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ABSTRACT: In this study, we propose a spatial probabilistic hazard analysis (PSHA) with
spatial correlation and correction based on earthquake observation records. To model the
spatial correlation of the ground motion, we estimate spatial correlation statistically using
observation dataset in the target area. And, we apply it to a PSHA in conjunction with spatial
interpolation of ground motion using the simple kriging method for the correction of ground
motion prediction based on the earthquake observation. In a trial application for Kanagawa
prefecture of Japan, seismic hazard curve for area was calculated to discuss the contribution
of this method to regional disaster prevention planning.

1 INTRODUCTION

In seismic risk assessments, a deterministic or probabilistic approach is adopted to quantitatively
analyze damage. In the deterministic approach, earthquake scenarios are identified, earthquake
hazards at target sites are evaluated and building damage and casualties are quantitatively deter-
mined. Generally, earthquake countermeasures proposed by governments adopt a deterministic
approach and estimate earthquake hazards after selecting an earthquake scenario that causes
major damage to the target region. In recent studies, seismic ground motion has often been calcu-
lated using stochastic or empirical Green’s functions. In this type of evaluation, because the seis-
mic source parameters greatly affect the spatial distribution of seismic ground motion, multiple
seismic source parameter cases are set to determine earthquake ground motion in areas where
many buildings and population are distributed. The earthquake ground motion that will be used
for the analysis is then determined; i.e., earthquake hazards are analyzed according to the amount
of damage to the entire region in order to propose countermeasures. However, local government
countermeasures are required for various types of damage, not only that to buildings and human
lives, such as sediment collapse in mountainous areas, damage to levees around rivers and coasts,
and damage to fields. Moreover, it is difficult to determine seismic ground motions for all target
object damage. By considering the maximum and minimum damage for an object, the seismic
ground motion that leads to average damage for all target objects can be employed during ana-
lysis. It is also necessary to confirm how the seismic hazard of the evaluation area relates to the
uncertainty of the evaluation result. For example, it is possible to consider the uncertainty of the
earthquake hazard for the entire region by expanding the statistical Green’s function method to a
probabilistic method and performing calculations with the source parameter as a random vari-
able. However, this type of study is not common as it requires a large amount of calculations.
The probabilistic approach is suitable for determining the uncertainty of the seismic hazard. In

the probabilistic approach to seismic hazards, an empirical attenuation relationship is adopted
for ground motion prediction, and ground motion is estimated at the target site as a random
variable. This evaluation method is simple and suitable for a specific point; however, when evalu-
ating a region, it is necessary to also examine the spatial correlation of seismic ground motion.
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Furthermore, because the empirical attenuation relationship is a regression model based on
observation records at various points, it is necessary to improve evaluation accuracy at a specific
site by correction using observation records at that point. When targeting a region, such observa-
tion records do not exist at arbitrary points within the region, so the correction is difficult. There-
fore, it is unusual to evaluate regional seismic hazards using the stochastic approach. Previously,
we proposed a probabilistic risk analysis that considers the spatial correlation of seismic ground
motion for building portfolios at multiple points by Hayashi et al. (2006).

In this study, we modeled the spatial correlation of seismic ground motion between sites as
the correlation between the estimation error of the ground motion prediction equation and
the separation distance. However, sometimes the target area could be extremely wide. This
raises the problem that enormous calculations may be required depending on the size of the
evaluation target area or the resolution to discretize. Therefore, in this study, we propose a
spatial probabilistic seismic hazard analysis method that reduces computational complexity as
much as possible and considers the regional seismic motion characteristics based on observa-
tion records. First, earthquake observation records in the target area are collected and a
ground motion dataset is constructed. Next, we propose a method to apply the spatial correl-
ation of seismic ground motion intensity to the probabilistic seismic hazard analysis by reflect-
ing the empirical seismic motion characteristics of the entire area. As an example, we evaluate
spatial probabilistic hazards using the seismic source model of Japanese National Seismic
Hazard Maps and discuss methods of conveying our results for regional disaster prevention.

2 MODELING THE SPATIAL CORRELATION OF SEISMIC GROUND MOTION

2.1 Spatial correlation of seismic ground motion

In previous study Hayashi et al. (2018), we already have studied the modeling of the spatial
correlation of seismic ground motion using peak ground acceleration as ground motion inten-
sity measures. In this study, the same model is adopted by changing the ground motion inten-
sity measures to peak ground velocity (PGV). To estimate the spatial correlation of seismic
ground motion, we employed the error in estimating ground motion intensity measures using
the empirical attenuation relationship, also performed by Hayashi et al. (2018). The error in
estimating ground motion intensity is expressed by the logarithm of the ratio of the observed
value to the calculated value. Thus, in this study, the errors that correspond to earthquake i is
expressed by the following formulas:

εij ¼ log oij=cij
� �

� αi � βj ð1Þ

where ε is the error, o is the observed ground motion intensity, and c is obtained ground
motion intensity by the attenuation relationship. α and β correspond to the earthquake correc-
tion factor and the station correction factor, respectively. The correlation coefficient ρjk
between station j and station k is calculated by the following formula:

ρjk ¼

1
n�1

Pn
i¼1 εij � μj

� �

εik � μkð Þ

σjσk
ð2Þ

where n is the number of records in which earthquakes are observed at both sites, μj and σj are
the mean and standard deviation of εij, and μk and σk are the mean and standard deviation of
εik. The correction factor α and β are calculated by regression analysis to satisfy the following
equation:

αi þ βj ¼ log oij=cij
� �

ð3Þ
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2.2 Seismic ground motion dataset

We modeled the spatial correlation empirically based on the seismic ground motion dataset,
which is selected from the observation records of K-NET and KiK-net, operated by the
National Research Institute for Earth Science and Disaster Resilience (NIED). We employ a
ground motion dataset which was constructed in the previous study Hayashi et al. (2018). The
selected earthquakes comprised 53 inland crustal earthquakes, 27 inter-plate earthquakes, and
116 intra-plate earthquakes. The largest earthquake was the 2011 Tohoku Great Earthquake
(Mw9.0). Observation records in the dataset were collected at the ground surface of K-NET
and KiK-net. The number of observation records was 7,136, observed at 1,316 observation
stations in Tohoku district and Kanto district. The observation record had a minimum of 1
cm/s and a maximum value of 159 cm/s for PGV.
In this study, the seismic ground motion intensity measure was taken as the PGV in the engin-

eering bedrock (shear wave velocity Vs is approximately 400m/s by referring to NIED (2015)).
The PGV was obtained from the first-order integrated waveform of earthquake accelerogram as
the horizontally synthesized vector maximum value. PGV in the engineering bedrock was calcu-
lated by dividing the PGV of the ground surface by the soil amplification factor at the observa-
tion station site which was referred to the database of NIED (J-SHIS). Although some
observation records showed large acceleration earthquake motion and may have been influ-
enced by plasticization of the surface soil, considering that these records were few in number,
the PGV of the engineering bedrock was calculated using the linear ground amplification factor.

2.3 Correction factors for stations and earthquakes

The PGV value, oij, of earthquake i observed at station j and shown in Equation 3 is the PGV
for the engineering bedrock of the seismic ground motion dataset. The calculated value, cij, is
that given by the empirical attenuation relationship derived by Shi & Midorikawa (1999) and
NIED (2015) shown in the following equations.

log PGVb600ð Þ ¼ 0:58Mw þ 0:0038Dþ dk � 1:29� log X þ 0:0028 � 100:5Mw
� �

� 0:002X ð4Þ

PGVb400 ¼ PGVb600 � 1:41 ð5Þ

Where the number of subscripts of PGV is Vs, X is the shortest source distance(km), D is the
focal depth(km), and Mw is the moment magnitude. However, the upper limit of Mw is 8.3.
Also, a, bk, ck are regression coefficients and subscript k indicates the earthquake type (inter-
plate, intra-plate, or crustal earthquake). For some earthquakes along the Japan Trench, we
considered abnormal seismic zone correction, for the Tohoku region of Japan. These correc-
tion terms were set by referring to NIED (2015).
Figure 1 shows the distribution of the earthquake correction factor, α, and the station cor-

rection factor, β, obtained from the dataset to satisfy Equation 3. The averages and standard
deviations of α and β were 0.000 and 0.192 and 0.000 and 0.234, respectively. The standard
deviation of all ε values was 0.160. The standard deviation of the estimation error before cor-
rection of α and β was 0.320. The standard deviation of the estimated residuals is reduced by
the two correction factor.
Generally, the estimation error of the earthquake motion prediction equation is decom-

posed into the estimation error of inter-event and intra-event. In Equation 1, αcorresponds to
intra-event error, β and εij correspond to the intra-event error. It is said that the standard devi-
ation of intra-event error is large compared to inter-event error, the results are consistent. β is
the uncertainty peculiar to the target site and is considered as epistemic uncertainty. In the
ground motion prediction described later, since the correction by β is considered in the spatial
interpolation of the seismic ground motion, the variation of inter-event error, α, and intra-
event error, εij; is taken into consideration as an aleatory uncertainty. Assuming that both
errors are independent, the standard deviation of the overall estimation error is represented by
the square root of the sum of squares of both, which is 0.248.
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2.4 Modeling the spatial correlation

Figure 2 shows the relationship between the correlation coefficient of the estimated error of
the observation record and the separation distance for a combination of two points in the
same earthquake. The correlation coefficient of the estimated error was assumed to be five or
more observation data points. As in the study of Hayashi et al. (2018), as the distance between
two points increases, the correlation of the estimated error can be confirmed to be independ-
ent. Spatial correlation is evaluated by using an approximate model of the following equation,
assuming either complete correlation at a separation distance of 0 km, and no correlation at
infinite distance.

ρ ¼ exp �γ:zδ
� �

ð6Þ

where z (km) is the separation distance, ρis the correlation coefficient, and γ and δ are regres-
sion constants that define the shape of the function, so that the least squares error of the cor-
relation coefficient is minimized. As a result of regression analysis, γ=0.044 and δ=1.043 were
obtained. The regression curve is also shown in Figure 2.

3 APPLICATION TO PROBABILISTIC HAZARD ANALYSIS

3.1 Spatial probabilistic hazard analysis

In spatial probabilistic hazard analysis of this study, the Probability P A4a; t; yð Þ that the
area of the target area exceeding the seismic ground motion intensity y in next t years exceeds
a is calculated by the following equation.

Figure 2. Relationship between correlation factor and the distance

Figure 1. Correction factors for earthquake and station
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P A4a; t; yð Þ ¼ 1�∏kf1� PkðA4a; t; yÞg ð7Þ

where Pk A4a; t; yð Þ is the probability that the area (or area ratio) of the target area exceeding
the seismic ground motion intensity y in next t years by the kth earthquake exceeds a.
Pk A4a; t; yð Þ is expressed by the following equation when assuming the occurrence probabil-
ity of the kth earthquake using a Poisson process or the updating process.

Pk A4a; t; yð Þ ¼ P Ek; tð ÞP A4a; yjEkð Þ ð8Þ

where P Ek; t
� �

is occurrence probability of kth earthquake in next t years. P A4a; yjEk

� �

is
the conditional probability that the area (or area ratio) of the target area exceeding seismic
ground motion intensity y exceeds a when kth earthquake occurs.

3.2 Application of spatial correlation and correction of attenuation relationship

PðA4a; yjEkÞ in Equation 8 is evaluated in conjunction with spatial correlation of ground
motion and the correction of attenuation relationship based on observation records. This is
conducted using Monte Carlo simulation by the following procedure.
Simple Kriging has been proposed as a method for estimating the planar seismic ground

motion of a region when observation records are obtained at multiple stations within a region
by Noda et al. (1997) and Yamazaki et al. (1998). Therefore, by applying this method, prob-
abilistic seismic hazard analysis was conducted using the Monte Carlo method. Hereafter, we
consider a problem whereby the target area was discretized into n sites and observation
records were obtained at m observation stations for earthquake i.
STEP 1: A correlation matrix, C, is created regarding the estimation error between the

observation stations. C has m rows and m columns, and its element ρkl is based on statistical
analysis according section 2.4. If observation records are not enough, ρkl is calculated from
Equation 6, using the separation distance between observation stations k and l.

STEP 2: We create a variance-covariance matrix using the correlation matrix C. If ρkl is
based on observation records, element COVkl is also obtained from observation records.
Otherwise, it is calculated from ρkl and the standard deviation of intra-event error.

STEP 3: Using matrix C, m number of normal random numbers with a correlation which
average value is 0 are generated. These are intra-event error.
STEP 4: Using standard deviation of inter-event error, one random number is generated.
STEP 5: The median of the ground motion intensity at observation station k is calculated

by Equation 4 & 5. The random numbers generated in STEP 3 & 4 are added as the error to
the median to generate the pseudo seismic ground motion intensity. At this time, we consider
the station correction factor, βk, obtained from analysis of the observation records. This calcu-
lation is repeated for m observation stations.
STEP 6: Using the generated pseudo ground motions intensity at m observation stations,

we estimate the seismic ground motion intensity of n target sites using the simple kriging inter-
polation method.
STEP 7: We repeat steps 3 to 6 for as many times as the number of trials, N, required to

obtain N patterns for seismic ground motion distributions. P A4a; yjEk

� �

is obtained by
aggregating these ground motion distributions.
In estimation by simple kriging interpolation, the seismic ground motion at a target site is

calculated by multiplying the estimation error, ε, of the observation station within the range
of the correlation distance from the target site by the weight corresponding to the separation
distance. The correlation distance for the simple kriging method in this study was set to 20km
according to Suetomi et al. (2013). Therefore, it is possible to set the seismic ground motion at
all sites without sampling the seismic ground motion at all target sites, thus reducing the
amount of calculations. In addition, it is also possible to calculate a more realistic seismic
ground motion distribution by considering the station correction obtained from the observa-
tion records.
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4 TRIAL CALCULATION

The target area is Kanagawa prefecture. In consideration of the arrangement of seismic observa-
tion points used for estimation by simple kriging method, earthquake ground motion is evaluated
for a rectangular region including Kanagawa prefecture shown in Figure 3. The inside of the area
to be evaluated is discretized into some mesh of about 1 km square, and PGV at the center point
of the mesh is estimated. Calculation of PGV at the ground surface is calculated in a 250m
squared mesh by multiplying PGV of the engineering bedrock by soil amplification factor which
was obtained from NIED (JSHIS). Finally, PGV is converted to JMA seismic intensity defined
by Japan Meteorological Agency from the viewpoint of disaster prevention understandability,
and expressed as a hazard curve. The conversion equation to JMA seismic intensity was in accord-
ance with NIED (2015). The number of observation station is 83, and the number of 1km mesh
to estimate seismic ground motion is 5,231 in the target area. When calculating the area ratio of a
given seismic intensity to the total area of Kanagawa Prefecture, the sum of the planar areas of
the 250m mesh belonging to Kanagawa Prefecture is the denominator, the sum of the planar
areas of the 250m mesh which is the seismic intensity corresponding to the condition is the
numerator.
The seismic source model for PSHA was the same as NIED (2015). The occurrence probabil-

ity of the earthquake shall be in the next 30 years. The probability was calculated by adopting
the update process for some earthquakes which reference date was January 1, 2018. Monte
Carlo simulation of seismic ground motion distribution was set based on Section 2.3, the stand-
ard deviation of the inter-event estimation error was 0.248, and the standard deviation of the
intra-event estimation error was 0.189. In addition, the station correction factor βk was con-
sidered in ground motion prediction at the observation station point. The number of trials of
calculation of seismic ground motion distribution of each earthquake was set to 100 times.
Results are shown in Figure 4. The vertical axis of the excess area hazard curve means the

exceedance probability that the event occurs within the next 30 years, and the horizontal axis
means area ratio. From this graph, the excess probability of the ratio of the target space
exceeding the given seismic intensity can be read. For example, as shown in Table 1, in the
area of 10% or more of Kanagawa prefecture, the probability which exceeds JMA seismic
intensity 5-Lower is found to be 100% within the next 30 years. In addition, the probability
that 90% or more of the area exceeds seismic intensity 5-Lower is 55.9%, which is very high.
In seismic intensity of 6-Lower or higher, which is likely to cause building damage, the prob-
ability of more than 10% of the area is 78.8%. As the area ratio increases, the probability
decreases, and at the area ratio of 75%, the probability is about 2.1%. Next, the area ratio of
each seismic intensity to a given exceedance probability is shown in Table 2. The exceedance
probability 6% in the next 30 years corresponds to the probability of about 500 years in return
period. With respect to this probability, there is a high possibility that strong motion will be
occur in a very wide area, the area of JMA seismic intensity 6-Lower is about 64% and the
area of seismic intensity 7 is about 5%. By using the expression of the hazard curve concerning
such area and seismic intensity, it is possible to confirm the relation between the seismic-
motion distribution and the exceedance probability in the regional space.
In the report of earthquake damage assessment implemented by Kanagawa prefecture

(2015), earthquake hazard and damage of various objects are estimated for the 8 earthquake
scenarios. These seismic ground motions are deterministically calculated by statistical Green’s
function method. In these scenarios, the areas of JMA seismic intensity 6-Lower, 6-Upper and
7, were calculated from the hazard map. And the exceedance probabilities of each scenario
were calculated based on the mentioned hazard curve. The results for 5 earthquakes are
shown in Table 3. In the report, when the southern Tokyo inland earthquake occurs, the area
of about 56% of Kanagawa prefecture has JMA seismic intensity of 6-Lower or stronger.
From the result of spatial PSHA, it is found that the exceedance probability of such seismic
ground motion distribution is about 10% within the next 30 years. Also, Probable maximum
earthquake around Sagami trough, the largest earthquake occurring in this area, is 93.6% of
the area where the seismic intensity is 6-Lower or stronger. This occurrence probability is
extremely low, which is found to be 0.2%. Although the results of the seismic hazard
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Figure 3. Target area Figure 4. Hazard curve for spatial PSHA

Table 1. Results: Exceedance probability in

the next 30 years for area exceeds to given seis-

mic intensity

Area
ratio

Lower bound for JMA seismic intensity

5- 5+ 6- 6+ 7

10% 100.0% 98.1% 78.8% 25.5% 1.6%

25% 99.5% 89.1% 49.5% 6.0% 0.1%

50% 93.5% 63.9% 15.8% 0.5% 0.0%

75% 74.5% 33.6% 2.1% 0.1% 0.0%

90% 55.9% 12.5% 0.3% 0.0% 0.0%

JMA seismic intensity: 5-:5-Lower, 5+:5-Upper,
6-:6-Lower, 6+:6-Upper

Table 2. Results: Area ratio corresponding to a

given exceedance probability with JMA seismic

intensity

Exceedance
probability
in next 30
years

Lower bound for JMA seismic
intensity

5- 5+ 6- 6+ 7

1% 98.1% 97.8% 81.0% 42.6% 12.2%

3% 98.1% 96.3% 71.7% 32.5% 7.0%

6% 98.0% 94.2% 63.6% 25.0% 4.6%

14% 97.9% 89.0% 52.0% 15.7% 2.1%

JMA seismic intensity: 5-:5-Lower, 5+:5-Upper,
6-:6-Lower, 6+:6-Upper

Table 3. Probability of spatial earthquake hazard of earthquake scenarios by Kanagawa prefecture

Earthquake scenario

Lower bound for JMA seismic intensity

6- 6- 7

the southern Tokyo

inland earthquake

Area ratio 55.6% 10.5% 0.0%

EP30 10.3% 24.0% -

Miura peninsula faults Area ratio 22.2% 3.4% 0.0%

EP30 53.7% 57.0% -

Taisho Kanto

earthquake

Area ratio 88.8% 62.4% 13.9%

EP30 0.4% 0.1% 0.7%

Probable maximum

earthquake around

Sagami trough

Area ratio 93.6% 75.0% 32.3%

EP30 0.2% 0.1% 0.1%

Maximum earthquake

around Nankai trough

Area ratio 0.8% 0.0% 0.0%

EP30 98.2% 87.8% 40.9%

EP30: Exceedance probability in next 30 years
JMA seismic intensity: 6-:6-Lower, 6+:6-Upper
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evaluation deterministically obtained by the statistical Green’s function method can be greatly
changed depending on the setting of the seismic source parameters, by using this proposed
method together, it is possible to evaluate the occurrence probability of such seismic ground
motion distribution in the target area.

5 CONCLUSIONS

In this paper, we proposed the spatial probabilistic hazard analysis for the area considering
the spatial correlation of seismic ground motion and the correction of ground motion predic-
tion using Monte Carlo simulation with simple kriging interpolation. The spatial correlation
of seismic ground motion and the correction of ground motion prediction at the observation
station sites were modeled based on the analysis of observed records. In addition, the model
was applicated to spatial probabilistic seismic hazard analysis. Based on trial calculation for
the area of Kanagawa prefecture, we discussed the utilization in the disaster planning of the
local government. Proposal method enables to determine the probabilistic seismic hazard
characteristics of the entire region. By using it together with the deterministic hazard evalu-
ation result, it is possible to clarify the seismic hazards to consider countermeasures in the
region.
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