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SUMMARY:

We compared attenuation characteristics of peak ground accelerations (PGAs) and velocities (PGVs) of the
strong motion records from shallow, small earthquakes occurred in Japan with the ground motion prediction
equation proposed by Si and Midorikawa (1999). From the comparison, we found that the observed PGAs and
PGVs at stations far from the seismic source decay rapidly than those predicted by Si and Midorikawa (1999).
The same tendencies are also reported in the past studies for deep, moderate and large earthquakes, but not for
shallow, moderate and large earthquakes. In order to investigate the reason for the above results, we performed
numerical simulations of strong ground motion for point sources of M,, 4 and 6, using a 2-D finite difference
method and a standard earth structure proposed by Ueno et al. (2002) in Japan. Based on the analyses of the
synthetic waveforms, we found that large surface waves were predominant only for moderate earthquakes and
far stations. Generally the loss due to reflection on the boundaries in the discontinuous Earth’s structure occur
for all shallow earthquakes, but our results implicated that the loss is cancelled by surface waves for shallow,
moderate and large earthquakes.

Keywords: Attenuation rate, PGA, PGV, Small earthquake, Moderate earthquake, Two-dimensional finite
difference method

1. INTRODUCTION

Earthquake ground motions from small earthquakes are often used as empirical Green’s functions in
the prediction of strong motion from large earthquakes (e.g., Hartzell, 1978; Irikura, 1986; Dan and
Sato, 1998), also used in the investigation of site effects and other important properties associated with
strong ground motions at observation stations (e.g., Si et al., 2010, 2011). For a long time, however,
since the strong motions from small earthquake are usually not associated with serious earthquake
disasters, the attenuation characteristics of ground motion from small earthquakes have not been well
investigated and understood. Recently, some of the research group associated with the NGA project
have investigated the applicability of their models to the ground motions from small-to-moderate
earthquakes, and found that the observations attenuate more rapidly than their NGA models (e.g.,
Atkinson and Morrison, 2009; Chiou et al., 2010; Campbell, 2011). In these studies, however, the
physical background of the discrepancy between the observations and predictions are not clarified.

In this study, we focus on the attenuation characteristics of small earthquakes observed in Japan, and
their differences with moderate or larger earthquakes. We try to make a physically based explanation
for the discrepancy between small and moderate earthquakes based on a numerical simulation of
seismic wave propagation.

2. ATTENUATION CHARACTERISTICS OF SMALL EARTHQUAKES

2.1. Data

We investigated the characteristics of attenuation for peak ground accelerations (PGAs) and velocities



(PGVs) from the small earthquakes with M,, around 4-5 occurred in Japan. In this paper, we show
the results from six small earthquakes occurred in the Kanto area. Note that the same results also
confirmed for the other areas in Japan. Table 2.1 shows the fundamental parameters and the
information about the ground motion data from the six earthquakes used in this study. In the table,
all the moment magnitudes were decided by NIED F-net.

For these earthquakes, the strong motion datasets recorded by K-NET operated by National Research
Institute for Earth Science and Disaster Prevention (NIED) (Kinoshita, 1998) are used. The peak
ground acceleration (PGA) is derived after filtering the seismic waves and the peak velocity (PGV) is
derived by integrating the filtered acceleration waveform to velocity waveform. The peak values are
defined as the larger one of two horizontal components. The soil profile of the observation stations
are provided by NIED. The PGVs are corrected to rock site with a VS30 of 600 m/s based on the
method proposed by Midorikawa et al. (1994). Hypocentral distances were accepted as the closest
distances for the attenuation model, since for small earthquakes the two distances are thought to be
almost the same. The range of the datasets is also described in Table 2.1.

Table 2.1. Earthquakes Used in the Study

Location Focal | Number Data range
Initial time (JST) Lat Long M, | depth | ofdata | Distance PGA PGV (cms,

: : (km) (km) (cm/s?) | Vs=600 m/s)
2007/06/28 18:26 35.8 139.2 4.0 11. 61 14-150 0.8-46.0 | 0.02-0.97
2007/07/12 05:29 35.5 139.1 3.9 20. 57 24-127 1.2-94.5 | 0.02-1.75
2007/07/24 11:38 353 139.1 4.2 14. 86 21-147 1.0-41.1 | 0.02-1.64
2007/08/18 04:14 354 | 1404 4.9 20. 78 25-140 1.2-158.3 | 0.04-4.02
2007/10/01 02:21 35.2 139.1 4.7 11. 101 13-153 1.2-195.4 | 0.04-3.75
2009/02/17 04:54 353 140.3 4.5 20. 79 23-248 1.2-34.2 | 0.02-1.01

2.2. Comparison of the observations with predictions

2.2.1. Ground motion prediction model

We compared the observed strong motion with the prediction by Si and Midorikawa (1999)(refer to
SM1999 hereafter), shown in equations (2.1) and(2.2), which were developed based on the database
derived in Japan, including earthquakes with a range of moment magnitudes covered from 5.8 to 8.3.
In their models, PGA is defined on ground surface, while PGV is defined on bedrock with a shear
wave velocity of about 600 m/s. The earthquakes are classified into three types, that is, crustal,
inter-plate, and intra-plate earthquakes.

logPGA=0.50M,,+0.0043 D+d-1log(X+0.0055 - 10°°*")-0.003.X+0.61 2.1)
logPGV=0.58M,,+0.0038 D+d-1og(X+0.0028 - 10°*")-0.002.X-1.29 (2.2)

where X, M,, show fault distance, and moment magnitude, respectively. D is focal depth represented
by the depth of the centre of a fault plane. d shows the coefficient for earthquake types, for PGA: 0.0
for crustal, 0.01 and 0.22 for inter- and intra-plate events; for PGV: 0.0 for crustal, -0.02 and 0.12 for
inter- and intra-plate events, respectively.

These models have been checked with the earthquakes occurred in Japan after the models had been
published, and the global data in the NGA database (e.g., Si et al., 2010). These infer that, generally
the models represent the average attenuation rate for moderate and large shallow earthquakes.

2.2.2. Results

Figures 1 and 2 shows the comparison of observed PGAs and PGVs from the earthquakes listed in
Table 2.1, with the predictions by Si and Midorikawa (1999). From the figures, though the
observations generally match the predictions except for the records from event on 2007/08/18 04:14
for PGA and PGV, and event on 2007/08/18 04:14 for PGV, the attenuation rates, that is, the steepness



of the decay in amplitude, are different. The records from small earthquakes seem attenuate rapidly
than the predictions by SM1999. This phenomenon not only observed in the Kanto area, but also in
other areas in Japan, and also reported for global earthquakes (e.g., Atkinson and Morrison, 2009;
Chiou et al, 2010; Campbell, 2011). The same phenomenon are also reported for large deep
earthquakes (e.g., Midorikawa and Ohtake, 2002; Nishimura and Horike, 2003).

Considering the reason of this phenomenon, for large deep earthquakes, Midorikawa and Ohtake
(2002) suggested that, the steep attenuation rate may be caused by the reflection loss on the
Mohorovicic discontinuity when focal depth deeper than about 30 km. This assumption may be valid
for deep earthquakes, but cannot be applied to the shallow earthquakes since the focal depths generally
located above the Mohorovicic discontinuity.

Here, we assume that the reflection loss proposed by Midorikawa and Ohtake (2002) occurred not
only on significant discontinuity like the Mohorovicic discontinuity, but also on the boundaries for all
the discontinuities in the Earth’s structure. The assumption has been partially confirmed by Noda et
al. (2011). Under this assumption, we can explain the steep attenuate rate for small shallow
earthquakes, but cannot explain why the moderate and large shallow earthquakes attenuate in different
way.

In order to investigate the difference between small and moderate shallow earthquakes in attenuation
rates, we performed a numerical simulation for seismic wave propagation based on a two-dimensional
finite difference method in the next chapter.

3. ATTENUATION OF SYNTHETIC MOTION FOR SMALL AND MODEREATE
EARTHQUAKES

The numerical simulation for seismic wave propagation based on a two-dimensional finite difference
method is described in this chapter. Based on the results, the attenuation characteristics of the
synthetic peak values are discussed.

3.1. Method and model

A staggered 2D-FDM based on the method proposed by Graves (1996) is used for the simulation. In
the method, absorbing boundary condition proposed by Clayton and Enquist (1977) and Cerjan et al.
(1985) are used.

Simulation model is designed as a 300 km in horizontal direction (X axis) and 90 km in vertical
direction (Z axis), divided by meshes with size of 0.1 km by 0.1 km. The velocity structure used in the
simulation is the JMA2001 model proposed by Ueno et al. (2002), which is a standard model used to
determine source location of the earthquakes occurred in Japan. Figure 3 shows the distribution of V,
and V; of the JMA2001 model. V;» and V.« used in the calculation are 2.8 km/sec and 7.9 km/sec,
relatively. The Q value is given as 10% of the wave-speed.

In the simulation, we calculated velocity waveforms for a double couple point source with a focal
mechanism of strike = 179°, dip = 55°, rake = 82°, and a bell-shaped source time function f(t) = [1 -
cos(2nt/T)]/T, in which duration T are given in Table 3.1.

Scenario earthquakes with M,, of 4 and 6 are assigned as the target earthquake. Parameters include
focal depths, duration of the source time functions are shown in Table 3.1.

Calculation are performed for 50,000 time-steps with a dt = 0.002 s, solving the wave equation with a
Fiax @about 5 Hz.  Synthetic seismic waves are calculated for 19 receivers located at distances ranged
from 10 - 280 km.
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Figure 1. Comparison of observed PGAs and predictions by Si and Midorikawa (1999).
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Figure 2. Comparison of observed PGVs and predictions by Si and Midorikawa (1999).



3.2. Results

Figure 4 shows the attenuation characteristics of PGAs and PGVs of synthetic waveforms for the four
cases. Here, since the 2-D simulation assumes that the wave field and structure continue infinite in
the direction perpendicular to the calculation model, so the amplitude of synthetic waveforms are
generally relative values. For this reason, we normalized the amplitude both for waveforms and peak
values. From the figure, the different attenuation rates are confirmed between the small and
moderate earthquakes (both for focal depth of 10 and 20 km). The results are also consistent with the
observations shown in Figure 1.

Figures 5 and 6 show the horizontal component of synthetic waveforms at each receiver for M,,=4 and
6, with a focal depth of 10 km, relatively. In the figures, distance is defined as hypocentral distance.
It can be confirmed that the differences between the waveforms for M,, 4 and 6 is the performance of
the Rayleigh waves. For the case of M,=4, Rayleigh waves appeared clearly at receivers farther than
40 km. However, they become smaller and vanished from 110 km. For the case of M,=6, Rayleigh
waves keep predominant at receivers farther than 40 km.

Combining the results shown in Figures 4-6 and the results by Midorikawa and Ohtake (2002) and
Noda et al. (2011), it can be indicated that (1) the attenuation rate for small earthquakes, X%, larger
than those for body waves, may be caused by the reflection loss on the discontinuities in earth
structure; (2) for moderate earthquakes, since the reflection loss almost be cancelled by the
predominant surface waves (attenuation rate is X*°), consequently, the attenuation rate shows the
same as body waves (X"’).

Table 3.1. Models for the Strong Motion Simulation

Duration of
Model | M, the source Focal depth
. . (km)
time function
Case 1-1 10.
Case 12 | #0 | O1s 20.
Case 2-1 10.
Case 23 | 00 | 10 20.
V, (km/s)
o0 2 4 6 8 10 — ——rr —r—rrr
T T T T T T T T [
10F
I 10%E
20 o
£ s
< 7 >
S 40 )
S 2 10'E
] 3

a
o
— T

| [ ---- M,=4 Depth=10km
S M, =4 Depth=20km
epth=10km 2

»
o
T
=
I
o))
w)]

I 1 ol = M, =6 Depth=20km W
70 10 E “:\
80— % % 10° 10! 10° 10°
V, (km/sec) Distance (km)
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Figure 5. Synthetic seismic waves at receivers
Lines show estimated onset time for
P, S, and Rayleigh waves, relatively.
(Casel-1, M,=4)

Figure 6. Synthetic seismic waves at receivers
Lines show estimated onset time for
P, S, and Rayleigh waves, relatively.
(Case2-1, M,=6)

4. DISCUSSION

In order to take the difference into account for the GMPEs, the method proposed by Midorikawa and
Ohtake (2002) for representing the attenuation rate for deep earthquakes, are adopted. That is, for
fault distances 1.7 times greater than the focal depth, instead of the term of log(X+C) in equation (1)
and (2), the term of (x+C))"%/(1.7D+C)*® are used. Where, C=0.0055-10""" for PGA, and 0.0028"
10" for PGV. Comparison of this modified SM1999 and the observed PGAs and PGVs are
shown in Figures 7 and 8. The figures show that the predictions are generally consistent with the
observations, implying the validity of the results in this study.

5. CONCLUSION

In this study, we compared the attenuation characteristics of peak ground accelerations (PGAs) and
velocities (PGVs) of the strong motion records from small earthquakes in Japan, and found that the
observed PGAs and PGVs at far stations decay rapidly than those predicted by Si and Midorikawa
(1999). In order to investigate the reason for the above results, we performed numerical simulations
of strong ground motion for point sources of M, 4 and 6, using a 2-D finite difference method.
Based on the analyses of the synthetic waveforms, we found large surface waves were predominant
only for moderate earthquakes and far stations. Generally the loss due to reflection on the boundaries
in the discontinuous Earth’s structure occur for all shallow earthquakes, but our results implied that the
loss is cancelled by surface waves for shallow, moderate and large earthquakes.
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Figure 7. Comparison of observed PGAs and predictions by SM1999 modified for attenuation rate.
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Figure 8. Comparison of observed PGVs and predictions by SM1999 modified for attenuation rate.





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


