PHYSICS-BASED SIMULATIONS OF THE M7 KUMAMOTO, JAPAN EARTHQUAKE: IMPLICATION OF RUPTURE MODELS FOR NEAR-FAULT GROUND MOTION VARIABILITY ESTIMATES 
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Abstract. Near-fault records of ground motion from recent earthquakes have provided high quality data that are guiding improvements of kinematic rupture models used in ground motion simulations. In addition, the increasing amount of near-fault strong motion data allows for better understanding of ground motion variability which in turns provides constrains to statistical properties of kinematic rupture parameterization.  Near-fault ground motion characteristics can be linked to spatial and temporal fault rupture process, characterized by spatial slip distribution, slip rate, rise time, rupture speed and location of rupture initiation.  
We investigate a newly developed earthquake rupture generator that combines the Graves and Pitarka (GP2016) rupture model [1] with the multiple asperity rupture model of Irikura and Miyake (IM2011), also known as Irikura recipe [2]. The proposed kinematic rupture model incorporates distinct features of both original rupture models such as small-scale stochastic rupture variability, and separation between shallow areas with large slip and deeper areas with high slip-rate areas inherited from the GP2016, and desired near-fault large-scale rupture directivity effects produced by the multiple asperity model IM2011.  
 We perform a suite of broadband ground motion simulations for the 2016 Kumamoto, Japan earthquake, to investigate the effect of kinematic rupture model parameters on near-fault ground motion variability. In addition to spatial variability in slip, each rupture realization randomly samples from distributions of rise time, rupture speed and rupture initiation locations. Consequently, the simulated ground motions exhibit significant frequency-dependent variability. The simulated ground motion is compared with recorded and predicted ground motion using GMPEs for strike slip earthquakes. Analysis of misfit results were used to single out the rupture parameter or combination of rupture parameters that affect the most the ground motion variability.
Key Words: Maximum strong ground motion simulation, characterized rupture model, rupture parameterization, ground motion variability.

INTRODUCTION
	The objective of our study is to analyse the performance of characterized heterogeneous rupture models in simulations of near-fault ground motion from the M7 Kumamoto, Japan earthquake [3], using Graves and Pitarka [1] broad-band simulation method. We developed a kinematic earthquake rupture generator that combines the Graves and Pitarka (GP2016) rupture model [1] with the multiple asperity characterized rupture model of Irikura and Miyake (IM2011), also known as Irikura recipe [2]. The proposed kinematic rupture model incorporates distinct features of both original rupture models such as small-scale stochastic rupture variability, and shallow areas with large slip separated from areas with high slip-rate, inherited from the GP2016, and desired near-fault large-scale rupture directivity effects produced by the multiple asperity model IM2011.  
	The model performance was tested against recorded data from the M7.1 2016 Kumamoto, Japan earthquake [3] and GMPEs.  We performed broad-band (0-10Hz) numerical simulations of strong motion recorded at 19 sites and analysed the performance of three types of rupture models generated with GP2016; fully stochastic (GP-1) characterized fully deterministic (GP-2) and characterized heterogeneous (GP-3).  We analysed the goodness-of-fit of the acceleration and velocity time histories, and RotD50 horizontal spectral responses.  GP-3 performed better than the other three rupture models on a broad period range.  Because it combines important features of both GP2016 and IM2011, including large slip velocity in the asperity areas, larger shallow slip, and longer rise time in the weak zone, located in the upper 4km of the earth crust.
	In a second stage of the study, we performed a suite of broadband ground motion simulations, to investigate the effects of kinematic rupture model parameters on near-fault ground motion variability. In addition to spatial variability in slip, each rupture realization randomly samples from distributions of rise time, rupture speed, rupture roughness, and rupture initiation locations. Consequently, the simulated ground motions exhibit significant frequency-dependent variability. The simulated ground motion is compared with recorded and predicted ground motion using GMPEs for strike slip earthquakes. Analysis of misfit results were used to single out the rupture parameter or combination of rupture parameters that affect the most the ground motion variability.
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FIG.1. Map of Kumamoto, Japan area showing the fault segments (dotted rectangles) used in simulations of strong ground motion from the M7, 2016 Kumamoto  earthquake.  Red star indicates the hypocenter location and blue dots indicate the strong motion stations location.



Kinematic Rupture Models 
	Here we briefly describe the characteristics of the GP2016 and IM2010 rupture models that were integrated into the proposed rupture model. The GP method uses a deterministic approach to compute the long period motions (typically > 1 s) and a stochastic approach to compute the shorter period motions (typically < 1 s).  The full broadband ground motion acceleration time history is then obtained by summing the long period and short period motions. The GP method contains three separate modules, namely the rupture generator [1] (GP2016 rupture model, hereafter), and low frequency and high frequency ground motion modules, that are used to compute the low and high frequency parts of ground motion, respectively. The GP2016 rupture model uses a kinematic representation of the fault rupture, calibrated using recorded ground motion and observed rupture kinematics and rupture dynamics. The rupture process, which is randomly heterogeneous at different scale lengths, controls coherent and incoherent interferences of waves generated at the source. 
	The characterized rupture model IM2011, was developed by Irikura and Miyake [2] [4]. IM2011 model is based on the multiple-asperity concept of fault rupture, and is compatible with dynamic rupture models (e.g., [5]). The kinematic rupture parameterization is empirically based. In the IM2011 model asperities are rupture areas with higher static stress drop and higher slip. Consequently, in this model, the seismic energy is assumed to be mostly generated in the asperities areas. This particular design emphasizes near-fault rupture effects, such as forward rupture directivity and seismic energy focusing at near-fault sites. Using broad-band simulations of ground motion from a hypothetical strike slip earthquake Pitarka et al., [6] concluded that IM2011 and GP2016 rupture models are compatible and their corresponding modules can be interchangeable in simulations with the GP method. We combined GP2016 and IM2011 to generate GP-2, a characterized fully deterministic rupture model, and GP-3 a characterized rupture model with random slip heterogeneity. GP-2 is an extreme case of GP-3 in which the stochastic portion of slip heterogeneity is very small. 

3. Simulation of 2016, Kumamoto, Japan Earthquake 
	We used GP-1, GP-2, and GP-3 rupture models to simulate near-fault ground motion recorded during the recent M7, 2016 Kumamoto, Japan, earthquake [7] [8]. The relatively large ground motion recorded at three near-fault sites [9], and the complex rupture process make this earthquake an interesting event for testing rupture generation procedures, and strong motion simulation methods. The Kumamoto earthquake is a strike slip event that occurred on four existing fault segments. Figure 1 shows the location of the fault segments and strong motion stations used in our simulations. Three fault segments, ruptured the surface. The fault geometry and its location are based on the aftershock distribution, immediately after the main event and InSAR [10]. The orientation of the fourth, and most eastern fault segment, is not well resolved. Nevertheless, as suggested by fault slip inversions of long period waves, the amount of slip in this segment and its contribution to overall ground motion is relatively low. 
	We compute broadband (0–10 Hz) ground motion at 19 stations surrounding the fault, extending to a fault distance of about 32 km. The long period part of ground motion (>1s) at all sites was simulated using Green’s Functions computed for a one-dimensional regional velocity model, with a shear wave velocity capped at 500 m/s. The 1D velocity model is listed in Table1. The synthetic seismograms were corrected for site effects using local Vs30 and site effect correcting factors developed for Sothern California. The correction was computed for a  reference Vs of 500 m/s.
	The rupture models tested here, and a synthesis of their performance are shown in Figure 2.  The first model, referred as GP-1, was generated using the original GP2016 method. GP-1 was selected among 20 rupture scenarios. Note that the GP2016 method provides partial correlation between rise time and the square root of local slip.  This results in a tendency for the rise time to lengthen and the rupture speed to increase as the slip increases. Also apparent in the GP rupture is the systematic reduction of rupture speed and lengthening of rise time along both the top (upper 4 km) and bottom portions of the rupture. An additional 60% reduction of rupture speed along the shallow and deep portions of the fault as dictated by Graves and Pitarka [11] [12] was applied. These distinct features of GP2016 are very consistent with rupture characteristics obtained for the Kumamoto earthquake. For example, several studies have discovered that the Kumamoto, earthquake rupture had two shallow areas of large slip, and two deeper areas of increased slip rate (e.g. [3] [7]). A similar trend in which high slip rate areas are concentrated in the deeper part of the fault has also been observed during large subduction zone earthquakes [13][14]. These observations, typical for ruptures that break the entire seismogenic zone, can be explained by difference in fault rupture dynamics caused by variation in friction 
TABLE 1.  1D VELOCITY MODEL
	Thickness (km)
	Vp
(km/s)
	Vs
(km/s)
	Density (g/cm3)
	Qp
	Qs

	0.01
	1.6
	0.425
	2.0
	42.5
	21.2

	0.02
	1.7
	0.538
	2.05
	53.8
	26.9

	0.07
	1.9
	0.65
	2.1
	65.0
	32.5

	0.1
	2.1
	0.8
	2.2
	80.0
	40.0

	0.3
	2.5
	1.2
	2.3
	120.0
	60.0

	0.5
	3.6
	1.9
	2.45
	190.0
	95.0

	0.5
	4.4
	2.5
	2.575
	250.0
	125.0

	1.0
	4.8
	2.8
	2.6
	280.0
	140.0

	1.0
	5.25
	3.1
	2.62
	310.0
	155.0

	1.5
	5.5
	3.25
	2.65
	325.0
	162.0

	2.0
	5.6
	3.35
	2.7
	335.0
	167.0

	2.0
	5.75
	3.45
	2.72
	345.0
	172.0

	8.0
	6.1
	3.6
	2.75
	360.0
	180.0

	8.0
	6.5
	3.8
	3.0
	380.0
	190.0

	
	7.8
	4.4
	3.3
	440.0
	220.0
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FIG.2. Broad band simulation results of the Kumamoto earthquake using three different rupture models, original GP (GP-1, left panels), GP characterized (GP-2, center panels), and GP characterized with heterogeneous slip (GP-3, right panels). Top panels show the slip distribution, the middle panels show total rise time distributions, and bottom panels show RotD50 acceleration response spectra bias between recorded and simulated data. 

properties between materials in the shallow part (weak zone) and deeper part of the crust (e.g. [15]). The depth scaling of rise time and rupture speed prescribed in the GP2016 approach highlights key observations where large shallow fault slip does not necessarily translate into large high-frequency motion radiation.  This means that strong radiation of shorter period motion does not necessarily coincide with regions of large slip. These two important features are well represented in GP-1 rupture model.
	The second rupture model, referred as GP-2, is the characterized asperity-based model. The location of the asperities follows the asperity-based rupture model of the Kumamoto earthquake proposed  by Irikura et al. [16]. Using broad-band simulations of recorded ground motion they found that the main characteristics of near-fault ground motion can be reproduced by a rupture model consisting of four areas with large slip rate, known as strong motion generation areas (SMGA). Table 2 lists fault parameters used in the simulations. Note that GP-2 retains the slip ratio of 2 between the asperity and background areas, required by the Irikura recipe. Also, due to the small stochastic variability of slip, the rupture speed in the GP-2 is slightly spatially variable.
	The third model, GP-3, is a characterized rupture model with heterogeneous slip. GP-3 combines desired features of GP2016 and IM2011 models. It preserves deterministic features, such as location and size of main asperities, derived from the Irikura recipe. The model also preserves the stochastic small-scale variability of slip and rupture time, as well as depth dependency and stochasticity of rise time, and rupture speed inherited from the GP2016 model. In this model the relative strength of the deterministic and stochastic features of rupture kinematics are allowed to be controlled by the user. The depth dependency of rise time is imposed in all three models. 

TABLE 2. FAULT MODEL PARAMETERS USING IM2011 RECIPE
	Fault Background
	Asperity 1
	Asperity 2
	Asperity 3

	Length: 44 km
Width: 18 km
Backgrnd Stress Drop: 2.92 MPa
Aver. Stress Drop: 3.8 MPa
Number of Asperities : 2
Background Slip : 90 cm
Background Vr = 2.8 km/s
	Length : 7.5 km
Width : 7.4km
Slip: 192.2 cm
Vr: 2.8 km/s
	Length : 7.2 km
Width : 8.6 km
Slip: 313.8 cm
Vr: 2.8 km/s
	Length : 10.0 km
Width : 8.6 km
Slip: 313.8 cm
Vr: 2.8 km/s



3.1. Ground Motion Modelling
	The ground motion simulations were performed using the Graves and Pitraka hybrid simulation procedure [11]. The low-frequency part of ground motion (0-1Hz) was calculated using synthetic Green’s functions computed with the FK method of Zhu and Rivera [17], and a local 1D velocity model, listed in Table1. The sub-fault dimensions used in the simulations of the low frequency part of ground motion were 0.1 x 0.1km. In all simulations the Brune stress parameter, used in the GP method, was set to 75 bars.  This is slightly higher than the default stress parameter of 50 bars adopted in simulations of earthquakes in California using GP method.
	The bottom panels in Figure 2 show the bias of RotD50 pseudo spectral acceleration response [18] (ln(Rec/Syn)) between recorded (Rec) and synthetic (Syn) ground motion, averaged over all stations, also known as goodness-of-fit plot. Overall the bias obtained with the GP-1 model is small.  The GP-2 slightly over predicts the ground motion in the period range of 1-5s.  This is a manifestation of stronger local rupture directivity effect, favoured by the simplified fault geometry, distinct asperity areas, and almost constant rupture speed adopted in GP-2. This discrepancy is eliminated in the simulation with the GP-3 model which was designed to improve IM2011 by better characterizing the shallow slip areas, affecting periods longer than 1s, and deeper large slip rate areas, affecting short period energy. 
	Figure 3 illustrates the performance of GP-3 in near-fault strong motion simulations by comparing the recorded and synthetic time histories of acceleration and velocity, at 19 near-fault stations. Station KMMH16, the closest to the fault, is located 1km off the fault within the heavy damage zone [9]. KMMH16 recorded the largest ground motion acceleration and velocity for this earthquake. The second nearest station, KMM005 is located at about 5km away from the fault trace. The ground motion at this station exhibits strong ground shakings. KMM012 is one of the more distant stations.  The relatively low amplitude and very long duration of ground motion recorded at this station suggest strong backward directivity and wave propagation effects. Figure 4 shows the comparison between the recorded and simulated RotD50 acceleration response spectra. 
Overall GP-3 does a good job at reproducing the recorded acceleration and velocity at the considered stations in terms of both spectral content and duration. As already suggested by the goodness of fit plot shown in Figure 3, GP-3 rupture model improves the waveform fit for both horizontal components at both near-fault sites, KMMH16 and KMM005. It also reproduces the amplitude and duration of the directivity pulse at station KMM005. At KMM012 it matches the duration very well but slightly under predicts the amplitude of direct phases. The simplification of 3D wave propagation effects by the 1D response could be the cause of misfit observed at some distant stations for periods longer than 1s. 

TABLE 3. SOURCE PARAMETERS USED IN GROUND MOTION SENSITVITY ANALYSIS
	Case
	Source Parameter
	Variability

	
	
	Base Value (GP2016)
	+/-σ
	+/-2 σ

	1
	Slip Distribution Roughness
	0.85
	0.05
	0.1

	2
	Total Rise Time Coefficient 
(eqn A5 in GP2016)
	1.60
	0.08
	0.16

	3
	Vr/Vs Ratio

	0.694
	0.078
	0.156

	4
	Rupture Initiation Location
	Left
	Center
	Right



4. Comparison with GMPEs
Figure 5 compares the recorded spectral acceleration responses with the GMPEs at 19 stations, considered here. The GMPEs are computed for a Vs30=300 m/s. The synthetic ground motions are all corrected for site effects using site factors computed for Vs30=300m/s. Except for source distances longer than 10 km, and periods 2s and longer, the recorded RotD50 PSA is very similar to the GMPEs average value.  The overall favourable comparison suggests that the near-fault ground motion generated during the Kumamoto earthquake is similar to the average ground motion predicted by the GMPEs for a strike slip earthquake.  
	We performed a suite of broadband ground motion simulations, to investigate the effect of kinematic rupture model parameters on near-fault ground motion variability. In addition to spatial variability in slip, each rupture realization randomly samples from distributions of rupture speed, rise time, slip roughness, and rupture initiation locations
	The base value of each rupture parameter considered here, and its standard deviation are shown in Table3. The effect of each rupture parameter was investigated using five realizations of GP-3 rupture scenarios for which the value of the investigated parameter was adopted from 
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Table3, while the other rupture parameters were kept fixed using their base value. Figure 6 (left panel) shows the effect of Vr/Vs ratio on inter-event variability of RotD50 acceleration response computed at 19 strong motion sites. The simulated acceleration spectra and their variability is very similar to the empirical one predicted by the GMPEs. Similarly figures 6 and 7 show the variability due to slip roughness, rise time, and sleep generator seed number.  Note that for all rupture parameters the ground motion variability increases with distance, especially for periods longer than 1s. The ground motion variability is underestimated at periods shorter than 1s. This is probably due to the sparse stations spatial coverage. The discrepancy is larger at shorter distances. We repeated the same analysis using synthetic ground motion computed on a regular and denser grid of 490 stations, with 400m grid spacing. The comparison between the simulated ground motion on the dense grid and the GMPEs for rvfrac=0.85 is shown in Figure 8. The simulation uses base values for all parameters. For this scenario the only causes of the intra event variability are source kinematics and wave propagation effects. The variability in simulated response is quite similar to variability predicted by the GMPEs. 
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FIG.3. Comparison of recorded (black) and synthetics (red) acceleration (left panels) and velocity (right panels) time histories computed with the GP-3 rupture model of the Kumamoto earthquake.
	A more concise way of displaying the effects of rupture parameters on simulated ground motion, and comparison with GMPEs are plots of bias between the GMPEs and simulated ground motion computed as the ln(GMPE/SIM) RotD50 spectral acceleration ratio, averaged over stations with same fault distance. Figure 9 compares the bias for the lowest value of Vr/Vs=0.538 and highest value of Vr/Vs=0.96 considered here. As indicated by the shadowed yellow zone, the standard deviation among the four GMPEs greatly increases with period, at all fault distances. In contrast the intra-event variability predicted by the GMPEs (indicated by the dotted line) is independent from the period. The comparison between these simulations obtained with different rupture velocities suggests that ground motion amplitude increases with rupture speed. The plot clearly shows that when rupture velocity increases the ground motion amplitude increases at periods longer than 1 s. In contrast the ground motion variability remains the same, regardless of period or distance. 

5. Ground Motion Spatial Variability
	We used ground simulations on a dense grid of stations to map free-surface peak ground motion velocity.  The simulated near-fault ground motion displays strong features that are consistent with fault rupture characteristics. The near-fault ground motion characteristics were also investigated by mapping the peak fault normal (FN) and fault parallel (FP) ground motion components. Figures 10-12 compare effects on goodness-of-fit and ground motion spatial distribution of rupture velocity, slip rise time, slip roughness, and rupture initiation location, respectively. In general, the spatial extent of peak velocity which is controlled by large scale rupture characteristics mainly follows the fault geometry and asperities location. In all rupture realizations the areas of large peak ground motion velocity are concentrated very near to the asperities and on the north side of the fault. This result is very consistent with damage  distribution zone and location of areas with largest ground motion observed during the earthquake. In general, the FP comment is larger than FN component. Although this is inconsistent with what it is expected from a mainly strike slip fault rupture, the simulation of fault rupture in the asperity areas indicate that for upward rupture propagation the directivity effect is stronger on the SH wave component, in this case stronger in the fault parallel component then in the fault normal component. It is expected that for deep rupture initiations and shallow large asperities the FN component of near-fault ground motion will be larger than the FP one. In terms of spatial extension of large amplitude ground motion area, the rupture velocity and slip roughness have the most significant effects. Fault ruptures with lower velocity
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FIG.4. Comparison of recorded (blue) and synthetics (red) RotD50 acceleration response spectra computed with the GP-3 characterized rupture model with heterogeneous slip of the Kumamoto earthquake
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FIG.5. Comparison of four RotD50 NGA West GMPEs of acceleration response spectra, computed for Vs30=300 m/s (solid lines), and RotD50 acceleration response spectra (orange circles) recorded at 19 stations, for the M7 Kumamoto earthquake.




[image: ]

[image: ]

FIG.6. Comparison of four RotD50 NGA West GMPEs of acceleration response spectra, computed for Vs30=300 m/s (solid lines), and RotD50 acceleration response spectra (orange circles) simulated at 19 stations, for the M7 Kumamoto earthquake. We used five realizations of GP-3 with different Vr/Vs ratio (left panel), and with different slip roughness (right panel), indicated in Table2, while all other rupture parameters were kept the same as in the original GP model.
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FIG.7. Comparison of four RotD50 NGA West GMPEs of acceleration response spectra, computed for Vs30=300 m/s (solid lines), and RotD50 acceleration response spectra (orange circles) simulated at 19 stations, for the M7 Kumamoto earthquake. We used five realizations of GP-3 with different total slip rise time (left panel), and different sleep generator seed numbers, while all other rupture parameters were kept the same as their base value in the original GP model.
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FIG.8. Comparison of RotD50 acceleration response spectra (yellow circles), computed at 500 near-fault stations, using rupture scenario with Vr/Vs ratio =0.85, with four GMPEs for Vs30=300m/s


and smoother slip heterogeneity produce much weaker ground motion. As expected, rupture initiation point is essential in shaping near-fault ground motion distribution as well as location of zones with large peak velocity, due to upward rupture directivity effects.

6. Discussion and Conclusions
	The main conclusion of this study is that all three GP rupture models of the 2016 Kumamoto Earthquake rupture analysed here, including fully stochastic GP-1model,  characterized fully deterministic GP-2 model, and characterized rupture model with random slip heterogeneity GP-3,  performed satisfactorily in simulations of recorded ground motion using the simulation method of Graves and Pitarka [1]. The hybrid design of GP-3, that combines empirically based deterministic features and correlated spatial and temporal variability of kinematic rupture guided by physics-based modelling results, make GP-3 a robust technique that represents well large-scale and small-scale rupture complexities. The compact multi-asperity representation of rupture kinematics makes the technique very effective in scenario-based deterministic estimations of near-fault ground motion. The resulting kinematic model better represents underlying rupture factors that shape the low and high frequency parts of generated seismic energy, especially for large earthquakes on faults that rupture the surface and the entire seismogenic zone. Compared to GP-1 and GP-2, GP-3 performs better in reproducing the recorded data on a broad frequency range 0-10 Hz. 
The favourable comparison of recorded ground motion with the GMPEs suggests that the near-fault ground motion generated during the 2016 Kumamoto earthquake is similar to the average ground motion expected for a strike slip earthquake. Our simulations suggest that for deep rupture initiations and shallow large asperities the FP component of near-fault ground motion for a strike slip earthquake on a dipping fault is expected to be larger than the FN one. In regard to spatial extension of large amplitude ground motion areas, the rupture velocity and slip roughness have the most significant effects. Fault ruptures with lower velocity and smoother slip heterogeneity produce much weaker ground motion. In general, the spatial extent of peak velocity which is controlled by large scale rupture characteristics, correlates with asperities location. 
The depth-depend variation of peak slip velocity, rise time and rupture speed, are two important features of the proposed GP-3 model, that are inherited from the original GP rupture model and guided by rupture dynamics modeling. Their inclusion improved the performance of the characterized rupture model of the Kumamoto  earthquake with stochastic heterogeneity for intermediate and long periods.GMPE-based near-source shaking estimation for large earthquakes is highly uncertain, in particular for long return periods for which ground-motion variability drives the seismic hazard. Therefore physics-based simulations and analysis of ground motion variability like the ones discussed here can help improve the GMPEs by improving the quantification of inter- and intra-event variability. 
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FIG.9. Bias between the GMPEs and simulated ground motion computed as the ln(GMPE/SIM) RotD50 spectral acceleration ratio as a function of period, averaged over stations with same fault distance. The fault distance and the number of sites for each distance bin is indicated on each panel. Red squares and red vertical lines indicate the median value and +/- one standard deviation of the bias.  Left panels show comparisons with synthetics computed for  Vr/Vs=0.538, and right panels show comparisons with synthetics computed for Vr/Vs=0.96. The shadowed zones indicate the standard deviation among the four GMPEs and the dotted line indicates the intra-event variability obtained from the GMPEs
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FIG.10. Effects of increasing rupture velocity on ground motion amplitude and spatial variability.  Bias between GMPEs and simulated ground motion (upper panels). Maps of fault-normal and fault-parallel peak ground motion amplitude (middle panels). Maps of FN/FP peak ground motion ratio between FN and FP, and kinematic slip distributions (lower panels). 
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FIG.11. Effects of increasing total  rise time on ground motion amplitude and spatial variability.  Bias between GMPEs and simulated ground motion (upper panels). Maps of fault-normal and fault-parallel peak ground motion amplitude (middle panels). Maps of FN/FP peak ground motion ratio between FN and FP, and slip rise time models (lower panels). 
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FIG.12. Effects of increasing small-scale slip roughness on ground motion amplitude and spatial variability. Bias between GMPEs and simulated ground motion (upper panels). Maps of fault-normal and fault-parallel peak ground motion amplitude (middle panels). Maps of FN/FP ground motion ratio between FN and FP, and kinematic slip distributions (lower panels). Right
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FIG.13. Effects of rupture initiation locations on ground motion amplitude and spatial variability.  Bias between GMPEs and simulated ground motion (upper panels). Maps of fault-normal and fault-parallel peak ground motion amplitude (middle panels). Maps of FN/FP peak ground motion ratio between FN and FP, and kinematic slip distributions (lower panels). 
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