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Near-fault ground motion records often capture instances of pulse-like behavior, where a
burst of energy is expressed as largewave amplitude that occur over short time. The pulse-like
ground motion can cause serious damage to long-period structures. Using numerical
simulations of near-fault ground motions, we analyze the mechanisms involved in the
generation of velocity pulses in the 1994 Northridge Earthquake and the 1979 Imperial
Valley Earthquake. The degree to which the asperities affect the pulse generation process is
investigated by identifying individual velocity pulses from the superposition process of sub-fault
ground motions. Pulse indicators Ep and PGVp represent pulse characteristics in the ground
motions at the stations located near the epicenter (near-epicenter stations) and the stations
located along the forward rupture propagation direction of the asperity (rupture-direction
stations), respectively. To observe the effects of the asperities and the spatial relationship
between the pulse-like ground motion stations and the asperities, we determine the
contribution of the sub-fault motions to the pulse amplitude. Furthermore, we analyze the
pulse indicators and the frequency components using simulated ground motions from two
different slip distributions. The near-epicenter station ground motions, produced by
homogeneous slip distribution, exhibit higher pulse amplitude and more concentrated low-
frequency energy than those generated by the inhomogeneous slip distribution. The rupture-
direction station ground motions, produced by inhomogeneous slip distribution, present
higher pulse amplitude andmore concentrated low-frequency energy than those generated by
the homogeneous slip distribution. Our analysis reveals that during the fault rupture process,
the pulse energy and the pulse amplitude are influenced by both the slip distribution on the fault
plane and the spatial relationship between the seismic station and the asperity.
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INTRODUCTION

Near-fault ground motions, which are distinctly different from far-field ground motions, are
influenced by propagation media, site conditions, and the nature of seismic source. Velocity
pulse is one of the main features in near-fault ground motions, which may cause serious
damage to long-period structures. This feature has received significant attention since Heaton
et al. (1995) first revealed that pulse-like ground motions from the 1994 Northridge Earthquake
imparted significant damage to base-isolated frame buildings. In the last decade, researchers have
begun using certain indicators to identify and classify ground motions as pulse-like or non-pulse-
like. Many techniques were developed to extract velocity pulses, includingmathematical models (e.g.,
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sinusoidal velocity model, acceleration model, multi-parameter
attenuate velocity pulse model) (Mavroeidis and Papageorgiou,
2003; Zhai et al., 2013; Chang et al., 2020), time-frequency
analysis (Baker, 2007; Shahi and Baker, 2011; Mimoglou et al.,
2014; Shahi and Baker, 2014; Whitney, 2019; Sharbati et al., 2020;
Tang et al., 2021), and empirical mode decomposition (EMD)
(Huang et al., 1998; Xu and Agrawal, 2010; Chen and Wang,
2020). Despite these investigations, the mechanisms and
processes that ultimately result in velocity pulses are not well
known. Generally, pulse-like ground motions are mainly caused
by the directivity effect, which appear when the fault rupture
propagates towards a seismic station and the rupture velocity is
close to the shear wave velocity of the medium. In this scenario,
the seismic intensities are higher than those propagating in the
opposite direction. Furthermore, the velocity pulse is also
produced by other factors such as the permanent displacement
caused by the fling step effect and soil conditions. Liu (2005),
while exploring the relationship between velocity pulses and
seismic source parameters, proposed that the pulse period and
the pulse amplitude depended on the depth of the fault, the
rupture starting point, and the asperity locations. Mena and Mai
(2011) found that directivity pulse was strongly related to the slip
distribution on the fault plane and the location and size of the
asperities. While Jiang and Bai (2016) analyzed the energy
released by these pulse-like ground motions and found that
this energy heavily influenced the velocity pulse period,
Fayjaloun et al. (2017) demonstrated that the geometry of the
fault and the rupture velocity were the main factors affecting the
pulse period. With respect to the velocity pulse generation
mechanisms, Poiata et al. (2017) found that for dip-slip faults,
the directivity effect played a leading role at footwall stations. The
focusing effect was found primarily responsible for the generation
of the velocity pulses at hanging wall stations (Kagawa, 2009).
Scala et al. (2018) simulated the ground motion in the 2009
L’Aquila Earthquake and found that the appearance and duration
of the velocity pulses were dependent on the rise time of the
source, the average rise time, the station location, the rupture
velocity, and the fault depth. Using the three-dimensional finite
difference method (Luo, 2019; Luo et al., 2020) and the F-K
method (Lin et al., 2019) to simulate the pulse-like ground
motions from the 1999 Chi-Chi Earthquake (Taiwan, China),
and the 2018 Hualian Earthquake (Taiwan, China), previous
studies indicated that the rise time of the asperity and the
fault depth informed the velocity pulse shape, period, and
amplitude. Lin et al. (2019) further proposed that site effect
and the presence of sub-fault promote the generation of
velocity pulses. Using the spectral element method, Tsuda
(2020) simulated the ground motions in the 2016 Kumamoto
Earthquake and found that the seismic source parameters played
a significant role in the generation of the velocity pulses. By
modeling the near-fault ground motions in the 1994 Northridge
Earthquake and the 1979 Imperial Valley Earthquake using the
F-K method, Cao (2020) discovered that different mechanisms
were responsible for the generation of the forward-directivity
pulses and the other non-directivity pulses. The directivity pulses
were caused by large-amplitude waveforms in near-fault region or
by the superposition of sub-fault ground motions in the forward

rupture propagation direction, while the other non-directivity
pulses were mainly attribute to the reflection of S waves produced
by seismic source radiation.

In this study, we analyzed the influence of asperities on the
velocity pulses by comparing the observed and simulated ground
motions for both the 1994 Northridge Earthquake and the 1979
Imperial Valley Earthquake. Widely used methods, such as time-
frequency analyses and empirical mode decomposition (EMD),
may reduce calculation efficiency and suppress signal amplitude.
Therefore, we categorized and characterized the pulse behavior
using mathematical model to fit the shape of the observed velocity
pulses. In the simulated waveforms, each time series is produced by
the rupture of sub-faults, and the final ground motion waveform is
the superposition of these individual groundmotions with a certain
time lag. We observed the pulse indicators during the
superposition process and quantify the contribution of each
sub-fault to the final pulse amplitude. We then compared the
pulse indicators and the frequency components of the simulated
near-fault ground motions produced by two different slip
distributions. Lastly, we preliminarily confirmed that the
relationship between site location and asperity exerts a
significant influence on the pulse generation process.

DATA AND IDENTIFICATION METHOD

Observed Ground Motions and
Identification Method
In this study, we examined ground motions from a dip-slip event
(the 1994 Northridge Earthquake) and a strike-slip event (the
1979 Imperial Valley Earthquake) by collecting the EW and NS
components of 384 acceleration records from the Pacific
Earthquake Engineering Research Center (http://ngawest2.
berkeley.edu). To identify the velocity pulses in these time
series, we use the peak point method (PPM) (Zhai et al.,
2013). PPM is an energy-based pulse identification and
extraction method that uses a simplified mathematical model
to fit velocity pulses. The pulse model proposed by Dickinson and
Gavin (2011) is expressed as:

]p(t;Vp, Tp,Nc, Tpk,φ) � Vp exp[ − π2

4
(t − Tpk

NcTp
)

2

]

× cos(2π t − Tpk

Tp
− φ) (1)

where Vp is the peak amplitude (cm/s), Tp is the period (s), Nc is
the number of fitted pulses, φ is the phase parameter, and Tpk is
the peak moment (s). The least-squares method is used to fit the
pulse model to the original signal. To simplify the model, we set
Nc = 1 and φ = 0. Tp is defined as the time interval between
adjacent peak ground velocity (PGV) peaks or troughs. The pulse
period Tp, the pulse amplitude Vp and the pulse peak moment Tpk
are calculated by finding the pulse model that best fits the pulses
in the observed records. Figure 1 shows an example of a velocity
pulse extracted using PPM. Eqs. 2, 3 are used to calculate the
relative cumulative energy of the velocity time series:
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E(τ) � ∫t

0
υ2(τ)dτ

∫∞

0
υ2(τ)dτ (2)

Ep � ∫te

ts

dE(t) � E(te) − E(ts) �
∫te

ts
υ2(τ)dτ

∫∞

0
υ2(τ)dτ (3)

where v(τ) is the velocity time series, E(t) is the cumulative energy
of the velocity time series, Ep is the relative energy of the

identified pulses, and ts and te represent the starting point
and ending point of the pulse, respectively. The threshold of
the energy index Ep is set to 0.3 (Zhai et al., 2013). We also
apply a criterion of PGV >30 cm/s to exclude low-amplitude
ground motions from our analysis. We eliminate the effects
of the seismometer orientation by rotating the acceleration
histories from original EW and NS orientations to FP (Fault
Parallel) and FN (Fault Normal) orientations. The two
earthquakes yield a total of 27 records with FN

FIGURE 1 | An example of pulse-like groundmotion identified by PPM. The red dotted line represents the extracted pulse from the Northridge station in the Jensen
Filter Plant Administrative Building.

FIGURE 2 | Seismic stations and surficial fault projections of the Northridge Earthquake and the Imperial Valley Earthquake.
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orientations containing pulse-like ground motions (red
triangles in Figure 2).

Simulating Ground Motions With the F-K
Method
To address the role of asperity in the pulse generation process, we
utilize the F-K method, which is a semi-analytical frequency-
wavenumber Green’s function method (Zhu and Rivera, 2002;
Hartzell et al., 2005; Hartzell et al., 2011; Cao et al., 2019). The F-K
method relies on wave theory to solve the Green’s function in the
frequency-wavenumber domain and, when combined with a

finite-fault source model, can be used to simulate the bedrock
ground motions that occur during seismic events. We simulate
acceleration time series from the 1994 Northridge Earthquake
(83 time series) and the 1979 Imperial Valley Earthquake (31 time
series) using the F-K method. The 1D velocity models in the 1994
Northridge region and the 1979 Imperial Valley region are from
Graves and Pitarka (2010) and listed in Table 1. The source
parameters, such as the fault size, strike angle, dip angle, and slip
distribution, are sourced from the inversion results of Hartzell
and Heaton (1983) and Wald et al. (1996) (Table 2).

The pseudo spectral accelerations (PSA) of the simulated FN
components are compared to the records from the 1994 Northridge

TABLE 1 | Imperial Valley and Northridge region 1-D velocity profiles

Imperial valley earthquake Northridge earthquake

Thickness (km) Vp(km/s) Vs(km/s) Density (g/cm3) Thickness (km) Vp(km/s) Vs(km/s) Density (g/cm3)

0.002 1.70 0.45 2.00 0.002 1.70 0.45 2.00
0.004 1.80 0.65 2.10 0.004 1.80 0.65 2.10
0.006 1.80 0.85 2.10 0.006 1.80 0.85 2.10
0.008 1.90 0.95 2.10 0.008 1.90 0.95 2.10
0.01 2.00 1.15 2.20 0.01 2.00 1.15 2.20
0.07 2.40 1.20 2.20 0.07 2.40 1.20 2.20
0.20 2.50 1.25 2.30 0.20 2.80 1.40 2.30
0.20 2.60 1.30 2.30 0.20 3.10 1.60 2.40
0.20 2.80 1.40 2.35 0.20 3.40 1.80 2.45
0.30 2.90 1.50 2.40 0.30 3.70 2.10 2.50
0.50 3.00 1.60 2.45 2.00 4.40 2.40 2.60
0.50 3.40 1.90 2.50 2.00 5.10 2.80 2.70
0.50 3.90 2.20 2.55 1.00 5.60 3.15 2.76
0.50 4.20 2.40 2.60 5.00 6.15 3.60 2.83
2.00 5.00 2.90 2.65 5.00 6.32 3.65 2.85
1.00 5.30 3.00 2.70 5.00 6.55 3.70 2.90
2.50 5.45 3.15 2.75 10.00 6.80 3.80 2.95
2.50 6.00 3.40 2.80 - 7.00 4.50 3.20
5.00 6.60 3.65 3.95
6.00 7.30 4.10 3.00
9.00 7.50 4.30 3.05
- 7.80 4.50 3.20

TABLE 2 | Source parameters used in the F-K method ground motion simulations.

Northridge (Mw 6.7) Imperial valley (Mw 6.5)

Focal mechanism Dip-slip Strike-slip

Strike/Dip angle 122°/40° 323°/90°

Fault depth 5 km 8 km

Fault size Length 18 km Length 42 km
Width 24 km Width 10.4 km
Area 432 km2 Area 436.8 km2

Number of sub-faults along strike and down dip 16, 16 16, 8

Number of asperities 2 1

Asperity size Asperity area 60 km2, 8 km2 Asperity area 102 km2

Length 10 km, 3.6 km Length 13 km
Width 6 km, 2.3 km Width 7.8 km

Asperity location Along strike 8 km, 15.2 km Along strike 22 km
Along dip 8 km, 16.7 km Along dip 6.4 km
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Earthquake and 1979 the Imperial Valley Earthquake (Figure 3).
Overall, the PSAs of the simulated ground motions are consistent
with those of the observed PSAs throughout the entire period range.

For stations with complicated shear-wave velocity structure, we
account for possible site effect such as sediment layer amplification.
By inputting the upward wave of the simulated ground motions at
bedrock (assuming a shear-wave velocity of 750 m/s), we use the
Quarter-Wavelength method (QWL) proposed by Joyner et al.
(1981) to model the frequency-dependent site effect. For example,
the simulated, QWL, and observed spectral responses at four stations
during the 1979 Imperial Valley Earthquake are shown in Figure 4.
The shear-wave velocities of the soil layers at these stations are based
on the values reported in Fumal et al. (1982) and Porcella (1984).

As shown in Figure 4, the response spectra of the surface
ground motions are similar to those of the observed records at
entire period. Of our 114 simulated ground motions, 27
motions contain pulse-like waveforms; however, several of
the corresponding observed records are identified as non-
pulse-like ground motions. We only select records where both
the observed and simulated motions are identified as pulse-
like motions for further analysis. The station information,

pulse amplitude PGVp, pulse period Tp and relative
cumulative energy Ep for these selected records are listed in
Table 3.

In the 1979 Imperial Valley Earthquake, the directivity effect
causes the velocity pulses mostly appear in the FN component.
However, in the 1994 Northridge Earthquake, most pulse-like
ground motions occur at the hanging wall stations (Figure 2 and
Table 3).

In Pulse Indicators in the Superposition of Sub-Fault
Motions and Pulse Indicator Results, we use the PPM
model to identify changes in the pulse indicators of the
simulated pulse-like ground motions (listed in Table 3).
Specifically, in the finite-fault source model, the fault plane
is divided into NL and NW sub-faults in the along-strike and
along-dip directions, respectively. From the rupture starting
point, the sub-fault ground motions are superimposed
sequentially in the time domain with an appropriate time
delay, resulting in the final time series:

a(t) � ∑NL

i�1 ∑Nw

j�1 aij(t − (Δtij′ + Δt′′ij)) (4)

FIGURE 3 | The simulated and observed response spectra produced by bedrock ground motion from (A) the Northridge Earthquake and (B) the Imperial Valley
Earthquake.

FIGURE 4 | The simulated, observed, and QWL response spectra produced by ground motion at the bedrock and at the surface of four stations that recorded
seismic data from the Imperial Valley Earthquake.
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where a(t) represents the ground motion at a station and aij(t)
is the ground motion produced by the rupture of sub-fault ij.
The total time delay is the sum of Δt′ij and Δt′ij, which represent
the rupture time of sub-fault ij and the propagation time from
the starting point to sub-fault ij, respectively. At the relevant
stations, we identify velocity pulses in each individual ground
motion aij(t) to understand the influence exerted by the
asperities by observing the time and position of the
velocity pulses.

The Windowed Fourier Transform (WFT) of time-frequency
analysis is conducted to express how the slip distribution affects
the frequency components of the simulated ground motions in
Pulse Indicator Results. The WFT applies an overlapping
rectangular window of a certain time duration to each part of
the time series and then calculates the Fourier transform of each
windowed section in order to obtain the corresponding frequency
spectrum. The relationship between the short-time Fourier
window width (Tw) and the moment magnitude (Mw),
investigated in the research of Mena and Mai (2011), is
expressed as:

Tw � −16.1 + 3.08Mw (5)

For our analysis, the window width of the 1994 Northridge
Earthquake and 1979 Imperial Valley Earthquake is 4 s, with
the sampling rate of 50 Hz. The PPM model for identification
velocity pulse and the Windowed Fourier Transform for time-
frequency analysis can investigate the effect of spatial relations
between the stations and asperities on the velocity pulse
generation.

EFFECT OF THE SUPERPOSITION OF
SUB-FAULT MOTIONS ON THE
GENERATION OF THE VELOCITY PULSE

Pulse Indicators in the Superposition of
Sub-Fault Motions
An asperity is the area on a fault where the rupture is temporarily
stuck and the slip value is significantly higher than the values on
other parts of the fault. The consensus is that fault asperity exists
when the resulting slip is about 1.5–2 times larger than the average
slip on that fault plane. Previous investigations have focused on how
the sizes and locations of the asperities affect the ground motions in
the near-fault region. For example, Somerville et al. (1997);
Somerville et al. (1999); Somerville, (2003) applied deterministic
parameters to describe the properties of the slip models for fifteen
crustal earthquakes by using the asperities and the wavenumber
spectra to quantify the slip heterogeneity. They analyzed the
relationship between slip model and seismic moment,
demonstrated that slip distribution greatly affected near-fault
ground motions, and stated that the energy released by asperities
represented a significant contribution to the total energy and seismic
moment of these crustal earthquakes. Furthermore, the asperity
dimensions somewhat inform the distribution of the near-fault
ground motions (Wang, 2004). Existing research on this topic
mostly focused on the influence of rupture velocity, rupture
mode, rise time, and the number and position of asperities on
pulse-like groundmotions. Miyake et al. (2001); Miyake et al. (2003)
demonstrated that the near-fault ground motions in the 0.2–20 Hz
frequency range were related to the area of the asperities. Cao (2020)

TABLE 3 | Station information and pulse indicator values.

Station ID Latitude (°N) Longitude (°E) Tp(obs) (s)/Tp(sim)

(s)
PGVp(obs) (cm/s)/PGVp(sim)

(cm/s)
Ep(obs)/Ep(sim) Site location

158 32.651 −115.332 1.9/1.1 59/56 0.42/0.59 N-E
159 32.621 −115.301 1.4/1.0 50/110 0.6/0.30 N-E
160 32.991 −115.513 4.2/0.7 34/64 0.61/0.31 N-E
171 32.773 −115.447 3.2/1.8 111/63 0.53/0.63 R-D
179 32.864 −115.432 4.4/1 89/43 0.69/0.57 R-D
180 32.855 −115.466 3.9/0.9 133/74 0.69/0.80 R-D
181 32.839 −115.487 3.5/1.9 156/93 0.67/0.77 R-D
182 32.829 −115.504 3.1/0.9 100/73 0.77/0.79 R-D
183 32.811 −115.532 2.8/0.7 71/52 0.49/0.63 R-D
184 32.796 −115.535 3.4/1.4 63/31 0.51/0.46 R-D

Station ID Latitude (°N) Longitude (°E) Tp(obs) (s)/Tp(sim) (s) PGVp(obs) (cm/s)/PGVp(sim) (cm/s) Ep(obs)/Ep(sim) Site Location

982 34.312 −118.496 2.9/2.4 154/50 0.48/0.63 R-D
983 34.313 −118.498 2.8/2.6 88/54 0.31/0.55 R-D
1,013 34.294 −118.483 2.4/2.6 82/49 0.5/0.57 R-D
1,044 34.608 −118.558 0.8/2.1 112/152 0.32/0.70 R-D
1,045 34.387 −118.533 2.1/1.7 102/106 0.67/0.45 R-D
1,050 34.391 −118.622 0.5/1 48/60 0.34/0.75 R-D
1,054 34.334 −118.396 1.2/1.4 68/88 0.45/0.75 R-D
1,063 34.435 −118.582 1/2.5 117/55 0.55/0.42 R-D
1,084 34.311 −118.49 2.5/2.6 86/50 0.45/0.59 R-D
1,085 34.312 −118.481 0.8/2.9 99/70 0.32/0.47 R-D
1,086 34.326 −118.444 2.4/2.8 87/78 0.45/0.36 N-E

(“N-E” indicates that the station is a near-epicenter station and “R-D” indicates that the station is located in the forward rupture propagation direction of the asperity).
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proposed that the pulse amplitude was largely dictated by the
asperity size and location, that short-period ground motions were
affected by the seismic source time function, that long-period ground
motions depended on the spatial slip distribution, and that site effect,
wave propagation, and the superposition process may also result in
pulse-like ground motions.

This section discusses the effect of the asperities on the
velocity pulses that arise during the superposition process of
sub-faults in the fault plane. The PPM model is applied to
identify changes in the pulse indicators, which allow us to
further highlight the role of asperity. The source model of the
1979 Imperial Valley Earthquake is defined by a single
asperity that is located ~20 km away from the rupture
starting point on the fault plane; the sub-faults gradually
rupture along the northwest direction. We divide the
stations into two groups: the stations located near the
epicenter (near-epicenter stations) and the stations located
along the forward rupture propagation direction of the
asperity (rupture-direction stations).

Pulse indicators Ep and PGVp that arise during the
superposition process of the sub-fault motions are shown in
Figure 5. In Figures 5, 6, the time axis of the horizontal scale
refers to the time when the seismic waves generated by each sub-
fault arrived at the site sequentially after the seismic wave
generated by the rupture starting point arrive at the site firstly.
The shadowed part represents the seismic waves generated by

asperity ruptured have arrived at the site, we referred as during
the rupture of the asperity in the following.

In Figure 5A, at the near-epicenter stations, Ep varies during the
initial rupture process and tends towards more constant values
before and during the rupture of the asperity. In Figure 5B, at the
rupture-direction stations, Ep exhibits an obvious upward trend
during the asperity rupturing process as energy is released by the
rupture of the asperity. The subsequent slightly downward of Ep at
several stations may be related to adjustments in the pulse model.
The PGVp values exhibit a clear upward trend that eventually
flattens out as the rupture process slows. In Figure 5C, at near-
epicenter stations, the behavior of the PGVp indicator is similar to
that of Ep; after 3 s, the PGVp values are mostly constant. In
Figure 5D, at the rupture-direction stations, PGVp increases
throughout the asperity rupture process. As demonstrated, the
spatial relationship between the asperity and the seismic station
affects the timing of the pulse generation during rupturing on the
sub-faults.

The slip distribution in the 1994 Northridge Earthquake is
highly heterogeneous; it is modeled using one major asperity and
one secondary asperity in the fault plane. The Ep and PGVp

indicators for ten rupture-direction stations and one near-
epicenter station are shown in Figure 6.

At most rupture-direction stations, the results are similar to
those of the 1979 Imperial Valley Earthquake (Figure 5), where the
rupture of the major asperity causes the PGVp values to increase and

FIGURE 5 | Ep values of final ground motions at (A) near-epicenter stations and (B) rupture-direction stations; and PGVp values of final ground motions at (C) near-
epicenter stations and (D) rupture-direction stations during the Imperial Valley Earthquake.
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the Ep values to both rise and then fall slightly. At near-epicenter
station RSN1086, which is located in the backward rupture
propagation direction of the asperities, the PGVp values surpass the
PGV identification threshold before the asperity ruptured.

Based on the results shown in Figures 5, 6, asperity
significantly affects pulse indicators Ep and PGVp in both
strike-slip and dip-slip events; as such, we conclude that
asperity heavily influences the velocity pulse generation
process. Because Ep is greater than 0.3 in the initial rupture
process at most stations, we infer that PGVp is the indicator that
controls the identification of the velocity pulses.

Contribution of Sub-fault Ground Motions
By forward modeling with the low-frequency numerical
simulation method, Luo et al. (2020); Luo et al. (2021)
modeled the pulse-like ground motions in the 1979 Imperial
Valley Earthquake and the 1999 ChiChi Earthquake. In addition
to discovering that the velocity pulses somewhat depend on the
seismic moment and the distribution characteristics of the
asperity in the source model, they also found that the velocity
pulses were more heavily influenced by shallow asperities than
they were by deep asperities. Lin et al. (2019) determined that the
velocity pulse behavior in the 2018 Hualian Earthquake was
mainly caused by motion on a local sub-fault of the Milun
fault. Because the time series we analyze ultimately represent
the superposition of individual sub-fault motions, we decide to

break out the contribution of each sub-fault motion to the PGVp

indicators observed in the final time series using Eq. 6:

CPA � vsub(i)
pgvf

(6)

where CPA is the contribution of each sub-fault to the PGVp (pulse
amplitude) indicator of the final ground motion, pgvf refers to the
peak amplitude of the final motions, and vsub(i) represents the
PGVp value when the groundmotion on sub-fault i is added to the
previous superimposed ground motions. The CPA values for the
1979 Imperial Valley Earthquake (128 sub-faults) and the 1994
Northridge Earthquake (256 sub-faults) are shown in Figures
7A,B. In Figures 7A,B, the color of the squares represents the slip
distribution, and the height of the bar graphs represents the CPA

value for each sub-fault motion. Because the amplitude of the
sub-fault ground motions can be positive or negative, CPA values
can also be positive or negative. In this discussion, we focus on the
absolute CPA value for each sub-fault motion.

In Figure 7A, at the near-epicenter stations, the absolute CPA

values are highest at the sub-faults closest to the rupture starting
point; we attribute this observation to the large amount of energy
released by the initial rupture of seismic source. Due to the
proximity of the near-epicenter stations to the seismic source,
the seismic waves arrive nearly instantaneously at the stations,
resulting in velocity pulses that arrive early in the superposition

FIGURE 6 | Ep values of final ground motions at (A) near-epicenter stations and (B) rupture-direction stations, and PGVp values of final ground motions at (C) near-
epicenter stations and (D) rupture-direction stations during the Northridge Earthquake.
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process. At the rupture-direction stations, the magnitude of the
final pulse amplitude is mainly composed of sub-fault ground
motions at the asperity.

In Figure 7B, hanging-wall stations RSN982, RSN983,
RSN1013, RSN1063, RSN1084, RSN1085, and RSN1050 are
located close to the other asperity; as such, CPA values from

FIGURE 7 | Contributions of the various sub-fault motions to the pulse amplitude in the final time series of (A) the Imperial Valley Earthquake and (B) the Northridge
Earthquake.
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these stations are mainly caused by the rupture of the
secondary asperity. At the stations with epicentral
distances less than 20 km, the velocity pulses appear before
the rupture of the major asperity. Because stations RSN1044,
RSN1045, and RSN1054 are near the surface projection of the
fault and are in the forward rupture propagation direction,
the CPA values at these stations come from the ground motion

of several sub-faults after the rupture of the major asperity. At
near-epicenter station RSN1086, sub-fault ground motions
around the rupture initiation location contribute to the pulse
amplitude. We also determine that the observed record at
station RSN1087, which is located closest to the rupture
initiation location, is a non-pulse-like ground motion. Site
information from the USGS (http://www.usgs.gov) shows

FIGURE 8 | Ep values at (A) near-epicenter stations and (B) rupture-direction stations produced by homogenous and inhomogeneous slip distributions.
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that Vs30 at RSN1087 is 257 m/s, by comparison, the Vs30 at
pulse-like station RSN1086 is 495 m/s, which implies the
softer site may absorb more energy.

Based on these results, we infer that pulse-like ground
motion at the near-epicenter stations are mainly caused by the
energy released during rupture initiation, while we attribute
pulse-like ground motion at the rupture-direction stations to
the rupture of the asperity; these observations are consistent

with those of Poiata et al. (2017). Poiata et al. (2017) suggested
that the seismic stations located in the forward fault rupture
direction mainly affected the generation of pulse-like ground
motions in the 2009 L’Aquila Earthquake (Italy). Overall, we
conclude that the spatial relationship between the seismic
stations and the asperities influences the pulse indicators
produced during sub-fault ground motions, regardless of
the fault type.

FIGURE 9 | PGVp values at (A) near-epicenter stations and (B) rupture-direction stations produced by homogenous and inhomogeneous slip distributions.
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EFFECT OF SLIP DISTRIBUTION ON PULSE
INDICATORS AND FREQUENCY
COMPONENTS
To further investigate the influence exerted by the asperity on the
pulse-like ground motions, we run two sets of simulations: a
simulation with a homogeneous slip distribution (i.e., without
asperity) and a simulation with an inhomogeneous slip
distribution (i.e., with asperities).

Pulse Indicator Results
In general, the rise time is positively correlated with the slip
distribution in the seismic source model, which means that the
rise time of the sub-faults at the asperity is longer. The rise time
controls the pulse waveform and the pulse period, while the slip
distribution affects the pulse amplitude. The asperity affects both
the pulse period and pulse amplitude.

We used the F-K method to simulate 21 pulse-like ground
motions from two types of slip distribution in the 1994
Northridge Earthquake and the 1979 Imperial Valley Earthquake.
The similarity analysis described in Pulse Indicators in the
Superposition of Sub-Fault Motions is applied to two types of
simulated motions. The Ep and PGVp results in the presence of
these two types of slip distribution are shown in Figures 8, 9.

For the near-epicenter stations shown in Figure 8A, the Ep values
from the homogeneous slip distribution simulation are significantly
higher than those generated by the simulation with an
inhomogeneous slip distribution. At the rupture-direction stations
(Figure 8B), the Ep values from the inhomogeneous slip distribution

simulation are higher than those from the homogeneous slip
distribution simulation after the ground motions of the sub-faults
at asperity are superimposed; thus, these waveforms are affected by
the rupture of asperity (Figure 8B).

At the near-epicenter stations shown in Figure 9A, the PGVp

values from the homogeneous slip distribution simulation are
higher than those of the inhomogeneous slip distribution model.
However, at the rupture-direction stations (Figure 9B), the PGVp

values from the inhomogeneous slip distribution model are
higher than those of the homogeneous slip distribution
simulation, especially after the asperities rupture.

Figure 9B shows the PGVp values for stations capturing time
series. In the case of the 1994 Northridge Earthquake, the PGVp

values from the homogeneous slip distribution case are both higher
(during the first 3 s) and lower (after the asperity ruptured) than those
of the inhomogeneous slip distribution case. The phenomenon is not
observed in the PGVp values recorded during the 1979 Imperial
Valley Earthquake. ThePGVp results from the dip-slip event aremore
complicated than those from the strike-slip event, especially during
rupture initiation. Generally, in the case with an inhomogeneous slip
distribution, the asperity exerts a stronger influence on the velocity
pulses recorded at the rupture-direction stations; the initial rupture
process is responsible for the larger pulse indicator values at the near-
epicenter stations in the homogeneous slip distribution case.

Frequency Component Analysis
Both the fling-step effect and the directivity effect contribute to
the low-frequency components of these pulse-like ground
motions (Wang et al., 2013). Analysis of the time histories and

FIGURE 10 | Velocity time histories and time-frequency spectra for (A) near-epicenter stations and (B) rupture direction stations. The red and the black lines
represent the simulated velocity time histories from the inhomogeneous and homogeneous slip distributions, respectively. The diagram in the upper right-hand corner is
the time-frequency analysis spectrum from a station with a time series generated by a homogeneous slip distribution and the diagram in the lower right-hand corner is the
time-frequency analysis spectrum from a station with a time series generated by an inhomogeneous slip distribution. The color bar represents the amplitude of the
Fourier spectra.
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spectrograms from backward-directivity and forward-directivity
stations reveals that the energy captured at these two types of
stations have different frequency components (Mena and Mai,
2011). The energy signatures from the forward-directivity
stations primarily occur over a short time period, while the
energy signatures recorded at the backward-directivity stations
occur over the entire period.

The Windowed Fourier Transform results for the time series
of the 1979 Imperial Valley Earthquake captured at two near-
epicenter stations and two rupture-direction stations are shown
in the top row and the bottom row of Figure 10, respectively.

At near-epicenter stations RSN158 and RSN160, the low-
frequency (0–1Hz) energy of the ground motions generated by
the homogeneous slip distribution is concentrated in a shorter time
duration, and the Fourier spectral amplitude is higher than those
produced by the inhomogeneous slip distribution. Furthermore, the
PGV values from the homogeneous slip distribution case are higher
than those generated by the inhomogeneous slip distribution
scenario. At the rupture-direction stations RSN179 and RSN180,
the low-frequency energy occupies shorter time duration than those
from the inhomogeneous slip distribution and the PGV values
produced by an inhomogeneous slip distribution are higher than
those produced by the homogeneous slip distribution case. Our
results suggest that at the near-epicenter stations, pulse indicators
Ep and PGVp for a homogeneous slip distribution are higher than
those generated by an inhomogeneous slip distribution; the low-
frequency pulse energy components are more pronounced and tend
to occur over shorter time duration. The PGV values from the
homogeneous slip distribution are larger than those generated by the
inhomogeneous slip distribution. At the rupture-direction stations,
both before and after the asperity ruptures, pulse indicators Ep and
PGVp have high values in the presence of an inhomogeneous slip
distribution and pulse energy components that are composed of
strong low frequency signals that occur over short time duration.

CONCLUSION

In this study, we investigate the generationmechanism of long-period
velocity pulses. We simulate the near-fault ground motions in the
1979 Imperial Valley Earthquake (strike-slip event) and the 1994
Northridge Earthquake (dip-slip event) using the F-K method. To
identify the velocity pulses in the time series produced by sub-fault
groundmotions, we apply the PPMmodel. By investigating the effect
of the asperity, we demonstrate that pulse generation is related to the
spatial relationship between the rupture starting point, the asperity,
and the seismic station that captures the ground motion data. At the
near-epicenter stations, pulse indicators Ep and PGVp surpass the
pulse identification threshold before the asperity ruptures. This
observation indicates that the velocity pulses are generated by the
significant amounts of energy released during the rupture initiation
process. At the rupture-direction stations, the energy released by the
rupture of the asperity contributes to the upward trend of the Ep and
PGVp values.

In both earthquakes, the pulse indicators increase when the
asperity ruptures. By defining the contribution of each sub-fault
ground motion to the pulse amplitude, we find that the amplitude

of the velocity pulse at the near-epicenter stations largely consists
of ground motion contributions from sub-faults located close to
the rupture starting point. At the rupture-direction stations, in
the case of a strike-slip fault, the pulse amplitude consists of
ground motion contributions from sub-faults close to the
asperity. In the case of a dip-slip fault, the pulse amplitude
consists of ground motion contributions from sub-faults close
to the major or secondary asperity after they rupture.

We also compare the pulse indicators and the frequency
components in simulated ground motions from homogenous
and inhomogeneous slip distributions. Our results suggest that, at
near-epicenter stations, the pulse indicators produced by the
homogeneous slip distribution are larger than those generated
by the inhomogeneous slip distribution. Furthermore, the
homogeneous slip distribution pulses mainly consist of low-
frequency components that are emitted over short time
duration. At the rupture-direction stations, the pulse
indicators produced by an inhomogeneous slip distribution are
larger than those generated by a homogeneous slip distribution.
These inhomogeneous slip distribution pulses mainly consist of
low-frequency components.

This investigation of the pulse generation mechanism and
distribution characteristics can provide an analytical reference
basis for the seismic design of engineering structures. In our
future research, we will continue to explore other pulse
identification methods and the mechanism of velocity pulses
generation.
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