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ABSTRACT

This paper investigates the feasibility of employing local to near-regional coda-wave amplitude measurements, in
multiple, narrow bands, for the purpose of discriminating small seismic events. The motivation comes from previous
studies that have shown that regional, single-station coda-magnitude estimates are more stable and accurate than any
direct phase measure to date (e.g., Mayeda et al., 2003). Typically, the source amplitude estimates derived from the
coda have interstation variances on the order of 0.07 log amplitude units; hence, the method is excellent for regions
with sparse station coverage. The method has been thoroughly tested over large geographic regions spanning both
local and regional distances for the purpose of magnitude estimation. In terms of discrimination, only a preliminary
study using coda waves was performed on Nevada Test Site (NTS) explosions and earthquakes in the study by
Walter et al., (1995). Since this time, however, no additional studies have been conducted, in spite of the coda’s
successful application for moment magnitude (M) estimates in the broad areas of Eurasia and the Middle East. Due
to the nature of the scattered energy comprising the coda, path and azimuthal source-radiation effects are averaged
over, making coda amplitudes insensitive to local structure, in sharp contrast to direct regional phases such as Pn,
Pg, and Lg. Calibrated with respect to seismic moment (My) or My, coda-derived source spectra provide a means to
obtain moment estimates from seismograms of smaller or more distant events that cannot be analyzed with
conventional waveform or spectral source-inversion techniques because of signal-to-noise limitations. Tying coda
magnitude to Mw also provides a physical measure of event size that is unbiased and therefore transportable. We
have completed a new path and site calibration for frequencies ranging between 0.3 and 8.0 Hz using openly
available Incorporated Research Institutions for Seismology (IRIS) and Korea Meteorological Administration
(KMA) stations for small to moderate-sized regional events within the Korean Peninsula. This involved tying the
coda measurements to independently determined seismic moments for earthquakes in the region (R. Herrmann, pers.
comm., 2007). Our next step will be to test seismic discrimination performance using coda spectral ratios and
comparing their stability with those derived from direct Lg.
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OBJECTIVE

The objective of this proposal is to test the performance of a high-frequency spectral ratio discriminant that uses
regional Lg coda from explosions and earthquakes in the Korean peninsula. Over the past decade, significant
advances have been made in regional monitoring that take advantage of stable amplitude measurements derived
from narrowband coda envelopes. For example the Department of Energy (DOE) laboratories, with guidance from
the Air Force Technical Applications Center (AFTAC) Seismic Review Panel, have developed a regional coda wave
methodology to obtain the lowest variance estimate of the seismic source spectrum (e.g., Mayeda et al., 2003). Thus,
regional My, derived from Sn and Lg coda are very stable, even when only a single station is used. For the case of
the current study region, we have performed a preliminary one-dimensional (1-D) calibration for Korean peninsula
earthquakes using openly available stations from IRIS and KMA and then have formed spectral ratios. Our plan is to
apply the same path and site corrections to explosions in the region and compare the spectral ratio performance
against direct Lg.

RESEARCH ACCOMPLISHED

Currently within the explosion monitoring research community, there is interest in identifying and locating small
underground nuclear explosions from sparsely instrumented networks. The most successful teleseismic discriminant
compares the 20-second period surface wave magnitude (M) with the ~1-Hz body wave magnitude (m;). However
for smaller events that are deficient in long-period surface wave energy, the only alternative is to use high-frequency
discriminants from the regional phases such as Pn, Pg, Sn, and Lg. However, because of strong lateral heterogeneity
in the crust at short length scales, single-station direct phase measurements have high variance.

First, we have collected waveform data from both IRIS and KMA Web sites (Figure 1). Of these, a large fraction
have been waveform modeled (R. Herrmann, pers. comm., 2007,

http://www.eas.slu.edu/Earthquake Center/MECH.KR/) and estimates of Mw were used to calibrate the coda-
derived source spectra using the methodology outlined in Mayeda et al. (2003).
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Figure 1. Map of calibration events and stations available in the current study.

We formed log;, averaged envelopes from the two horizontal components for consecutive narrow frequency bands
ranging between 0.5 Hz to 8.0 Hz. The coda envelopes for each frequency band can be idealized with the following
equation,

Ac(ftr) =W (1)- SN T()- PO f)- Ht—t5) - (t 1) 7 exp[-b(r)- (1-1)], (1)

where f is the center frequency, 7 is the epicentral distance in kilometers, 7 is the time in seconds from the origin
time, ¢ is the S-wave travel time in seconds, W, represents the S-wave source, T represents the S-to-coda transfer
function, S is the site effect, P includes the effects of geometrical spreading and attenuation, H is the Heaviside step
function, ¥r) and b(r) are the distance-dependent coda shape factors that control the coda envelope shape. However
for the purpose of generating synthetics we set W, T, S, and P to unity. Following the methodology outlined in
Mayeda et al. (2003), the coda shape parameters and velocity of the peak S/L,-wave arrival were fit using the form
of a hyperbola.

Unlike direct waves, the local to near-regional coda appears to be homogeneously distributed in the crust behind the
expanding direct wave front and thus requires a different formulation for the attenuation (see Figure 2).
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Figure 2. Example envelopes (=1.0-1.5 Hz) for three local earthquakes located in the San Francisco Bay
region recorded at stations SAQO (blue) and BKS (red), part of the Berkeley Digital Seismic Network
(BDSN). These two stations are separated by roughly 140 km. Irrespective of the events’ distance to
each station, the coda envelopes attain the same amplitude level, in sharp contrast with the direct
arrivals. At this range of distances, the scattered S-waves or ‘coda’ are homogeneously distributed

in the crust (figure taken from Mayeda et al., 2005).

For each narrowband envelope in our data set, raw coda amplitudes were determined by generating synthetics at the
appropriate distance and using a source of unity then DC shifting using an L-1 norm to fit the observed envelope.
The amount of the DC shift is the nondimensional raw coda amplitude. Next, we use the following empirical
equation for coda path correction of Mayeda et al. (2003).
P1 -1
-
P(r,[) =1+ — 2
P2

Using common recordings at each station pair, we then grid searched over p; and p, and tabulated the interstation
scatter for each frequency band. The choice of frequency-dependent path correction for the entire region was based
upon the path parameters p; and p,, which gave the lowest average interstation standard deviation between station
pairs. In general, the interstation standard deviation ranged between 0.07 and 0.15, whereas the scatter for distance-
corrected Lg and surface waves resulted in an interstation scatter of 0.27-0.45, roughly a factor of 3 to 4 times
larger. These results confirm our initial hypothesis that the coda can effectively average over the effects of both

source and path heterogeneity.

Next, we use the independent Mw estimates to calibrate the coda-derived source spectra. (See Mayeda et al. [2003]
for calibration details.) Figure 3 shows example source spectra for a range of stations after all frequency-dependent
path and site corrections were applied to each station. In general, the coda-derived spectra are very stable, in good
agreement with previous published applications of the coda methodology.
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Figure 3. Example coda-derived source spectra for a range of stations. In general, the coda spectra are stable;
however, our path calibration is preliminary, and we expect further improvement by reducing the
amplitude scatter.

To validate the results, Figure 4 shows coda-derived Mw estimates (y-axis) are in good agreement with independent
estimates (x-axis). We use roughly 10 events to perform the moment-rate calibration, then apply the same
site-transfer corrections to all the events in our data set.

Coda Mw vs Waveform Mw
1 = T T 1

Mw waveform

Figure 4. Mw derived from the low-frequency level of the coda spectra plotted against independent Mw from
waveform modeling.

Next, using the spectra like the one shown in Figure 3, we form amplitude ratios for all earthquakes in our
calibration data set (Figure 5). For each range of pass bands, a consistent trend is observed that is expected due to
corner-frequency changing as a function of magnitude. In general the data scatter is small and suggests that the coda
spectral ratios are reducing the variance associated with source radiation pattern and path heterogeneity. The next
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part of the project will be to process a training explosion data set that will consist of mining-related explosions,

single-fired explosions, and the recent North Korean nuclear test.
Korea Coda Amplitude Spectral Ratios
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Figure 5. Single-station coda spectral ratios for the 15 calibration earthquakes distributed in and around the
Korean peninsula for a range of different pass bands.

CONCLUSIONS AND RECOMMENDATIONS

We have performed a preliminary coda calibration for openly available stations in and around the Korean peninsula
for 15 earthquakes ranging between Mw 3.2 and 5.1. In general, the 1-D coda calibration is performing well, and we
expect future refinements to further reduce the data variance. The coda path and site calibrations will be improved in
the next phase of the project, and we will begin processing of explosion data. At that point, we will also compute
direct Lg spectral ratios to compare the discriminant performance against the coda spectral ratios.

REFERENCES

Mayeda, K., A. Hofstetter, J.L. O'Boyle, and W.R. Walter (2003). Stable and transportable regional magnitudes
based on coda-derived moment-rate spectra, Bull. Seism. Soc. Am. 93: 224-239.

Mayeda, K. L. Malagnini, W.S. Phillips, W. R. Walter, and D. Dreger (2005). 2-D or not 2-D, that is the question: A
northern California test, Geophys. Res. Lett. February, Doi:10.1029/2005GL022882.

Walter, W., K. Mayeda, and H. Patton (1995). Phase and spectral ratio discrimination between NTS
earthquakes and explosions, Part I: Empirical Observations, BSSA4 85: 1050—1067.

649




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /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 /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /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 false
  /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

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  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 /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




