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Abstract 

The 1923 Great Kanto earthquake, which is one of the most devastating earthquakes in history, caused serious damage to 
the Tokyo metropolitan area. Given that similar earthquakes are likely to occur in the future, it is important to 
appropriately simulate the strong ground motions caused by large earthquakes to obtain data for the improvement of 
disaster prevention measures. In this study, the strong ground motions of the 1923 Great Kanto earthquake in the Tokyo 
metropolitan area were simulated using the stochastic Green’s function. 

Source characteristics were modeled using the strong motion generation area (SMGA), which was developed from 
both the short-period energy distribution and short-period spectral level of this event given by Kanda and Kato (2019) [1]. 
The short-period energy distribution was estimated by inversion analysis by using the seismic intensity distribution 
evaluated from the collapse rate of wooden houses [2]. The six SMGAs are located along the subducting Philippine Sea 
plate. The short-period spectral level for each SMGA was evaluated on the basis of the relation between the seismic 
moment and area. 

Path and site characteristics were modeled on the basis of the inhomogeneous attenuation structure and the 
empirical amplification factors given by Tomozawa and Kato [3]. These were estimated by block inversion analysis by 
using the strong ground motion data of recent earthquakes. Furthermore, Q-values are given according to the path 
connecting each SMGA and each simulation site. The empirical site amplification factors from the seismic bedrock to the 
surface are provided under linear assumption in the Fourier spectral domain. 

The validity of the simulation results was verified by comparing them with the observed seismic intensity 
distribution provided by Moroi and Takemura [2]. Although the simulation and observation sites are not exactly in the 
same location, both seismic intensities are essentially consistent. 

The acceleration waveforms and response spectra of the simulation were shown for a small number of sites that 
have relatively lower amplification factors than other sites and exhibit few nonlinear effects. Their peak ground 
acceleration was approximately 200 to 1000 cm/s2, and their response spectral levels, which were measured at periods of 
approximately one to two seconds, are approximately 30 to 100 cm/s. 

To simulate additional details within a wide area, studies on the nonlinear effects and spatial interpolation of 
empirical amplification factors are needed.  
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1. Introduction 

The 1923 Great Kanto earthquake, which is one of the most devastating earthquakes in history, caused 
significant damage to the Tokyo metropolitan area. The earthquake was an interplate event along the Sagami 
trough, which is where the subducting Philippine Sea plate is located. To prevent the likelihood of similar 
events from occurring in the future, appropriate disaster prevention strategies need to be developed by 
simulating the strong ground motions caused by large earthquakes. Short-period strong ground motions were 
not recorded during the 1923 Great Kanto earthquake. However, seismic intensity data can be used for source 
modeling short-period strong motion simulations. In Moroi and Takemura [2], seismic intensity distribution 
that uses the collapse rate of wooden houses caused by the 1923 Great Kanto earthquake was evaluated. 
Furthermore, by using seismic intensity data, Kanda and Kato [1] estimated the short-period energy 
distribution that radiated from the fault plane by inversion analysis. The research results indicate six strong 
motion generation areas (SMGAs) based on short-period energy distribution. Kanda and Kato [1] also 
estimated the short-period level, which is a flat level of an acceleration source spectrum, on the basis of the 
relationship between seismic intensity levels and the short-period levels of recent earthquakes. 
 In addition to source characteristics, path characteristics and site-specific amplification factors are 
important for conducting strong motion simulations. By using a large selection of recent observation records, 
Tomozawa and Kato [3] estimated the inhomogeneous attenuation structure and empirical amplification 
factors in the Kanto region by using block inversion analysis within the Fourier spectral domain. 
 In this study, the strong ground motions of the 1923 Great Kanto earthquake in the Tokyo metropolitan 
area were simulated using source, path, and site characteristics on the basis of the results of Kanda and Kato 
[1] and Tomozawa and Kato [3]. Strong motion waveforms were generated using the stochastic Green’s 
function. The validity of the simulation results was verified by comparing the simulated seismic intensity 
distribution with the observed seismic intensity distribution. Acceleration waveforms and response spectral 
levels were also discussed. 

2. Simulation methodology 

Fig. 1 provides the simulation flowchart of this study. Source characteristics were modeled by using the six 
SMGAs developed via seismic intensity inversion analysis [1]. Path and site characteristics were modeled on 
the basis of the inhomogeneous attenuation structure and empirical amplification factors [3]. Strong motion 
waveforms were calculated using the stochastic Green’s function on the basis of the synthesis method of Irikura 
[4]. An acceleration time series for each subfault was artificially generated on the basis of Boore [5] by 
considering the path and site characteristics mentioned above. These simulations generated the acceleration 
waveforms of strong ground motions and seismic intensities (IJMA), and response spectra were calculated by 
the resulting waveforms. 

2.1 Source characteristics 

Table 1 shows the fault parameters of the SMGA model, and Fig. 2 shows the locations of SMGAs as blue 
rectangles and the short-period energy distribution that radiated from the fault plane [1]. 

 The short-period level of each SMGA Ai (subscript “i” represents the SMGA number) was calculated 
from the short-period level of entire fault A, the seismic moment of each SMGA M0i, and the area of each Si in 
[1] by using the following relationship. First, assuming that the ω-square model was applicable for modeling 
each SMGA, Ai is expressed as follows: 

𝐴௜ ൌ ൫2𝜋𝑓ୡ௜൯
ଶ
𝑀଴௜  ,  (1) 

where fci is the corner frequency of each SMGA. Second, by assuming that Brune’s model [6, 7] and the circular 
crack model [8] were applicable for the modeling of each SMGA, fci is expressed by the radius ri and stress 
drop Δσi of each SMGA:  

2𝜋𝑓ୡ௜
ଶ ൌ 4𝜋𝑉ୱ

ଶ𝑟௜
∆𝜎௜
𝑀଴௜

ൌ
7𝜋
4
𝑉ୱ
𝑟௜ଶ

 , (2) 

where Vs is the shear wave velocity. The proportional relationship is expressed as follows:  
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By combining Eqs. (1) and (3), the following is obtained: 

𝐴௜ ∝
𝑀଴௜

𝑆௜
 . (4) 

The relationship between A and Ai is expressed as follows: 

𝐴ଶ ൌ෍ 𝐴௜
ଶ

௜
 . (5) 

By employing Eqs. (4) and (5), Ai is obtained as follows: 

𝐴௜ ൌ 𝐴 ൈ
𝑀଴௜ 𝑆௜⁄

ට∑൫𝑀଴௜ 𝑆௜⁄ ൯
ଶ

 . 
(6) 

Therefore, each Ai was modeled from A, as shown in Eq. (6). 

 Each SMGA was converted into a rectangular model that encompasses the area being studied. The strike 
and dip angle were set along the subducting Philippine Sea plate [9]. The background area was not considered. 
The Vs and density ρ in the source area were 3.53 km/s and 2.7 g/cm3 [10], and fmax was 13.5 Hz [11]. The 
radiation pattern coefficient was 0.63, which is the average across the entire focal sphere [12]. The rupture 
velocity Vr was 3.0 km/s [13]. The rise time for each SMGA τi was estimated from the relationship τi = 
0.5Si

1/2/Vr. The rupture starting point of the entire fault was set on the subfault of SMGA4, which was closest 
to the hypocenter the fault of Sato et al. [14]. The rupture of each SMGA was assumed to be the multi-
hypocenter. 

2.2 Path characteristics 

Fig. 3 shows the inhomogeneous attenuation structure of the continental plate and the Q-values of each block 
estimated from the strong motion records in the Kanto region [3]. The method did not require assuming that 
the region is divided in advance. The divided region was estimated on the basis of the statistical test. Once the 
statistically significant level was satisfied in each block (on the basis of the minimum block size assumed), the 
inhomogeneous attenuation structure could be estimated on the basis of the resolution according to the number 
of data. The average Q-value in the Kanto area was estimated by Kinoshita [15] as 100 f 0.7 (f = frequency). 
B10 was slightly higher than 100 f 0.7, and B12 and B19 were slightly lower than 100 f 0.7. In the current study, 
an equivalent Q-value that connects the path between each SMGA and simulation site was applied to reflect 
the characteristics of the simulations. 

2.3 Site amplification 

Fig. 4 shows the empirical amplification factors of the K-NET and KiK-net (surface) [16] sites in the Kanto 
region, which were estimated from the inhomogeneous attenuation structure mentioned above [3]. The colored 
lines indicate the seven sites with relatively lower amplification factors than other sites. In the current study, 
the empirical amplification factors from the seismic bedrock to the surface were used under linear assumption. 

2.4 Other assumptions for simulation 

The envelope function for the acceleration time series of each subfault is given by Satoh et al. [17]. Different 
random phases were assigned to the N-S and E-W horizontal components. In the synthesis method, random 
fluctuations were assigned to rupture fronts, with random numbers provided in five cases. The target frequency 
ranged from 0.2 to 20 Hz, similar to that as Tomozawa and Kato [3]. 
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Fig. 1 – Simulation flowchart. 
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Table 1 – Fault parameters of SMGAs. 

References

Moment magnitude M W Kanda and Kato (2019)

Seismic moment M 0 (Nm) Kanda and Kato (2019)

Short period level A  (Nm/s
2
) Kanda and Kato (2019)

Area S  (km
2
) S =ΣS i

S-wave velocity V s (km/s) HERP (2009)

Density ρ  (g/cm
3
) HERP (2009)

Rigidity μ  (N/m
2
) μ=ρV s

2

Rupture velocity V r (km/s) Kato et al . (2013)

fmax f max (Hz) P(f )=1/(1+(f /f max)
8.2

)
1/2

, Satoh et al . (1994a)
#1 #2 #3 #4 #5 #6

Seismic moment M 0i  (10
20

Nm) 1.81 1.77 1.64 1.08 1.46 1.17 Kanda and Kato (2019)

Area S i  (km
2
) 400 324 441 225 256 225 Kanda and Kato (2019)

Short period level A i  (10
19

Nm/s
2
) 1.76 2.10 1.43 1.85 2.20 2.00 A i =A×(M 0i /S i )/[Σ(M 0i /S i )

2
]
1/2

Top of depth h  (km) 9.5 3.2 11.8 5.4 28.2 14.8
Strike θ  (°) 294 326 313 300 291 282
Dip δ  (°) 17 19 17 25 15 20

Rise time τ i  (s) 3.3 3.0 3.5 2.5 2.7 2.5 τ i =S i
1/2

/(2V r)

Along the top depth of the Philippine Sea plate
(Disaster Management in Japan, 2013)

3.53

2.7

3.36E+10

3.0

13.5

Number of SMGA

Parameter Value

7.9

8.91E+20

4.66E+19

1871

 

 

 

Fig. 2 – SMGA locations. The blue rectangles denote the SMGAs used in this simulation. The circles indicate 
the short-period energy distribution that radiated from the fault plane [1]. 
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Fig. 3 – Inhomogeneous attenuation structure of the continental plate in the Kanto region [3]. Area division 
(left) and Q-values of each frequency (right). 

 

 

 

Fig. 4 – Empirical amplification factors of the K-NET and KiK-net (surface) sites in the Kanto region [3]. The 
colored lines indicate the seven sites with relatively lower amplification than other sites.  
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3. Simulation results 

3.1 Seismic intensity of the simulation results 

Fig. 5 shows the seismic intensity distribution of the simulation (upper image) and observation (lower image) 
based on Moroi and Takemura [2]. The seismic intensities are expressed according to the Japanese 
Meteorological Agency scale, namely, “IJMA,” which includes 10 classes (0, 1, 2, 3, 4, 5-, 5+, 6-, 6+, and 7). The 
IJMA of the simulation results were calculated by averaging the front fluctuations of the five rupture cases, as 
shown in the synthesized method of Irikura [4]. 

 In the simulation results, IJMA-7 sites were distributed in the southern Kanagawa and southern Chiba 
Prefectures. Furthermore, IJMA-6+ or 6- sites were widely distributed in Tokyo, Chiba, Saitama, Kanagawa, 
Ibaraki, Yamanashi, and Shizuoka Prefectures. 

 The site amplification factors in this study were based on the records of small or medium earthquakes. 
Therefore, these site amplification factors were applied to linear range and nonlinear site characteristics under 
large ground motions were not considered. Detailed studies of nonlinear site effects for the results of this 
simulation is a topic for future research. 

 The validity of the simulation results was checked by comparing them with the observed seismic 
intensity distribution (Fig. 5, lower image). In the simulations mentioned above, the IJMA 7, 6+, and 6- 
distribution trends were generally consistent with the observed distribution trends. Seven sites (indicated by 
arrows in Fig. 5 [upper image]) had relatively lower amplification factors than the remaining sites (shown in 
color in Fig. 4) and appeared to have the little nonlinear effects. For the seven sites, Table 2 shows a comparison 
of IJMA between the simulations and observations. The observation sites were located near the simulation sites 
but not exactly in the same location. Sites TKY002, CHB021, KNG003, and KNGH21 were located near the 
SMGA (fault distances within 20 km), and sites TKY007, TKY025, and SITH01 were located slightly away 
from the SMGA (fault distances above 30 km). At both locations, the simulations and observations were 
essentially consistent. Considering that the simulation and observation sites were not exactly in the same 
location, it was difficult to compare both in great detail. To evaluate the same locations as the observation sites, 
spatial interpolation studies that use empirical amplification factors are required. 

3.2 Waveforms and response spectra level 

The details of the simulation results are discussed below for the seven sites that had relatively lower 
amplification factors. Fig. 6 shows an example of the acceleration waveforms for one of the five rupture 
fluctuation cases. The sites near the SMGA (TKY002, CHB021, KNG003, and KNGH21) had a large peak 
ground acceleration (PGA) of approximately 600 to 1000 cm/s2 at relatively short durations of approximately 
10 to 15 seconds. The sites that are slightly further from the SMGA (TKY007, TKY025, and SITH01) had a 
PGA of approximately 200 to 400 cm/s2 with longer durations of approximately 40 seconds. Among the seven 
sites, KNGH21 had the largest PGA with a value of approximately 1000 cm/s2. Fig. 7 shows the pseudo 
velocity response spectra, which are calculated as the geometric mean of the N-S and E-W components from 
the five cases. At periods of approximately one to two seconds, sites TKY007, TKY025, CHB021, KNG003, 
and KNGH21 showed significant responses of approximately 100 cm/s, whereas sites TKY002 and SITH01 
showed relatively minor responses of approximately 30 to 70 cm/s. The peak of KNGH21 and TKY002 at a 
period of approximately 0.1 seconds was affected by their empirical amplification factors. Finally, CHB021 
had the highest seismic intensity at 6+ and exhibited the largest response among the seven sites at periods of 
approximately 0.2 to 1 second. 
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Fig. 5 – Seismic intensity IJMA distributions of the 1923 Great Kanto earthquake in the Tokyo metropolitan area; 
simulation (top image) and observation (lower image) data. The seven sites indicated by arrows in the simulation 
results are shown in color in Fig. 4, and have relatively lower amplification factors than other sites. 
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Table 2 – Comparison of IJMA between simulations and observations (near the simulation site). 

 TKY007 TKY002 TKY025 CHB021 SITH01 KNG003 KNGH21 

Simulation 5+ 5+ 6- 6+ 5+ 6- 6- 

Observation 5+ - 6- 5+ - 6- 5+ - 6+ 5- - 6+ 5+ - 6+ 6- - 7 6- - 6+ 

 

 

 

Fig. 6 – Acceleration waveforms of strong ground motion simulations. The seven sites are shown in color in 
Fig. 4, and these sites have relatively lower amplification factors than other sites. The numbers indicated at the 
upper right of the waveforms indicate the PGA. 
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Fig. 7 – Pseudo velocity response spectra of strong ground motion simulations (damping ratio h = 0.05). The 
seven sites are shown in color in Fig. 4, and these sites have relatively lower amplification factors than the 
remaining sites. Spectra were calculated by averaging the N-S and E-W components and the five rupture front 
fluctuation cases. The gray areas are outside the target periods. 

4. Conclusion 

In this study, strong ground motion simulations of the 1923 Great Kanto earthquake in the Tokyo metropolitan 
area were conducted. Source characteristics were modeled by SMGA on the basis of the seismic intensity 
inversion analysis by Kanda and Kato [1]. Path and site characteristics were modeled on the basis of the 
inhomogeneous attenuation structure and the empirical amplification factors by Tomozawa and Kato [3]. 
Strong ground motion waveforms were generated using the stochastic Green’s function. 

 The seismic intensity distribution of the simulation results was generally consistent with the distribution 
of observations based on the collapse rate of wooden houses [2]. For sites with relatively smaller empirical 
amplification factors, PGA was approximately 200 to 1000 cm/s2, and their response spectra levels were 
approximately 30 to 100 cm/s at periods of approximately one to two seconds. 

 In this study, nonlinear site effects under large ground motions were not considered. Furthermore, the 
simulation sites and observation sites were not entirely in the same location. Therefore, studies are needed on 
nonlinear site effects and the spatial interpolation of empirical site amplification factors. These two topics 
represent the subjects for future research. 
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