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Abstract 

 

ShakeMap package uses empirical ground motion prediction equations (GMPEs) to estimate the 

ground motion where recorded data are not available. Recorded and estimated values are then 

interpolated in order to produce a shaking map associated to the considered event. Anyway GMPEs 

account only for average characteristics of source and wave propagation processes. Within the 

framework of the DPC-INGV S3 project (2007-09), we evaluate whether the inclusion of directivity 

effects in GMPEs or the use of synthetic seismograms from finite-fault rupture models may 

improve the ShakeMap evaluation. An advantage of using simulated motions from kinematic 

rupture models is that source effects, as rupture directivity, are directly included in the synthetics. 

This is particularly interesting in Italy where the regional GMPEs, based on a few number of near-

source records for moderate-to-large earthquakes, are not reliable for estimating ground motion in 

the vicinity of the source. 

In this work we investigated how and if the synthetic seismograms generated with finite-fault 

models can be used in place of (or in addition to) GMPEs within the ShakeMap methodology. We 

assumed a description of the rupture model with gradually increasing details, from a simple point 

source to a kinematic rupture history obtained from inversion of strong-motion data. According to 

the available information synthetic seismograms are calculated with methods that account for the 

different degree of approximation in source properties. 

We chose the 2008 Iwate-Miyagi (Japan) earthquake as a case study. This earthquake has been 

recorded by a very large number of stations and the corresponding ShakeMap relies almost totally 

on the recorded ground motions. Starting from this ideal case, we removed a number of stations in 

order to evaluate the deviations from the reference map and the sensitivity of the map to the number 

of stations used. The removed data are then substituted with synthetic values calculated assuming 

different source approximations, and the resulting maps are compared to the original ones 

(containing observed data only). The use of synthetic seismograms computed for finite-fault rupture 

models produces, in general, an improvement of the calculated ShakeMaps, especially when 

synthetics are used to integrate real data. When real data are not available and ShakeMap is 

estimated using GMPEs only, the improvement adding simulated values depends on the considered 

strong-motion parameters. 

  



 

Chapter 1. Introduction 

 

Rapid characterization of near-fault strong ground shaking is essential for assessment of an 

earthquake’s impact, including the scale of damage and loss. ShakeMap (Wald et al., 1999) was 

developed as a tool for this purpose. To generate a ShakeMap, observed peak and spectral ground 

motion are interpolated with empirical ground motion prediction equations (GMPEs) to produce 

contour maps of the various parameters. ShakeMaps have proven to be a valuable information 

resource for seismologist, emergency responders, and the general public.  

The ShakeMap approach works best in regions with dense station coverage. In such cases 

the observed ground motions control the contouring of the maps. In poorly instrumented regions or 

in cases where the data is lost (possibly due to signal saturation), ShakeMap relies on the adopted 

GMPE to estimate the motions based on, at the first approximation, the earthquake magnitude and 

epicentral or hypocentral distance. However, in the case of large earthquakes, the strongest shaking 

area is very likely not co-located with the epicenter due to the actual extent of the fault rupture. For 

this reason once additional information is available it is possible to account for fault dimension, its 

position in space and the rupture direction in quasi-real time; after few hours the strong ground 

motions can be inverted to infer the rupture process on the fault plane (Figure 1a). The increasing 

information on the seismic source allows the modification of ShakeMap (at different levels) to 

account for the effects of fault finiteness on the expected ground motion. In particular, within Task 

4, we evaluated whether modification of the GMPEs or computation of near-fault synthetic 

seismograms can be used to improve ShakeMaps. The flow-chart in Figure 1 summarizes how we 

used different simulation techniques depending on the level of available information regarding the 

earthquake source: 

a) modification of GMPEs to include directivity effects (Chapter 3) 

b) Ground motion simulation with point-source stochastic models (SMSIM; Boore, 2003) 

in Chapter 4.3. 

c) Ground motion simulation for extended fault with hybrid deterministic-stochastic 

method (DSM; Pacor et al., 2005) in Chapter 5. 

d) Ground motion simulation for extended fault with fully deterministic solution 

(COMPSYN; Spudich and Xu, 2003) in Chapter 6. 

 



 

Figure 1. Fow-chart: From point source to the complete kinematic rupture model 

 

This methodology was tested on the 2008 Iwate-Miyagi (Japan) earthquake. We chose this 

earthquake as it has been recorded by a very large number of stations and the corresponding 

ShakeMap relies almost totally on the recorded ground motions. 

We first inverted a reduced number of strong-motion recordings to retrieve a kinematic source 

model for the earthquake. We then used the obtained rupture model to simulate the ground motion 

at the recording sites and to investigate the dependence of simulated motions on the finite-fault 

kinematic parameters, by using both full-wavefield and stochastic methods.  

This approach is particularly appealing in Italy where the station coverage might not good enough 

to assure a correct evaluation of the shaking close to moderate-to-large earthquakes. For instance, 

the ShakeMaps of the 1980 Irpinia (M 6.9) and the 2009 L’Aquila (M 6.3) earthquakes are based on 

less than 10 records within 50 km to the epicenter.  

 



 

Chapter 2. The case study of 2008 Iwate-Miyagi earthquake: strong motion data and source 

inversion 

 

The 2008 Iwate-Miyagi earthquake (Mo=3.65 10
19

 N m) occurred on June 13 (23:43:49.7 UTC) on 

a reverse fault. K-Net and KiK-net strong motion networks, operated by the National Research 

Institute for Earth Science and Disaster Prevention (NIED), obtained a large number of strong-

motion records in the near-source region (Figure 2-1).  

For this earthquake, 170 accelerometric records are available from stations located within an area 

from latitude 38° to 40° and longitude 139° to 142°: 68 recorded at K-net stations and 102 at Kik-

net stations (51 borehole and 51 surface sensors). The maximum epicentral distance is 180 km and 

the minimum is 6.3 km. 

 

 

 

Figure 2-1. Map with location of K-net (white) and KiK-net (red) stations. Star is the epicenter with 

the focal mechanism computed by Suzuki et al. (??). 

 

Figure 2-2 shows the observed PGA and PGV decay with distance. They are grouped for different 

site classes (NEHRP classification): D =  Vs30 < 180 m/s; C = 180 ≤ Vs30 ≤ 360 m/s; B = 360 < 

Vs30 ≤ 800 m/s; A = Vs30 > 800 m/s. The peaks are compared with the ground motion prediction 

equation (GMPE) developed for Japanese territory (Kanno et al., 2006) and for two different values 



of Vs30: a Vs30=800 m/s to represent the A and B NEHRP site classes and a Vs30=360 m/s to 

represent C and D site classes.  
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Figure 2-2 Recorded PGA and PGV (circle) as a function of the fault distance (closest distance 

RCD); colors represent different soil categories inferred from the Vs30 information. Peaks are the 

root mean square of horizontal components. The GMPE of Kanno et al. (2006) is plotted as 

reference for two soil categories.  

 

Velocity model 

The 1D velocity model used for this study (Table 2.1) is from Wang et al. (2008). 

Table 2.1. Velocity model 

Depth 

Km 

Thickness 

Km 

P velocity 

km/s 

S velocity 

km/s 

Density 

kg/m3 
Qp Qs 

0 1 5.80 3.40 2340 200 100 

4 3 5.85 3.40 2400 200 100 

8 4 5.76 3.80 2670 300 150 

13 5 6.40 3.80 2860 400 200 

20 7 6.50 4.44 3140 500 200 

30 10 7.50 4.45 3150 600 300 

50 20 7.78 4.46 3200 600 300 

100 50 7.80 4.50 3200 700 450 

200 100 8.00 4.50 3300 1000 650 

 

 



Source inversion 

We considered strong ground motions from a reduced dataset of 13 stations to invert a finite-fault 

kinematic source model, as described in Deliverable 4.2 (Figure 2-3). The Piatanesi et al. (2007) 

code solves the non-linear inverse problem and allows for variable slip, rise time, rupture velocity 

and rake on the fault plane. 

 

 

Figure 2-3. Stations location whose recorded ground motion has been used for the source inversion. 

 

We inverted the strong motion data in the frequency band 0.02-0.5 Hz. The kinematic rupture 

model (slip distribution, rise time and peak slip velocity) shown in Figure 2-4 has been then used to 

compute synthetic seismograms at the selected bedrock sites. 

 



 

Figure 2-4 Rupture model of the Miyagi earthquake (inversion model 0.0-0.45Hz)  

 

The slip model computed with the inversion procedure reproduces the low-frequency (f<0.5Hz) slip 

distribution on the fault. Because we want to simulate the ground motion at higher frequencies, we 

extended the slip model to higher frequencies by computing a distribution of Gaussians centered in 

the patches of slip obtained by the inversion procedure. The Gaussians have been weighed by the 

average slip of each patch. The sum of these Gaussians creates a probability density function (pdf, 

Figure 2-5a) which is used to randomly distribute a fractal distribution of asperities. The result is a 

slip model (Figure 2-5b) which obeys at  the k
2 

slip model (Bernard and Herrero, 1994), as shown in 

Figure 2-5c. 

The nucleation point is located 15 km along the strike and 10 km down-dip. 
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Figure 2-5. Contour map of the slip distribution: (a) Gaussians distribution; (b) k-square method. 

(c) Log-log plot of the spatial Fourier transform of the slip distribution (the x-axis represents the 

radial wave-number k, y-axis is the Fourier amplitude). The mean distribution (red line) shows that 

the bi-dimensional FFT decreases as k
-2

. 



 

Chapter 3. GMPE and directivity predictor 

 

ShakeMap is a technique addressed to stabilize the contouring and minimize the misrepresentation 

of a ground motion intensity measure augmenting the available data with predicted values over a 

number of phantom stations. Therefore this instrument can be regarded as an interpolation operator 

that uses the ground motion predictive equations (GMPE) to “fill” the data gap. Once that the 

interpolation is computed, ShakeMap calibrates the interpolated surface on the available data. Near 

the observed strong-motion stations, the phantom stations are rejected, allowing the data to control 

the solution where they exist. Thus if the station network is very dense, the weight of the 

interpolation is weak and the ShakeMap is mainly driven by the observations. Otherwise, when the 

station network is lean, the selection of the proper predictive equation drives the goodness of the 

ground shaking estimation. 

The ground motion predictive equations (GMPE) used in the standard ShakeMap may not 

reproduce faithfully the ground motion close to the fault since multidimensional effects, like the 

directivity effect, are not accounted for. A more comprehensive description of the ground shaking 

can be achieved with the proper theoretical inclusion of known complex effects related to the 

rupture process. The new generation of GMPE (e.g. Abrahamson and Silva, 2008) accounts for 

parameters related to the earthquake source, the site condition, and the propagation effects that, with 

respect to the simplest GMPE currently implemented in ShakeMap, provides a more accurate 

description of the ground motion anisotropy. Other equations (Spudich and Chiou, 2008) account 

also for directivity and may improve the ShakeMaps results when a few basic seismic source 

parameters become available (strike, rupture laterality, etc.). In particular we focus on the role of the 

directivity in better constrain the ground motion variability for generating rapid-response ground 

motion maps.  

One route to test its effectiveness on ShakeMap, is to cut off the recorded data and verify their 

capability of fill in the gap. Therefore we have compared the ground motion variability with respect 

to the predictions. The test on the 2008 Miyagi Japanese earthquake consists in: (1) introducing a 

directivity term within ShakeMap modifying the Abrahamson and Silva (2008) GMPE with the 

Spudich and Chiou (2008, hereafter SC2008) corrective factor; (2) quantifying the improvement of 

the ground shaking estimation (Spagnuolo, 2010).  

Figure 3-1 panel (a) shows the difference map between a reference map made interpolating the 

dense instrumental network and the predictions obtained using the Abrahamson and Silva (2008, 

hereafter AS2008) equation without using any recordings. Due to the evident separation of the map 

into two distinct zones (a strong overestimation in the NE direction and in the hanging wall zone; a 

strong underestimation in the S-SW part of the map) we have investigated if this behavior may be 

ascribed to a directivity effect. The corrective factor for directivity (panel b) was obtained for the 

specific rupture setting and it does not have important effects on reducing the misfit, either in 

amplitude or spatial distribution between the prediction and the real data (panel c).  

 



 

 

 

Figure 3-1. Comparison with the ShakeMap predictions with AS2008 and the AS2008 corrected for 

directivity: (a) Difference map when no stations and no site correction are condisidered; (b) the 

directivity corrective factor of Spudich and Chiou 2008- blue dashed lines represent a 

deamplification of the AS2008, red solid lines represents an amplification; ( c) as panel (a) but with 

the directivity corrective factor of panel (b).The star represents the hypocenter.  

 

The directivity effect as modeled by SC2008 appears as a second order effects and it results masked 

by major specific regional features. First order effects may be ascribed to the propagation. As a 

matter of fact, the earthquake occurred in a zone of concentrated deformation along the Ou 

Mountain Range so that the causative fault is entrapped between two different high mountains 

regions completely distinct in nature and separated by the Kitakami plateau area. On the western 

part of the map, a tectonically uplifted zone is present, named the Dewa Hills. The complexity of 

the tectonic surroundings have motivated several authors to study the regional-scale seismic 

tomography in and around the focal area. Wang et al. (2008) have determined high resolution 3D 

seismic images of the crust using a large number of P and S wave arrival times with data from 

routinely operated stations. Okada et al. (2009) used more dense data from not only the routine 

operated stations but also some dense temporary stations. Their results show two distinct low 

velocity belts where the velocity gradient partially correlates with the pattern retrieved in our 

analysis. However, propagation effects constitute a multidimensional physical effect, strongly 

related to the site specific characteristic, that the GMPEs do not actually include. Some effort has 

been done in the work of Panza et al. (2003) dealing with the reflection of seismic waves. It has to 

be notice that the introduction of propagation effects is an attempt to introduce deterministic 

characteristic into the GMPE. The same attempt motivates the introduction of the corrective factors 

for directivity.  

It has to be also pointed out that the formulation of the GMPE is still affected by several problems 

related to the paucity of the data. In fact it is common practice to enlarge the data-set exploiting the 

underlying stationarity of events with time, that allows us to replace temporal characteristic of 

earthquake occurrence by spatial characteristic (ergodic hypothesis). This assumption worse the 

agreement with regionally specific features as a consequence of the fact that data are collected from 

different area of the world. Therefore specific trends that maybe help to derive physical based 

relation between the parameters and the observed ground motion are often masked by the overall 

variability. The new relations that has been introduced to explain the variability are therefore 

damped down in favor of a more generic statistical behavior.  



The same problems affects the calibration of a physical relation, in our case the SC2008 directivity 

model. The SC2008 is set up with a supporting simulation techniques, and then it is calibrated over 

the same data set of AS2008. The results achieved in this work shows that the correction that it 

promotes  on the GMPE is not suitable to explain the ground motion variability in the near source 

neither in amplitude, nor in the pattern. If we exclude the hypothesis that first order propagation 

effects could mask the directivity effect as modeled by SC2008, the other chance is that the 

directivity model is not representative of the directivity effect in the single case application. Maybe 

other features, i.e. the slip position or the rupture velocity, are more suitable to explain the physical 

process for the specific case, and have to be favored in the computation of a directivity model 

especially now that our knowledge about the source is sufficiently advanced.  



 

Chapter 4. Ground motion simulation from stochastic to deterministic models  

 

Starting from the Iwate-Miyagi earthquake ShakeMaps where a very large number of stations are 

distributed around the epicenter, we, first remove different groups of stations in order to evaluate 

the influence on the ShakeMap contouring. The removed values are substituted with synthetic 

values and the obtained maps are compared to the reference ones (containing observed data only). 

To test whether synthetic values can be used to integrate GMPEs in case where recordings are 

scarce, we propose the following exercises: 

a) ShakeMaps of PGA, PGV and PSA (0.3-1-3 sec) are calculated considering all the available 

stations. For this case study a very dense distribution of stations is available and the produced 

ShakeMaps rely almost totally on the recorded motion (Chapter 4.1). 

b) We remove a subset of stations from the original data set. This can be done with specific criteria, 

such as removing all stations with epicentral distance <50km or randomly (Chapter 4.2) 

c) We replace the removed stations with simulated values and compare the obtained “hybrid” 

ShakeMaps with the reference ones (Chapter 5, Chapter 6 and Chapter 7). 

 



4.1 The Reference ShakeMaps (PGA, PGV, PSA) 

Ground motion values recorded at 116 seismic station are used in the ShakeMap package to 

produce a shaking map associated to the considered Iwate-Miyagi event (Figure 2.1-1). A GMPE 

developed exclusively from Japanese data (Kanno et al., 2006) has been implemented into 

ShakeMap to account for regional characteristics of strong-motion attenuation when ground motion 

is estimated at the phantom points. The Vs30 value measured at each recording site (see chapter 2) 

was used to account for site amplification (or de-amplification) effects through the coefficients 

introduced by Borcherdt (1994) and currently adopted in ShakeMap package. At the phantom points 

the Vs30 is estimated based on the topographic slope as proposed by Wald and Allen (2007). The 

calculation of the bias of observed data respect to the adopted GMPE was included in the 

ShakeMaps, and it led to a bias as listed in Table 4.1 by with the GMPE is multiplied in each case 

(Figure 4.1-1). 

An aside: to overcome deficiencies related to magnitude determination and fault dimensions 

estimation that ShakeMap faces in the first minutes after the earthquake, a bias factor in computed 

for each parameter, by which the predicted ground-motions are multiplied to bring them in line with 

the recorded data for that event. This factor is computed by minimizing the difference between the 

data values at the seismic stations and the estimated values at those locations. 

 

PGA PGV PSA(0.3sec) PSA(1sec) PSA(3sec) 

0.00 -0.22 -0.11 -0.60 -0.14 

Table 4.1. Bias values for the reference map, as reported in the bias.txt ShakeMap files. Negative 

values indicate that the GMPE is, on average, higher that observed motions and thus will be shifted 

to smaller values. 

 

The maps as in Figure 4.1-1 (hereafter referred to as Myiagi A or simply reference map) are used as 

reference in all the following tests. In each case presented in the following we assume a ShakeMap 

computed with different sets of data (subscript X), that we compare with the reference ShakeMap 

(subscript A) to define a residual ShakeMap: 

RES= log10(YA) - log10(YX)   

where Y is a strong motion parameter (PGA, PGV, PSA at 0.3s,1s,3s). The residual are calculated 

for ground motion values in the grd ShakeMap files where values are computed at a regular grid of 

1.5km. In this case positive values of RES indicates lower values than in the reference map, 

whereas negative values indicates higher values. 

Figure 4.1-2a shows the residual maps when no data are available, in other words, the values at the 

grid points are computed using the GMPE from Kanno et al. (2006) only. We also evaluate the 

distribution of the residuals (RES) within 50 km from the epicenter in terms of mean, standard 

deviation and number of grid points whose values have a residual of within ± 0.1 (corresponding to 

a factor of 1.25; Figure 4.1-2b). These residual maps and distributions are important to assess the 



error that ShakeMap would commit in case (rare but still possible) of no data availability in the 

study area. In other words they quantify if the GMPE itself is able to predict reliable ground motion 

values. Note that, in the ShakeMap computed with no data the GMPE is not multiplied by any bias 

value (since no data are available to compute it).   

The PGA residual map (Figure 4.1-2a) shows positive residuals (underprediction of reference map) 

all along the eastern coast of Japan and some large positive residuals NW to the epicenter. On the 

contrary negative residuals (overprediction of reference map) are particularly found SW to the 

epicenter. The positive large positive residuals NW to epicenter are due to large PGA recorded at 

stations AKTH04 (249 %g on the EW component). This station exceed the +3sigma of the GMPEs. 

The underprediction SE to the epicenter can be partially explained due to the amplification of 

observed ground motion towards the Sendai basin non accounted by the GMPE. 

A more quantitative description of the differences between the ShakeMaps can be obtained looking 

at the residual distribution within 50 km to the epicenter. The PGA residuals within the ± 0.1 range 

are 70% while for PGV and PSA3.0s the percentage decreases to 33% and 56%, respectively. In 

general, within 50 km to the epicenter, there is a general tendency to underestimation of the 

reference map. 

 

 

Figure 4.1-1. Distribution of PGA , PGV and PSA at 3sec: (a) Reference Shaking Maps using all 

the recorded data (Myiagi A); (b) recordings and  Kanno et al. (2006) as a function of distance 

(RCD).  

 

 



a)

b)

 

Figure 4.1-2. Distribution of PGA, PGV and PSA at 3sec: (a) residual map when recorded data are 

not considered (Kanno et al., 2006);  (b) statistics of the differential values (RES) within 50 km 

from the epicenter for the maps in (a).  



4.2 Test 1: removing sets of recording stations 

Since the reference ShakeMaps are calculated using a dense station distribution we decided to test the 

influence of network coverage on the generated ShakeMaps.  

To test the effect of a decreasing number of recording stations, we removed different subsets of 

stations from the original dataset with the following criteria:  

case C1 - K-net stations (66 stations, about half of the total sites) are removed from the total 

number of station considered in the reference maps; the average minimum inter-station 

distance increases from 10 to 17 km; 

case D1 - K-net stations of site class A and B (35 stations, that is two-third of the total sites) are 

removed from the total number of station considered in the reference maps; 

case E1 - stations with epicentral distances < 50km (28 stations) are removed from the total 

number of station considered in the reference maps. 

In Figure 4.2-1 are shown the residuals maps for the listed cases. 

 

(a)

(b)

(c)

 

Figure 4.2-1. Differential maps of PGA (left) and PGV (right) considering: (a) real data without K-

net stations of site class A and B (case D1, 81 stations); (b) real data without all K-net stations (case 

C1, 51 stations); (c) real data without stations with epicentral distances < 50km (case E1, 91 

stations).  

 

When we use a sparse number of stations (Case C1, half of the total number of stations with 17 km 

of inter-station distance), about 87% of grid points within 50 km have PGV (92% for PGA) with 

differences lower than a factor of 1.25 respect to the reference values (Figure 4.2-2b). We case D1 



is considered (two-third of stations removed), the residuals map show a small improvement in terms 

of PGV, (plus 3% respect to case C1) for grid points within 50 km (Figure 4.2-2a). However, the 

considered stations produce a negative bias for PGA, which worsen the underestimate to 84%. 

Finally, in case E1 we tested the ShakeMap capability to reproduce the ground motion in the near-

source area when no recordings are available at epicentral distances lower than 50 km. In this case 

the underestimation close to the fault is larger and only about 65% of PGV residuals (39% of PGA 

residuals) are within the threshold of  ± 0.1 residuals respect to the reference ShakeMaps (Figure 

4.2-2c). Moreover, the recorded PGA and PGV are underestimated in the strike-normal direction 

and the PGV is slightly overestimated at the northern fault termination (Figure 4.2-1c). 

(c)(b)(a)

 

Figure 4.2-2. Upper plots: residual maps of PGV considering (a) real data without K-net stations of 

site class A and B (case D1, 81 stations); (b) real data without all K-net stations (case C1, 51 

stations); (c) real data without stations with epicentral distances < 50km (case E1, 91 stations). 

Bottom plots: distribution of the differential values within 50 km from the epicenter. 

 

This first test allows us to quantify the error in ShakeMaps estimation when the station coverage is 

not as good as in the reference maps. We decided to quantify the variations in maps contouring only 

within 50 km from the epicenter as we are mainly interested in near-fault ground motions 

estimation. These results show that although a larger number of stations is removed in case C1 

respect to case E1 (66 and 28, respectively) the generated ShakeMap is more accurate in the first 

case. Intuitively, more homogeneous, though less dense, distribution of stations is preferable, for 

ShakeMap purposes than large not-instrumented areas close to the fault, We recognize that this 

result can be largely related to choice of calculate the residuals for points within 50 km to the 

epicenter but we stress that although no data are used in case E1 within 50 km, records at larger 

distance are used to calculate the bias of GMPEs and subsequent to scale the predictions.  



 

Chapter 5. Test 2: hybrid deterministic-stochastic ground motion simulation for extended 

fault 

In the presented methodology, once additional information on the extended fault became 

available through the inversion of strong-motion data (see Chapter 2) we can use the retrieved  

rupture model to compute synthetic seismograms to improve ShakeMaps in the vicinity of the fault 

or in areas of poor network coverage.  

In the presented application we simulate the ground motions from the Iwate-Miyagi event at 

the recording stations (Chapter 4.4.1) using the DSM code (Pacor et al. 2005).  

The DSM method adopt three parameters to account for the attenuation of ground motion 

from the source to the site (Boore, 2003): the geometrical spreading G(R) where R is distance from 

the source; the anelastic attenuation Q(f), where f is frequency and the high-frequency decay 

parameter κ or fmax . Since a trade-off exist among these parameters (especially between G(R) and 

Q(f)) they should be determined consistently. We adopted the values proposed by Satoh et al. 

(1997) who used strong motion records of 18 earthquakes (3.4≤ MJMA≤ 7.1) in the eastern Tohoku 

district (including Iwate, Miyagi and Fukushima prefectures) to derive a spectral model valid for the 

area. 

Satoh et al. (1997) assumed an a priori geometrical spreading factor as G(R)=1/R based on the 

fact that most of the earthquakes are subduction zone events. For such earthquake a G(R)=1/R has 

been reported in many studies worldwide. However we should be aware that the earthquake 

considered in this study is a shallow crustal event and that for such events the geometrical spreading 

usually depart from 1/R.  

The same Authors estimated the anelastic attenuation (Quality factor) as Q(f)=110 f
0.69

, which 

is consistent with previous results for the investigated area (Fukushima et al., 1995; Kato et al., 

1992); they defined a high-cut filter to account for the decay of high frequency motion in their data-

set with fmax equal to 13.5 Hz and with almost no dependency on seismic moment. 

The 1D crustal velocity model proposed by Wang et al. (2008) has been used in the DSM 

simulations as well as in the source inversion algorithm. 

The DSM technique has been demonstrated to be especially sensitive to the position of the 

hypocenter on the fault surface (Pacor et al., 2005; Ameri et al., 2008) and able to reproduce 

directivity-induced amplification effects on ground motion. On the other hand it is loosely sensitive 

to the slip distribution prescribed on the fault. Such characteristics make the method suitable for 

generation of near-fault motions once that the fault dimensions and rupture starting point location 

are identified but slip distribution is not available yet.  

The inverted kinematic rupture model shows the hypocenter located approximately at the 

center of the fault and larger slip occurring in the southern portion of the fault. Due to the 

mentioned characteristics of the DSM method we do not expect large azimuthal variations in the 

simulations. 



5.1 DSM simulations at the strong motion sites 

The retrieved kinematic rupture model and relative parameters are used in forward simulation of 

ground motion at the recording sites of the Iwate-Miyagi earthquake. 

In Figure 6.1-1 we present the spatial distribution of observed (Figure 5.1-1a) and simulated PGA 

and PGV values. Note that this contour maps represent a simple interpolation of observed or 

simulated values. The DSM simulations are computed at bedrock (Figure 5.1-1b) and including the 

site amplification factor based on Vs30 using the same approach adopted in ShakeMap (Borcherdt, 

1994; Figure 5.1-1c). 

 

Figure 5.1-1. Observed and simulated PGA (left) and PGV (right). The values refer to the station 

sites (color dots) and are interpolated with GMT software: (a) recorded values, (b) simulation with 

DSM at bedrock, (c) simulation with DSM with site effect (see Figure 6.1-2). 

 



 

Figure 5.1-2 shows the PGA and PGV distribution as a function of rupture distance (Rcd). The 

agreement between observed and simulated values is good, both in terms of amplitude level and 

distance dependence. The inclusion of site amplifications generally improve the fit, although the 

parameterization adopted for site effects is too simple to account for the complexity of site response 

in the area which include large alluvial basins (i.e., the Sendai basin to the south). 
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Figure 5.1-2. PGA and PGV as a function of the closest distance from rupture (Rcd). The recorded 

values are compared to DSM simulations at bedrock (grey symbol) and to the modified by  the 

Vs30-based factor (Borcherdt, 1994) (blue circle). 

 

A more quantitative comparison between observed and simulated reported in Figure 5.1-1 can be 

obtained by plotting the residual values at each strong-motion site (see Chapter 4.1). DSM peak 

values are computed at bedrock (Figure 5.1-3a) and including an approximation of site-effects 

(Figure 5.1-3b).  

The maps of the residuals in Figure 5.1-3 show that: 

1. the inclusion of a Vs30-based amplification function lead to a substantial improvement in 

PGV simulations, particularly evident in the reduction of positive residuals 

(underprediction) toward the south, whereas no improvement is observed for PGA.  

2. the large observed PGA values visible in Figure 5.1-2 at distances larger than about 60-70 

km not reproduced by simulations are mainly located NE to the epicenter, possibly related to 

path effects. Close to the fault significant underestimation of PGA occurs at only two sites 

namely AKTH04 and MYG004 (see Figure 2-1)  

3. the large observed PGV residuals are mostly located in the Sendai basin with the exception 

of the large PGV residual at station AKTH04 (as also noted for PGA).   



 

Figure 5.1-3. PGA (top) and PGV (bottom) residuals for (a) bedrock sites and (b) considering site 

effect. Red circles represent positive residuals (simulation<recorded), blue circles negative residuals 

(simulation>recorded). Dimension of symbol is proportional to the absolute value.  

 

In the following sections we replace the ground motion values recorded at the groups of stations 

removed from ShakeMaps calculation in Chapter 4.2 with simulated values. In particular we 

identify different cases:   

- case D2: DSM synthetics replace the K-net stations of site class A and B; 

- case C2: DSM synthetics replace all K-net stations; 

- case E2: DSM synthetics replace stations with epicentral distances < 50km 



5.2 Replacing recorded values with synthetics in ShakeMaps: Case C2 (sparse stations) 

Figure 5.2-1 shows that the fit to the reference maps improves when synthetic data are used to 

replace the values removed in case C1. In particular, the use of synthetics decreases the PGA 

evaluated by ShakeMap and increases the PGV.  The number of grid points, within 50 km from the 

epicenter with residuals within ± 0.1 respect to the reference map, increases from 87% to 96% for 

PGV and from 92% to 94% for PGA (Figure 5.2-2). 

C2- synthetics at Knet locations: 51 (real) + 65 (DSM)

C1- real data without Knet stations: 51 (real) (a)

(b)

 

Figure 5.2-1. Differential maps of PGA (left) and PGV (right) considering: (a) real data without K-

net stations (case C1, 51 stations); (b) as the previous case adding synthetics at the K-net locations 

(case C2, 51 strong-motion stations + 65 DSM simulations at K-net locations) 

C2- synthetics at Knet locations: 51 (real) + 65 (DSM)

C1- real data without Knet stations: 51 (real) (a)

(b)

 

Figure 5.2-2. Distribution of residuals within 50 km from the epicenter for PGA (left) and PGV 

(right) considering the cases of Figure 6.2-1: (a) real data without K-net stations (case C1, 51 

stations); (b) as the previous case adding synthetics at the K-net locations (case C2, 51 strong-

motion stations + 65 DSM simulations at K-net locations). 



5.3 Replacing recorded values with synthetics in ShakeMaps: Case E2 – empty region 

In this case the area without records within 50 km to the epicenter (case E1) is filled with synthetics 

(case E2). The fit with the reference map improves (Figure 5.3-1). In this case the PGA computed 

by ShakeMap increases (decrease of positive residuals). Moreover, in the case E1 the GMPE is 

shifted using a bias computed on data within 50 to 70 km range (stations are missing below 50km); 

when synthetics are included (case E2) the bias decreases and the fit with the reference map 

improves. The highest value (exceeding the GMPE by more than 3 sigma) refers to station 

AKTH04 which show very large PGA and PGV values likely related to peculiar site effects. 

The number of grid points, within 50 km from the epicenter and included ± 0.1 residuals range from 

the reference map, increases 39% to 77% for PGA and from 66% to 81% for PGV when DSM 

simulations are added (Figure 5.3-2).  

E1- real data at Repi > 50km: 91 (real) 

E2- synthetics at Repi <50km : 91 (real) + 25 (DSM)

(a)

(b)

 

Figure 5.3-1. Differential maps of PGA (left) and PGV (right) considering: (a) real data without 

stations with epicentral distances < 50km (case E1, 91 stations); (b) as the previous case adding 

synthetics for distances <50km (case E2, 91 strong-motion stations + 25 DSM simulations). 

 



E1- real data at Repi > 50km: 91 (real) 

E2- synthetics at Repi < 50km : 91 (real) + 25 (DSM)

(a)

(b)

 

Figure 5.3-2 Distribution of residuals within 50 km from the epicenter for PGA (left) and PGV 

(right) considering the cases of Figure 6.3-1: (a) real data without stations with epicentral distances 

< 50km (case E1, 91 stations); (b) as the previous case adding synthetics for distances <50km (case 

E2, 91 strong-motion stations + 25 DSM simulations). 

 

5.4 Discussion 

The general conclusion is that the use of DSM simulations improves the evaluation of the expected 

ground motion values where recorded data are not available. We summarized the results in Figure 

5.4-1, where the mean of the residuals from the reference map values is shown. The residual (RES) 

are defined in Chapter 4.1. 

The ShakeMaps underestimate the reference maps when the number of recording stations decreases. 

Moreover, the mean of residuals (Figure 5.4a) is large when data are not available within 50 km 

from epicenter (case E1) and decreases when the stations are few but randomly distributed (case 

C1). Case D1 is worst than case C1, even though the number of stations is larger (75% and 50%, 

respectively). This effect may be due to the fact that in case D1 a subset of stations without site 

effect (class A and B) were excluded; the bias computed in ShakeMap is then based on stations of 

class C and D.  

The fit improves when the DSM simulations are included in the previous cases (Figure 5.4-1b). 

Differences between case C2, D2 and E2 are not very large, and the percentage of grid points with 

small residuals (e.g. whose values differ by a factor of 1.25 from the reference) is larger than 80% 

when we add the missing 50% or 25% of stations (case C2 and D2).  
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Figure 5.4-1 Mean of the residuals from the reference map: (a) cases with decreasing number of 

recording stations (cases C1, D1 and E1); (b) real data and DSM simulations (cases C2, D2 and E2). 

(c) Percentage of grid points whose values have a logarithmic residual of +-0.1 (corresponding to a 

factor of 1.25). 



 

Chapter 6 - Test 3: Ground motion simulation for extended fault (COMPSYN) 

 

In this study we used a discrete wave-number/finite element technique (Compsyn code; Spudich 

and Xu, 2003) which allows us to compute full-wave displacement and velocity time series in the 

low-to-intermediate frequency band. 

We used the fault geometry and the rupture model as derived by the inversion (maximum frequency 

0.5Hz; Chapter 2) The seismograms have been simulated for 25 sites within 50 km around the fault 

(Figure 6-1). The description of the 1D propagation medium is taken from the inversion model 

described in chapter 2.  

 

 

Figure 6-1. Location of simulated ground motion sites. 



6.1 rupture model from inversion 

Being the inversion model valid in the range of frequency 0-0.5Hz, the PSA at 3.0 sec is the reliable 

simulated ground motion parameter to be used (Figure 6.1-1). 

 

 

Figure 6.1-1. PSA at 3.0 sec as a function of the closest distance from fault (Rcd). The COMPSYN 

simulation are compared with therecorded data .  

  

As Figure 6.1-1 shows, PSA at 3 seconds simulated with COMPSYN underestimate the recorded 

data. We computed the ShakeMap using the simulations within 50 km and the recordings for larger 

distances. The comparison with the reference map has been done in Figure 6.1-2 where we plotted 

the percentage of RES= (PSA_observed – PSA_compsyn)/ PSA_observed. The Figure shows a 

large underestimate of the recorded data in the near source region (where Compsyn simulation only 

are considered).  

 

 

Figure 6.1-2. Differential maps of PSA at 3sec considering real data (triangles) and COMPSYN 

simulations at the closest  25 stations.  

 



To explain these results we analyzed the waveforms obtained with the inversion procedure. In 

Figure 6.1-3 is possible to note that the inversion procedure is able to fit the first ground motion 

phases, whereas the later arrival are probably due to propagation 2D or 3D effects which are not 

taken into account.  

  

 

Figure 6.1-3. Velocity waveforms of recorded data (filtered at 0.5Hz; blue lines) compared with the 

simulation from the source inversion model (red lines). 

 

We then studied the effect of the window length on the PSV computation (Figure 6.1-4). Figure 6.1-

4a shows how the low-pass filter at 0.45Hz decreases the high-frequency content below 2.5 second; 

more important, the response spectra decrease at high periods when later surface waves are not 

included (Figure 6.1-4c). In particular, the signal window considered for the inversion (violet lines) 

includes the direct waves only, and it is matched by the Compsyn computation (black lines in 

Figure 6.1-5). 

  



 

Figure 6.1-4. (a) Effect of the window length on PSV at AKT017 (EW component) for (b) 70 sec 

signal (red line), (c) 25 sec (blue line) and 20 sec (violet line). In Boxes (b) and (c) are the recorded 

acceleration in cm/s^2 for broad-band (top) and low-pass filtered at 0.45Hz (bottom). 

 

 

Figure 6.1-5. Comparison of recorded (red) and simulated (black) accelerations at AKT017 (EW 

component) in cm/s^2. The simulated signal is equal to the inversion result. Box shows the surface-

wave contribution. 
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