2016 Mw 8.0 Kaikōura earthquake (New
Zealand), resulted in ground motion characterized by horizon-
tal PGA exceeding 1:0g on both horizontal components and a
shorter significant duration with respect to those recorded in
the near-source region (Bradley et al., 2017).

Some of the strong-motion data included in NESS1
contain the effects of permanent displacement (PD) that is
notoriously hard to detect using traditional waveform process-
ing methods. Although such static deformation may be signifi-

cant for near-source records (e.g., PD > 10 cm), its estimation
entails the adoption of baseline correction procedures, the
details of which are beyond the scope of this work.

Pulse-Like Ground Motion
In the flat-file compilation, special attention was given to the
issue of pulse-like ground motions, due to the engineering
relevance of such records. Ground motions with pulse-like
characteristics mainly appear when directivity effects combined
with the shear-wave radiation pattern lead to constructive wave
interference, typically appearing as a double-sided pulse in the
velocity signal (Somerville et al., 1997). For the investigation of
pulse-like effects within the NESS1 dataset, only records for
which instrument orientation was known were considered,
that is, 756 out of the 770 in total. The velocity horizontal
records were rotated between 0° and 180° and analyzed using
the identification algorithm proposed by Baker (2007) to
narrow down to a subset of candidate impulsive records and
to determine pulse period Tp (Fig. 6a). Based on expert
judgement, around 230 records were identified and tagged
as pulse-like, most likely due to directivity. The relevant meta-
data of the pulse identification tag, pulse period Tp, and the
indicative pulse orientation are included in the NESS1 flat file,
whereas a detailed account of this investigation is presented in
a dedicated study (Baltzopoulos et al., unpublished manu-
script).

A breakdown of pulse-like records by focal mechanism
shows an almost uniform percentage of 30% of total near-
source ground motions identified as pulse-like (Fig. 7a). A plot
of Tp against Mw is also given (Fig. 7b), showcasing the
well-established positive correlation between pulse duration

▴ Figure 5. Number of standard deviation, epsilon, above and below the CB14 median predictions for (a–c) PGA and (d–f) PGV of NESS1
dataset (gray circles) and the exceptional data (black circles), plotted in (a,d) function magnitude, (b,e) rupture distance, and (c,f) ob-
served peak values. D100 values are used in the plots.

▴ Figure 4. (a,b) Magnitude and (c,d) distance scaling of D100 (a,
c) PGAs and (b,d) PGVs included in NESS1. The exceptional val-
ues are indicated by squares.
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and magnitude (Mavroeidis and Papageorgiou, 2003;
Baker, 2007).

Ground-Motion Components
Considerable vertical ground motions, by virtue of being larger
than the corresponding horizontal ones, may appear in wave-
forms recorded at short distances (Bozorgnia and Campbell,

2004; Bindi et al., 2011; Zafarani et al., 2018). V/D50,
extracted from NESS1, looks significantly dependent on the
natural vibration period T and source-to-site distance
(Fig. 8a,b): the largest values occur at short periods, with am-
plitudes close to 1 or even greater at T � 0:1 s for sites over
the surface projection of the fault (RJB < 1 km). At longer
periods, the vertical ground motions are about half of the

▴ Figure 6. Examples of acceleration and velocity waveforms exhibiting evidence of near-source effects. Station code and component
orientation are reported together with the moment magnitude Mw and the rupture distance RRUP. PGA and PGV values are also listed.
(a) Pulse-like velocity traces recorded at IT.ACC station (2016 Mw 6.5 Norcia, Italy, event) and BO.SMN01 station (2000 Mw 6.6 Tottori,
Japan, earthquake) and wavelet representation (Baker, 2007) of the velocity pulse (black thick line); (b) velocity traces (fault-normal
components) recorded at two stations, BO.KMM15 and BO.KMM19, that were found in diametrically opposed positions with respect
to the fault rupture of the 2016 Mw 7.0 Kumamoto-shi event (Japan); (c) vertical acceleration components recorded at station IT.MRN
during theMw 6.0 second shock of the 2012 Emilia sequence and at IV.T1214 station during the 2016Mw 6.5 Norcia event; (d) fault-normal
horizontal acceleration component recorded at NZ.WTMC station during the 2016Mw 8.0 Kaikōura earthquake (New Zealand) and vertical
acceleration component recorded at BO.IWT33 station during the 2008 Mw 8.0 Iwate earthquake (Japan).
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▴ Figure 7. (a) Breakdown of pulse-like records identified within the NESS1 dataset by focal mechanism in the histogram format
(right): bins of records belonging to strike-slip (SS), thrust-faulting (TF), normal-faulting (NF) events; (b) pulse period versus moment
magnitude plot.

▴ Figure 8. Ratios of vertical (V) to D50 for spectral ordinates SA at (a) T � 0:1 and (b) T � 3:0 s versus Joyner and Boore distance;
(c) ratios of fault-normal (FN) to fault-parallel (FP) for PGA and (d) spectral ordinates SA at T � 3:0 s. The number of data in each bin is
reported. The color version of this figure is available only in the electronic edition.
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horizontal ones at RJB < 5 km and tend to increase at larger
distances, possibly also because of surface waves generated dur-
ing the propagation.

Near-source effects may also determine the polarization of
ground motions; as a consequence, the ground-motion inten-
sity in one orientation can be significantly stronger than in
others. For this reason, the geometric mean of the as-measured
horizontal ground-motion components may hide some fea-
tures of the shaking in the near-source region. Traditionally,
FN and FP orientations are considered important, because
some near-source effects (e.g., long-period velocity pulse in
FN, fling in FP for strike-slip earthquakes) are generally appar-
ent along these orientations (Sommerville et al., 1997; Mav-
roeidis and Papageorgiou, 2003). The analysis of the NESS1
dataset shows (Fig. 8c,d) that the FN is larger than FP only
at long periods (T > 1:0 s) and in proximity of the fault
(RJB < 3 km). Far from the source, these ratios tend to unity,
although the scatter around the mean value is large. These re-
sults agree with the findings of Watson-Lamprey and Boore
(2007) that showed that the maximum ground motions oc-
curred on the FN direction only at very short distances.

The FN, FP, and vertical (V) ground-motion components
have similar values at short vibration periods (see Ⓔ Fig. S4);
conversely, at intermediate and long periods, the 50th percen-
tile of the vertical component is about half of the horizontal
ones. The difference between FN and FP can be appreciated
from intermediate (1.0 s) to long periods (3.0 s), in which the
50th percentile of FN is about 1.5 FP.

Because directional effects appear as an important feature
of near-source ground motion, the ratio D100/D50 as a func-

tion of period is also investigated, grouping the data in bins of
magnitude (Fig. 9a) and distance (Fig. 9b). As observed by
Boore (2010), this ratio never exceeds 1.42, corresponding to
the value expected for linearly polarized ground motion, and it
is almost independent of distance and magnitude. The largest
values are observed at long periods close to the fault plane
(RJB < 5 km). This feature, despite distance bins being poorly
sampled up to 5 km, might suggest that source contributions,
such as radiation pattern and directivity effects, rapidly vanish
with distance. These ratios (averaged over all magnitudes and
distances) well agree with the predictions of other studies
(Shahi and Baker, 2014; Boore and Kishida, 2017) developed
using the NGA-West2 database in the magnitude range 3–8
and distances up to 200 km, and the differences do not exceed
4%, when data at RJB < 5 km are considered (see Ⓔ Fig. S4).

Hanging Wall/Footwall
The HW effect is defined as the increase in ground motion at
short distances for sites on the HW side of a rupture when
compared to sites on the FW side at equal RRUP (Donahue
and Abrahamson, 2014), and it is recognizable in case of
dip-slip faults. In NESS1, the waveforms relative to reverse
and normal events with jRX j < 40 km and RY0 � 0 were se-
lected to consider only sites located on the projection of the
rupture plane. As shown in Figure 10, the high-frequency
ground motions (PGA and SA at T < 1:0 s) exhibit system-
atically higher values on the HW (RX > 0) than those ob-
served on the FW side (RX < 0), whereas no clear
dependence on magnitude is observed. On average, the HW
amplitude is 2 and 1.5 times the FWamplitude in the distance

▴ Figure 9. (a) D100/D50 ratios for all records and for three magnitude bins, as well as all magnitude bins combined (all magnitudes, the
same as 5 ≤ Mw ≤ 8); (b) D100/D50 ratios for all records and for three distance (RJB) bins, as well as all distance bins combined (all
distance, the same as 0 ≤ RJB ≤ 140 km). For each period, the D100/D50 is computed as the geometric mean of the ratios for each ob-
servation. The bars represent the 95% confidence of the mean. The NESS1 data trend is compared with the models of Boore and Kishida
(2017) and Shahi and Baker (2014).
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range 0–16 km for horizontal (Fig. 10a,b) and vertical
(Fig. 10c,d) components, respectively.

FINAL REMARKS

The near strong-motion dataset (named NESS1) is composed
of about 800 strong-motion three-component waveforms rel-
ative to about 700 accelerometric stations and caused by 74
events with moment magnitudes larger than or equal to 5.5 and
hypocentral depths shallower than 40 km, recorded in the time
period 1933–2016. The records were selected with the aim of
compiling a flat file of ground-motion parameters and associ-
ated metadata that can be useful for investigating ground-
motion characteristics in the proximity of the seismic source.
For this reason, accelerometric data observed within one fault
length were included in NESS1.

Event and station metadata were manually reviewed by
using the most updated national and international catalogs,
studies, and reports. A fundamental step in the compilation of
the dataset was to retrieve reliable information about event
sources, such as geometries and rupture mechanisms that are

key parameters to model relevant near-source effects for engi-
neering applications.

NESS1 only partially overlaps near-source strong-motion
data of other published datasets, such as the global NGA-
West2 database (Ancheta et al., 2014) and the ESM flat file
(Lanzano et al., 2018), mainly including European events
for magnitude four and above. About 40% of the NESS1 wave-
forms are relative to events that occurred in the last five years,
thanks to the rapid growth of permanent and temporary net-
works and the quasi-real-time availability of the raw signals in
public web repositories (i.e., the European Integrated Data
Archive EIDA, see Data and Resources). More than 20% of
the data come from normal-faulting events that are scarcely
represented in other global datasets.

A set of preliminary analyses was performed to assess its
general representativeness of near-source conditions. First, fol-
lowing previous studies, a subset of records with exceptional
peak values was identified. More than 80 records are charac-
terized by a PGA larger than 0:8g or PGVs in excess of
80 cm=s. The majority of these exceptional values are over
one standard deviation above the empirical predictions and

▴ Figure 10. PGA and SA at 0.3 s distributions as a function of RX distance for sites on the hanging wall (HW, RX > 0) and footwall (FW,
RX < 0). (a,b) horizontal component; (c,d) vertical component. The number of data in each bin is reported. The color version of this figure is
available only in the electronic edition.
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some data points are even three times above. These data could
improve the evaluation of shaking scenarios in the epicentral
area of strong events, if used to better constrain the maximum
expected motions and to identify under which physical con-
ditions they occurred.

Evidence of near-source effects was recognized in the
NESS1 dataset, such as velocity pulses, large vertical ground
motions, directional and HW amplifications, and fling step.
These findings substantially confirm existing knowledge from
past studies and in particular the following may be worth high-
lighting.
1. About 30% of the NESS1 data were found to exhibit

pulse-like characteristics, that are possibly due to rupture
directivity, over a range of orientations. This percentage
was almost uniform across focal mechanisms, and the
estimated pulse periods’ scaling with magnitude was found
in agreement with past observations.

2. Differences among the three ground-motion components,
in terms of peak and spectral accelerations, are observed in
proximity to the source and in narrow frequency bands. At
short periods, the ratio between vertical to median hori-
zontal ground-motion intensity is close to 1 or even
greater over the rupture fault, whereas it is about 1/2 at
long periods; at longer distances, the trend is reversed,
it increases at long period and decreases at short period.
The largest ground-motion parameters on FN compo-
nents are only observed at long periods (T > 1:0 s) and
very close to the fault plane (RJB < 3 km), in which the
average ratio between FN and FP spectral amplitudes is
around 1.5. Finally, the ratio D100/D50 shows a slight
dependence on distance, having the largest values close to
the source at long periods. The differences with the values
predicted by the models of Shahi and Baker (2014) and
Boore and Kishida (2017) do not exceed 2%, although the
latter are also calibrated including small events and distan-
ces up to 200 km.

3. The IMs of waveforms recorded in HW conditions typ-
ically exhibit higher values compared to those located in
FW at the high frequencies (T < 1:0 s). These data may
be employed to test the simulation-based models for HW
effects.

NESS1 can be a useful tool to investigate the ground shak-
ing in near-source conditions. Further analysis to identify and
quantify near-source effects, such as HWamplification, tectonic
fling step, and forward directivity can contribute to improving
the related predictive models for seismic hazard analysis and, ul-
timately, performance-based earthquake engineering.

DATA AND RESOURCES

Fault geometries were obtained from: the database of individual
seismogenic sources (DISS, http://diss.rm.ingv.it/diss/), the
Greek database of seismogenic sources (GreDaSS, http://gredass
.unife.it/), the finite-source rupture model database (Mai et al.,
2014; SRCMOD, http://equake-rc.info/SRCMOD/, the Next
Generation Attenuation relationships forWestern U.S. database

(Next Generation Attenuation-West2 Project [NGA-West2],
https://peer.berkeley.edu/thrust-areas/data-sciences/databases),
and the European strong-motion database (ESD, http://
www.isesd.hi.is/ESD_Local/frameset.htm).

The locations of the seismic events and the moment mag-
nitudes were obtained from: the International Seismological
Centre bulletin (ISC, http://www.isc.ac.uk/iscbulletin/), the
Next Generation Attenuation relationships forWestern U.S. da-
tabase, the Istituto Nazionale di Geofisica e Vulcanologia
(INGV) bulletin (http://webservices.rm.ingv.it/fdsnws/event/1/
), the European–Mediterranean Seismological Centre bulletin
(EMSC, http://www.seismicportal.eu/fdsnws/event/1/), the U.S.
Geological Survey (USGS, http://earthquake.usgs.gov/), the
GeoNet-New Zealand seismic catalog (http://quakesearch
.geonet.org.nz/), the Center for Engineering Strong Motion
Data (CESMD, http://strongmotioncenter.org/), the ING Cata-
log (1450 B.C.—1990), the Catalogo della Sismicità Italiana
1981–2002, version 1.1 (CSI, http://cnt.rm.ingv.it/search), the
Bollettino Sismico Italiano, Istituto Nazionale di Geofisica e
Vulcanologia - Centro Nazionale Terremoti (http://
bollettinosismico.rm.ingv.it/), the Global Centroid Moment
Tensor Catalog (Global CMT, http://www.globalcmt.org/
CMTsearch.html), the U.S. Geological Survey (USGS, http://
earthquake.usgs.gov/), the EMSC-CSEM webservice (http://
www.emsc-csem.org/Bulletin/), and the European-Mediterra-
nean Regional Centroid Moment Tensors Catalog (RCMT,
http://www.bo.ingv.it/RCMT/).

Accelerometric time series were obtained from different on-
line databases: the European Integrated Data Archive (EIDA,
https://www.orfeus‑eu.org/data/eida/), the GeoNet seismic cata-
log (https://www.geonet.org.nz/) for New Zealand, the strong-
motion seismograph networks of the National Research Insti-
tute for Earth Science and Disaster Resilience (http://
www.kyoshin.bosai.go.jp/) for Japan, theUnified HEllenic Accel-
erogram Database (HEAD, http://www.itsak.gr/en/head or
http://accelnet.gein.noa.gr) for Greece, the ITalian ACcelero-
metric Archive (ITACA, http://itaca.mi.ingv.it) for Italy, the
National strong-motion Network of Turkey (TR-NSMN,
http://kyhdata.deprem.gov.tr/2K/kyhdata_v4.php), the Strong-
motion virtual data center (http://strongmotioncenter.org/),
the U.S. Geological Survey (https://earthquake.usgs.gov/), the
California Geological Survey (http://www.quake.ca.gov/), and
the Engineering strong-motion database (ESM, http://
esm.mi.ingv.it). The NEar-Source Strong-motion flat-file v0.1
(NESS1) is available at http://ness.mi.ingv.it. All websites were
last accessed on September 2018.
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