
1.  Introduction
Ground motions with unusually large (a few m/s) velocity pulses have been observed during large destructive 
earthquakes, such as the 1999 Mw7.6 Chichi (Taiwan), 1999 Mw7.6 Izmit (Turkey), 2002 Mw7.9 Denali (Alaska), 
and 2016 Mw7.0 Kumamoto (Japan) (e.g., Barka, 1999; Dunham & Archuleta, 2004; Ji et al., 2003; Kobayashi 
et al., 2017). During the 1999 Chichi earthquake, seismic stations close to the Chelungpu fault recorded up to 
3 m/s of surface ground velocity, which may have been induced by well-known hanging wall effects (Abrahamson 
& Somerville, 1996; Ji et al., 2003). For strike-slip events, the 1999 Izmit and 2002 Denali earthquake produced 
large velocity pulses recorded approximately 3 km away from the faults ruptured during these events, which were 
attributed to the Mach waves formed by the propagation of supershear ruptures (e.g., Dunham & Archuleta, 2004; 
Bernard & Baumont, 2005). Large velocity pulses, often confined within a few kilometers from the fault trace, 
pose significant hazard for buildings and infrastructures and are of prime concern for seismologists and earth-
quake engineers (e.g., Morii et al., 2020). Yet, the mechanism responsible for the generation of large ground-ve-
locity pulses and how common they are, especially for subshear, strike-slip earthquakes, is not well understood.

The 2016 Mw7.0 Kumamoto earthquake ruptured the Hinagu and Futagawa faults (Asano & Iwata, 2016; Hao 
et al., 2017; Kubo et al., 2016; Yue et al., 2017) and was captured by several near-fault seismic stations, one of 
which recorded a large (>2.5 m/s), fault-parallel velocity pulse characterized by 2–3 s dominant period (Figure 1; 
Table S1 in Supporting Information S1). The seismic station is located in the Nishihara village, central Kyushu 
(Japan), which is 650 m away from the surface fault trace (Figure 1a). The pulse-like nature of this velocity record 
indicates that the earthquake rupture propagated as a slip pulse, characterized by an annular zone propagating 
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Figure 1.
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outward from the hypocenter (Heaton, 1990). However, linking the ground motion record to the evolution of 
on-fault coseismic slip is not straightforward as the station is not located exactly on the fault.

The generation mechanism of the large velocity pulse is unknown. Kobayashi et al. (2017) used joint inversion 
of strong motion, teleseismic and geodetic data to develop a kinematic model of the Kumamoto earthquake and 
concluded that the largest velocity pulse at Station 93048 may have been caused by coherent wave arrivals result-
ing from simultaneous slip of subparallel faults in the vicinity of the station. If their interpretation is correct, the 
occurrence of large velocity pulses may require special circumstance (e.g., superposition of seismic waves from 
multiple fault ruptures) and hence would be relatively uncommon. In another study, Urata et al. (2017) conducted 
dynamic rupture simulations to reproduce the overall source characteristics of the Kumamoto earthquake, but 
did not focus on replicating the velocity pulses. Recently, Irikura et al. (2019) introduced shallow (approximately 
3  km) fault patches of long-period-motion generation that are unconventional to standard kinematic ground 
motion approaches (e.g., Irikura & Miyake, 2011) and reproduced the velocity pulses observed at Station 93048. 
However, the physical origin of long-period-motion generation fault patches proposed by Irikura et al. (2019) as 
well as how common such features are during large earthquakes remain unclear.

To understand the origin of the large velocity pulses observed during the Kumamoto earthquake, we construct 
relatively simple, dynamic rupture models and attempt to reproduce observed waveforms at a set of near-fault 
stations. Dynamic rupture simulations have been used to understand the characteristics of near-fault waveforms 
(e.g., Dunham & Archuleta, 2005), to infer friction properties of ruptured faults (e.g., Weng & Yang, 2018), and 
to numerically study the characteristics of near-fault ground motions (e.g., Dalguer et al., 2008; Hu et al., 2019; 
Pitarka et  al.,  2009). In particular, unlike kinematic source models, the interaction of free surface and fault 
rupture is physically accounted for in dynamic rupture models (e.g., Day et al., 2005; Kaneko & Lapusta, 2010). 
We compare a set of source models with observations, and discuss the implications for earthquake physics and 
ground motion hazard.

2.  Model Setup
We consider a northeast striking, northwest dipping Futagawa fault embedded into an elastic, layered half-space 
(Figure 1b). The assumed 1-D velocity model derived from a regional 3D velocity model (Koketsu et al., 2012) 
is shown in Table S2 in Supporting Information S1. Since previous slip inversion results indicate relatively minor 
contributions of the Hinagu fault during the mainshock (Figure 1d), we consider the Futagawa fault only. We 
assume that the Futagawa fault that ruptured during the mainshock is a 31.0 by 15.0 km planar segment, with its 
surface trace determined by fitting a straight line to the southern and northern ends of the Fatagawa fault surface 
traces identified in field studies (Shirahama et al., 2016) (Figure 1a). The dip of the fault is assumed to be 70°, 
consistent with the Japan Meteorological Agency's (JMA) focal mechanism. The center of the fault plane is 
located at latitude 32.834, longitude 130.868, and the depth of 7.05 km (Figure 1a).

We aim to analyze a set of relatively simple models. As such, the initial stresses and friction properties are 
assumed to be uniform along the fault strike and only vary with depth (Figure 1c). The constitutive response of 
the fault is governed by a linear slip-weakening friction law (Ida, 1972; Palmer & Rice, 1973), in which the fric-
tion coefficient linearly decreases from its static value μs to a dynamic value μd over a characteristic slip distance 
Dc. Since Dc which is proportional to the fracture energy may be related to the width of a fault damage zone and 
decrease with depth (e.g., Ide & Takeo, 1997), we assume that the shallower portion of the fault is characterized 
by a larger value, Dc2, than the deeper one, Dc1 (Figure 1b; Table S3 in Supporting Information S1). Effective 
normal stress σ linearly increases with depth via σ = 10.0 × z (MPa), where z is down-dip distance in km. As a 
result, both the static (τs) and dynamic (τd) strength as well as the magnitude of initial shear stresses τ0 linearly 
vary with depth (Figure 1c). To reproduce the right-lateral and normal faulting, we approximate the direction of 
shear stresses using the JMA focal mechanism and set the initial shear stress direction with a rake of −150° in 

Figure 1.  (a) Map of a Kumamoto earthquake source region. Purple lines indicate the surface traces of faults ruptured during the Kumamoto earthquake sequence 
(Shirahama et al., 2016). Yellow pins correspond to either the epicenter, KiK-net or JMA strong motion stations, with the corresponding peak ground accelerations and 
velocities listed in Table S1 in Supporting Information S1. The inset shows the fault-parallel component of unfiltered velocity recorded at station 83048 in the Nishihara 
village. A red rectangle shows a 31 km by 15 km, 70° dipping planar fault assumed in this study. (b) A sketch showing the fault geometry of dynamic rupture model. 
Gray circle shows a nucleation patch where the rupture is forced to initiate. The shallow fault patch with the depth extent W is characterized by a larger value of slip-
weakening distance Dc2 than the deeper counterpart Dc1. (c) Depth dependence of effective normal stress σ, initial shear stress τ0, peak strength τ p, and dynamic strength 
τ d assumed in this study. (d) Kinematic source models of the Kumamoto earthquake from Yue et al. (2017) and Asano and Iwata (2016).



Geophysical Research Letters

KANEKO AND GOTO

10.1029/2022GL098029

4 of 12

the fault plane (Figure 1b). Slip velocity vector is assumed to be always parallel to the shear traction vector at 
each instant in time at all fault node points, as commonly done in dynamic rupture simulations (e.g., Bizzarri & 
Cocco, 2005; Kearse & Kaneko, 2020).

The fault is initially at rest, and dynamic rupture is initiated by imposing a smooth, time-dependent growth of the 
rupture front within a circular nucleation patch located at 12.2 km depth (or 13.0 km down-dip distance) (a gray 
circle in Figure 1b), consistent with the JMA hypocentral depth of 12 km. Once the rupture nucleates, it spon-
taneously propagates outside the nucleation patch. The numerical code we use is based upon a spectral element 
method (Ampuero, 2002; Kaneko et al., 2008), which has been verified through a series of benchmark exercises 
(Harris et al., 2018). The details of the friction law implementation, nucleation procedure, and numerical resolu-
tion are described in Supporting Information S1.

3.  Result
3.1.  Comparison of Simulations With Observations

We first vary parameter μd and hence dynamic stress drop on the fault (Table S3 in Supporting Information S1), 
and find a set of rupture scenarios with μd = 0.47 that lead to the moment magnitude of approximately 7.0 and slip 
distribution comparable to those in InSAR-derived slip models (Fukahata & Hashimoto, 2016; Yue et al., 2017). 
We then vary on-fault parameters Dc2 and its depth extent W (Figure 1b) to come up with our preferred model that 
best fits a set of observations. Note that while the boundary between Dc1 and Dc2 might represent a significant 
change in the width of the damaged fault zone at depths (e.g., Cochran et al., 2009), we introduce this parame-
terization for simplicity and convenience, to control the rupture arrival times, which mainly affect the timing of 
dominant phases in strong-motion waveforms as discussed later.

We quantify the waveform misfit and compare near-fault waveforms between a set of forward simulations and 
observations (Figure 2). We define net normalized misfit χ, following Goto et al. (2019), as

𝜒𝜒 =

𝑁𝑁∑

𝑖𝑖

3∑

𝑗𝑗

|𝐝𝐝 −𝐦𝐦|2
|𝐝𝐝||𝐦𝐦|

,� (1)

where d and m are observed and computed seismograms, respectively, |d − m| is the root-mean-square of the 
residuals, and the summation is taken over three components and the number of stations N (N = 4 in this case). 
Both the observed and computed waveforms are low-pass-filtered at 2 s, to avoid prominent site effects that are 
observed at several stations (Figure S1 in Supporting Information S1). The high-frequency (>0.5 Hz) site effects 
were also reported from an aftershock study in this region (Yamanaka et al., 2016).

The resulting waveform misfits as a function of Dc2 and its depth extent W are shown in Figure 2a. As the value of 
Dc2 or W increases, the overall rupture speed decreases due to larger fracture energy (i.e., larger energy dissipation 
at the crack tip) and the corresponding waveform misfit increases (Figure 2a). In the cases with smaller Dc2 or W, 
the overall rupture speed increases and the waveform misfit gets larger. Hence the arrival times of domain phases 
are sensitive to the fracture energy distribution, consistent with the results of dynamic inversion studies (e.g., 
Goto & Sawada, 2010). The tradeoff between the value of Dc2 and its depth extent W (Figure 2a) suggests that 
the on-fault distribution of Dc is difficult to constrain from the low-frequency (<0.5 Hz) waveform data alone. 
This is also evident from the fact that a model with uniform Dc = 0.15 m over the fault and different nucleation 
parameters can reproduce a set of observed waveforms reasonably well (Figure S3 in Supporting Information S1).

We find that comparing radiated energy computed from dynamic rupture simulations and that estimated from 
teleseismic waveforms can provide further constraints on the model parameters. We calculate radiated energy Er 
in dynamic rupture simulations via (e.g., Kaneko & Shearer, 2014; Ma & Archuleta, 2006)

𝐸𝐸r = ∫
Σ

𝜏𝜏o(𝜉𝜉) + 𝜏𝜏f (𝜉𝜉)

2
𝐷𝐷(𝜉𝜉)𝑑𝑑Σ − ∫

∞

0
∫
Σ

𝜏𝜏(𝜉𝜉𝜉 𝜉𝜉)𝑉𝑉 (𝜉𝜉𝜉 𝜉𝜉)𝑑𝑑Σ𝑑𝑑𝑑𝑑𝑑� (2)

where τo and τf are the magnitude of the initial and final shear stresses, respectively, D is the magnitude of the 
final slip, τ(ξ, t) is the magnitude of shear stresses, V(ξ, t) is the magnitude of slip rates, and Σ is the rupture 
area. Our preferred model indicated by a black circle in Figure 2a results in Er = 2.7 × 10 15J, which is 50% larger 
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than that inferred from observations (IRIS DMC, 2013, https://ds.iris.edu/spud/eqenergy/11545444) (Figure 2b). 
However, given that the observed Er is estimated from the teleseismic records (Convers & Newman, 2011), which 
would be deficient in high-frequency energy from the source due to frequency-dependent anelastic attenuation 
(e.g., Yoshimoto et al., 1993), and that a factor of approximately 2 uncertainty generally presents in previous 
estimates of radiated energy (e.g., Venkataraman & Kanamori, 2004; Ye et al., 2016), the agreement between the 
computed and observed Er is reasonable. Larger Dc2 or a smaller W leads to an overestimation of radiated energy 
by a factor of 2 and greater while the seismic moment is relatively insensitive to these parameters (Figure S2 in 
Supporting Information S1). Based on the waveform misfits (Figure 2a) and radiated energy misfits (Figure S2 
in Supporting Information S1), we select a preferred model indicated by the black circle in Figure 2a with the 
corresponding moment rate function (Figure 2b), which is in agreement with that derived from kinematic slip 
inversion (Figure 1d).

Remarkably, at Station 93048 where the largest fault-parallel velocity pulse is observed, the synthetic seismo-
grams in the preferred model fit the data well (Figure 2c). The onset, amplitude and polarities of dominant phases 
for three components are well matched. Even when the unfiltered record is used, the agreement remains fairly 
well (Figure 2c), while high frequencies (>0.5 Hz) at the other stations are contaminated by site effects (Figure 
S1 in Supporting Information S1) that are not included in the present model. The evolution of the rupture and 
final slip distribution (Figure 3) is qualitatively consistent with those on the Futagawa fault in kinematic models 

Figure 2.  Comparisons between simulated and observed waveforms and source characteristics. (a) Dependence of waveform misfit on the value of Dc2 and the along-
dip extent W, as defined in Figure 1. In all these cases, μd = 0.47 is assumed. Misfit is defined in the main text. For the calculation of misfit, both the data and synthetic 
waveforms are low-pass-filtered below 2 s. There is a trade-off between Dc2 and the along-dip extent W. (b) Moment rate function (blue) and radiated energy (red) in 
the preferred model. Radiated energy estimated from teleseismic records (dashed purple line) is also indicated. (c) Waveform fits at 4 near-fault stations in the preferred 
model. Time t = 0 corresponds to the JMA origin time of the event. The total waveform misfit in the preferred model is χ = 8.4. For Station 93048, both the filtered and 
unfiltered waveforms are shown. The locations of these stations are indicated in Figure 1. The model reproduces the observed waveforms well.

https://ds.iris.edu/spud/eqenergy/11545444
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(Figure 1d). At approximately 8 s after the origin time, the rupture reaches the Earth's surface and propagates 
predominately toward the northwest at subshear speeds (Figure 3). The rupture eventually arrests in the vicinity 
of the Aso volcano, and the final slip distribution is broadly consistent with that derived from an InSAR-derived 
slip model (Fukahata & Hashimoto, 2016). The average static stress drop in the preferred model is 5.8 MPa, 
which is within a typical range of shallow crustal earthquakes (i.e., 1–10 MPa) (Kanamori & Anderson, 1975).

Figure 3.  Snapshots of slip rates and final slip distributions in the preferred model. White triangles show on-fault receivers R1 and R2. Receiver R1 is located on the 
fault trace closest to Station 93048, and receiver R2 is located at 6.5 km depth (i.e., −7.0 km along-dip distance). When the rupture front encounters the region of Dc2, 
the rupture slows down due to increased fracture energy. The rupture speed further decreases at shallow depths (in the top 1.6 km) due to the low-velocity layers. When 
the rupture front reaches the free surface, a reflected rupture front emerges and constructively interferes with the main rupture front. Slip rates at shallow depths are 
further enhanced by reflected waves from the boundaries of the low-velocity layers. Stripes in some snapshots are high-frequency numerical artifacts, which do not 
affect the main outcome of the model. Inset panels show slip and slip-rate evolution at R1 and R2 and the spectra of the slip rate functions at R1 and R2 (purple and 
blue curves). The amplitude of long-period slip rates at R1 is larger than that at R2.
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3.2.  The Origin of Large, Long-Period Ground Velocities at Station 93048

Given the overall agreement between the preferred model and observations, we examine the physical origin of 
the largest velocity pulse observed at Station 93048. As expected, the ground velocity pulse is associated with 
pulse-like rupture sweeping through a section of the fault close to Station 93048 (Figure 3). The spatial width 
of the propagating slip pulse in the shallow section of the fault is 5–6 km near Station 93048 (Figure 3). In this 
case, the pulse-like rupture forms due to stopping phases generated by the slip arrest predominately at the south-
western fault edge (corresponding to the presence of unbroken barrier there). Compared to shallow depths, slip 
duration at greater depths is longer (compare Receivers R1 and R2 in Figure 3). However, amplitude spectra of 
the slip-rate functions show that the long-period (2–3 s) is enhanced at shallow depths (Receiver R1) (Figure 3). 
Hence, this suggests that the long-period nature of the large ground-velocity pulse is linked to the free surface 
effect, not to the stopping phase. Note that the enhanced long period of the slip-rate function at shallow depths 
is not caused by Dc2, as the result with uniform Dc over the fault also shows such characteristics (Figure S3 in 
Supporting Information S1).

To understand the cause of the particularly large velocity amplitude at Station 93048, we plot the peak-ground 
velocity (PGV) at the Earth's surface (Figure  4a). Large PGVs are in the fault-parallel component and are 
confined within regions ±1 km from the fault and several kilometers away from the region directly up-dip of 

Figure 4.  (a) Distribution of peak ground velocities (PGVs) on the Earth's surface in the preferred model. PGVs in individual components (fault-parallel, fault-
normal and vertical) are shown. Regions of large (>1.5 m/s) fault-parallel PGVs are confined within the regions ±1 km from the fault trace. PGV distributions across 
the fault are asymmetric because the fault dips to the northwest. (b) Distribution of fault-parallel PGVs for the case with buried rupture as shown in Figure S4 in 
Supporting Information S1. (c) Computed and observed spectra of fault-parallel ground velocities at Station 93048. (d) Cartoon illustrating the mechanism of enhanced 
fault-parallel PGVs due to a free surface effect. Reflected rupture front constructively interferes with the main rupture front, resulting in larger, fault-parallel ground 
velocities in the vicinity of the fault. The rupture process is enhanced by reflected waves from the boundaries of shallow low-velocity layers.
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the hypocenter (Figure 4a), which may explain why Station 93048 recorded the largest ground-velocity ampli-
tude, compared to the other stations (Figure 2c). The large, near-fault fault-parallel velocities are caused by the 
dynamic interaction of the propagating, subshear rupture and that reflected by the free surface (Figure 3). As the 
main rupture front encounters the free surface, a reflected rupture front emerges and propagates with and slightly 
behind the main rupture front (Figure 3), enhancing the ground velocity amplitude and duration in the vicinity of 
the fault trace (Figure 4a).

To further examine the free surface effect, we consider three additional models: (a) a model with buried rupture 
where the shallowest portion of the fault (in the top 0.8 km) is assumed to be an unbreakable barrier, (b) a model 
with a homogeneous half-space, and (c) a model with a homogeneous half-space with uniform Dc. The buried-rup-
ture model (Model a) does not show large, long-period fault-parallel ground velocities at Station 93048 while 
the waveform fits at the other stations are still satisfactory (Figures 4b and S4 in Supporting Information S1). 
Comparison of computed and observed ground velocity spectra at Station 93048 shows that the amplification of 
long-period ground velocities is present in both the data and preferred model, but not in the buried-rupture model 
(Figure 4c), indicating the importance of the free surface effect.

The free surface effect on amplified ground velocities localizes, and the long-period slip rates at shallow depths 
diminish in the models with a homogeneous half-space with nonuniform and uniform Dc (Models b and c) (Figures 
S5 and S6 in Supporting Information S1), suggesting that the shallow, low-velocity layers in the preferred model 
also contributes significantly to the long-period ground-velocity amplification. We note that the free surface 
effect is not completely isolated even in the (unrealistic) homogeneous half-space models since the  effective 
normal stress is depth-dependent, resulting in smaller slip rates at shallower depths and suppressing  the free 
surface effect. As the resonance period of the top low-velocity layer, approximated as 4H/Vs = 2.3 s where H 
is the thickness (Singh et al., 1988), coincides with the dominant period of the ground-velocity pulse, one may 
suspect that the path effect influences the observed ground velocity amplification. However, the lack of long-pe-
riod ground-velocity amplification at Station 93048 in the buried-rupture model with the same layered velocity 
structure (Figure 4c) suggests that the path effect does not significantly contribute to the near-fault ground veloc-
ities. Instead, reflected waves from the boundaries of shallow low-velocity layers enhances the rupture process 
(i.e., the source effect) (Figure 3), amplifying the free surface effect.

4.  Discussion
Our results suggest that the large, long-period (2–3 s) ground velocities in the near-fault regions are associated 
with the amplified, long-period slip rates at shallow depths due to the free surface effect, which is enhanced by the 
low-velocity layers. To ensure that this mechanism is not just specific to the Kumamoto earthquake, we confirm 
the occurrence of large, fault-parallel PGVs in the near-fault region in a model with pure strike-slip pre-stress 
(with a pre-stress rake angle of 180°) (Figure S7 in Supporting Information S1). We note that the 1D velocity 
profile we assume is quite general, and Vs in the shallowest layer corresponds to “hard rock” site conditions 
(Boore & Joyner, 1997). In order to assess the influence of assumed velocity structure, we additionally consider 
a model with a deeper extent of the shallowest low-velocity layer, which shows an increased dominant period 
of slip rates at shallow depths, resulting in larger, long-period ground velocities at Station 93048 (Figure S8 in 
Supporting Information  S1). Furthermore, since prestress within shallow low-velocity layers may be smaller 
than that of high-velocity media (Kaneko et al., 2011; Rybicki, 1992), we consider a model with the initial shear 
stresses that are proportional to the shear modulus (Harris et al., 2018) and confirm that the result of this model 
is qualitatively similar to that of the preferred model (Figure S9 in Supporting Information S1).

Our results suggest that event-specific conditions, such as long-period generation fault patches (Irikura 
et al., 2019) or the simultaneous slip of subparallel faults (Kobayashi et al., 2017), are not required to generate 
the large, velocity pulses observed at near-fault stations. Our results imply that the physical origin of long-peri-
od-motion generation fault patches proposed by Irikura et al. (2019) may simply reflect the dynamic interaction 
of propagating rupture and the Earth's surface combined with the enhanced rupture process on a fault bisecting 
shallow low-velocity layers. Our proposed mechanism is quite general, suggesting that a large, fault-parallel 
velocity in near-fault regions could occur during any surface-breaking, strike-slip earthquake (Figure 4d), which 
could pose significant hazard for tall buildings and large infrastructures (e.g., dams and bridges) in major cities 
around the world.
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Free surface effects in dynamic rupture propagation and near-fault ground motions have been studied theoretically 
(e.g., Dalguer et al., 2008; Hu et al., 2019; Kaneko & Lapusta, 2010; Pitarka et al., 2009; Wada & Goto, 2012). 
Our results are consistent with the previous numerical results in that a free surface can amplify the near-fault 
ground motions. A recent study on dynamic rupture modeling of coseismic slickenlines (Macklin et al., 2021) 
demonstrates the importance of a shallow low-velocity medium on the resulting rupture characteristics. Our 
study, for the first time, provides strong observational evidence of long-period ground motion amplification due 
to the free surface effect enhanced by shallow low-velocity layers.

In our preferred model, W (i.e., the depth extent of Dc2) is 7 km, which might indicate a significant change in the 
width of the damaged fault zone at depths. However, if a damaged fault zone is responsible for the distribution of 
Dc, continuously varying Dc along dip may be more consistent with inferred damaged fault zones at depths (e.g., 
Cochran et al., 2009). Hence, we further consider models with linearly decreasing Dc with depth (Figure S10 in 
Supporting Information S1). We find that the waveform misfit in the best-fitting case is indeed comparable to 
that of our preferred model (Figure S10 in Supporting Information S1), supporting our interpretation that the 
distribution of Dc may be related to the width of the damaged zone at depths.

Accurately estimating the spatial distribution of slip-weakening distance Dc on faults remains challenging, even 
with several near-fault stations. To constrain Dc on the fault using an independent technique, we follow the 
method of Mikumo et al. (2003) and measure the amount of unfiltered fault-parallel displacement at the time of 
the peak ground velocity at Station 93048, which is multiplied by the factor of 2 to obtain a proxy for Dc on the 
fault, referred to as 𝐴𝐴 𝐴𝐴′′

c  (Figure S11 in Supporting Information S1). The estimated 𝐴𝐴 𝐴𝐴′′

c  is 0.9 m at Station 93048 
(Figure S11 in Supporting Information S1), in close agreement with Dc2 = 0.8 m inferred from the preferred 
model (Figure 2a). In addition, applying the same technique to the synthetic waveforms in both the preferred 
model and the model with uniform value of Dc = 0.15 m, we find that 𝐴𝐴 𝐴𝐴′′

c  obtained from the near-fault wave-
forms agree fairly well with the assumed Dc on the fault (Figure S12 in Supporting Information S1). Hence, this 
technique may provide additional constraints on the parameters of the dynamic model. At the same time, this 
technique is capable of resolving Dc only in the localized, shallow (upper approximately 2–3 km) part of the fault 
(Figure S12 in Supporting Information S1) (Kaneko et al., 2017), and hence, constraining the spatial distribution 
of slip-weakening distance Dc over the fault remains difficult and would require multiple receivers in the close 
vicinity (<1 km) of the fault.

Our results indicate that the duration of the propagating slip pulse in the shallow section of the fault is quite 
long (2–3 s), with the corresponding spatial width of 5–6 km, and is controlled by both the stopping phases 
originating from the fault edge and the free surface effect in this case. Studies analyzing near-fault waveform 
data and finite-fault source inversion (Heaton, 1990; Melgar & Hayes, 2017; Somerville et al., 1999) suggested 
that pulse-like ground velocities are generated by propagating slip pulses during large earthquakes. Several ideas 
have been proposed to explain the mechanism of a propagating slip pulse, including enhanced velocity weakening 
friction promoting self-healing of propagating ruptures (Heaton, 1990; Rice, 2006), the generation of healing 
phases by heterogeneous stress and strength (Beroza & Mikumo, 1996; Oglesby & Day, 2002) or by the pres-
ence of a low-velocity fault zone (Huang & Ampuero, 2011; Thakur et al., 2020), or transient changes of normal 
stress induced by bi-material effects (Andrews & Ben-Zion, 1997). Our results indicate that a gentle rise to the 
main peak in the unfiltered, fault-parallel velocity observed at Station 93048 (Figure S11 in Supporting Infor-
mation S1) would be inconsistent with a steeper rise expected from slip-weakening friction with much smaller 
Dc (Dc ≲ 0.1 m) (Figure S12 in Supporting Information S1) or enhanced velocity weakening friction without 
off-fault plasticity. Near-fault records, such as the ones used in this study, combined with dynamic rupture simu-
lations may help elucidating the mechanism of a propagating slip pulse during large earthquakes.

5.  Conclusions
Relatively simple, dynamic rupture models reproduce the near-fault velocity waveforms and source characteris-
tics of the Kumamoto earthquake. Large velocity pulses recorded at the near-fault stations were likely caused by 
pulse-like rupture propagation on the fault. Large (> a few m/s), long-period (a few seconds) ground velocities 
observed in the near-fault regions (within ±1 km from the fault trace) can be explained by the interaction of the 
propagating subshear rupture and that reflected by the Earth's surface, which is enhanced by the rupture process 
on a fault bisecting shallow low-velocity layers. Since our proposed mechanism for the generation of large, 
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long-period ground velocities is quite general, near-fault regions in any surface-breaking, strike-slip earthquake 
are prone to such large, long-period velocity ground motions, which are relevant for the designs of tall build-
ings and large infrastructures. Our study highlights that the dynamic interaction of propagating rupture with the 
Earth's surface, which is not currently incorporated in most kinematic ground-motion models, is an important 
physical characteristics for predicting near-fault ground motions.

Data Availability Statement
Numerical outputs used to produce the figures is available at https://doi.org/10.5281/zenodo.6547678. The 
simulation code used in this study was developed by Ampuero  (2002) and Kaneko et  al.  (2008). The Japan 
Meteorological Agency (JMA) strong-motion waveform data used in this study is publicly available and can 
be downloaded from the JMA webpage (in Japanese only) (https://www.data.jma.go.jp/svd/eqev/data/kyoshin/
jishin/1604160125_kumamoto/index2.html). The KiK-net strong-motion waveform data can be downloaded 
from the NIED KiK-net server webpage (https://www.kyoshin.bosai.go.jp/kyoshin/search/index_en.html, via 
entering the origin time of the 16 April 2016 Kumamoto earthquake; registration (free) is required).
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