




which does not take account of the amplitude level of the
primary wave. The quality factors that we estimated in this
study present the actual level of attenuation of the primary
wave.

Source Spectrum and theP=SSpectral
Amplitude Ratio

The source spectra of regional phases are calculated
from equation(5)using the inverted parameters. The inverted
source spectra agree well with theoretical expectations for
both theUNE and the earthquake (Figs.9 and10). The con-
sistent shapes of source spectra at all stations support the
stability of the inversion. We observe that theUNE source
spectra ofPn and Pg display characteristic overshoot fea-
tures (Fig.9). On the other hand, the source spectra ofSn
andLg from theUNE display weak overshoot features.

The spectral amplitude ratios betweenP andS phases
display good agreement with theoretical expectations for
both theUNE and the earthquake (Figs.11 and 12). The
P=Sspectral amplitude ratios of theUNE increase with fre-
quency in the frequencies lower than theP-phase corner
frequencies and decrease with frequency at the higher fre-
quencies. TheP=S spectral amplitude ratios of the earth-
quake appear to increase linearly with frequency in the entire
frequency range.

Comparisons ofP=Sspectral amplitude ratios between
theUNE and the earthquake enable us to determine the spec-
tral features of theUNE. The spectral features can be used for
discrimination ofUNEs from earthquakes. ThePn=Lg and
Pg=Lg spectral amplitude ratios of theUNE are well sepa-
rated from those of the earthquake in the frequency range
of 1–8 Hz (Fig.13). However, thePn=SnandPg=Snspec-
tral amplitude ratios appear to be less effective.

Characteristics of the UNE Source Spectrum

We have shown that theP=Sspectral amplitude ratios
are useful for discriminating betweenUNEsand earthquakes.
However, it is not clear whether this is caused by implemen-
tation of characteristicUNE source models. We examine
the inherent source spectral features of theUNE by testing
whether theUNE source spectra can be represented by earth-
quake source spectral models. We implement Brune’s
earthquake source spectral model in equation(10) for the
test. The source parameters are determined byM0 � 2:5 ×
1014 N m and f c � 4:0 Hz for Pn, M0 � 1:5 × 1014 N m
and f c � 5:1 Hz for Pg, M0 � 9:5 × 1013 N m and f c �
6:1 Hz for Sn, and M0 � 6:5 × 1013 N m and f c �
2:0 Hz for Lg (Table3).

Note that the apparent moments determined fromP
phases are close to the moment estimated from the low-
frequency waveform inversion. Also, these apparentUNE
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Figure 12. P=Sspectral amplitude ratios of the earthquake records: (a)Pn=Lg, (b)Pn=Sn, (c)Pg=Lg, and (d)Pg=Sn. TheP=Sspectral
amplitude ratios increase with frequency.
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moments are higher than the estimates based on theUNE
source spectral models in Table2. This indicates that the
UNE source spectral model appears to underestimate the
level of spectral energy compared to the earthquake source
spectral model. We also find that the apparent moments forS
phases of theUNE are lower than the deviatoric moment of
the earthquake. These observations imply that the amount of
compressional energy excited from theUNE is similar to that
from an earthquake with a comparable magnitude. However,
the shear energy from theUNE is far weaker than that from
the earthquake.

The source spectra ofS phases (Sn, Lg) are reasonably
represented by Brune’s earthquake source spectral models
(Fig.14). However,P phases (Pn, Pg) are poorly represented
due to the characteristic overshoot feature in theP source
spectra. Because of the poor representation ofP source spec-
tra, theP=S spectral amplitude ratios are poorly matched
with the theoretical curves based on Brune’s earthquake
source spectral models (Fig.15).

Because theLg phase is less excited from theUNE than
from the earthquake, thePn=Lg andPg=Lg spectral ampli-
tude ratios of theUNE display higher amplitudes than those
of the earthquake (Fig.16). The P=Sn spectral amplitude
ratios appear to be similar between theUNE and the earth-

quake. These observations indicate that comparisons of
source spectra and shear-energy contents betweenUNEsand
earthquakes of comparable magnitudes may be useful for
discrimination ofUNEsfrom natural earthquakes, regardless
of the type of theoretical source spectral model adopted.

Discussion and Conclusions

The 9 October 2006UNE in North Korea was well re-
corded by dense regional networks deployed in South Korea,
Japan, and China. The dense observation allowed us to in-
vestigate the regional source properties of theUNE. The
isotropic moment of theUNE was estimated to be2:92×
1014 N m from long-period waveform inversion. The source
spectra of regional phases from theUNE were inverted with
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Figure 13. Comparisons ofP=Sspectral amplitude ratios between theUNE and the earthquake with comparable magnitudes: (a)Pn=Lg,
(b) Pn=Sn, (c)Pg=Lg, and (d)Pg=Sn. TheP=Lg spectral amplitude ratios of theUNE are well separated from those of the earthquake in the
frequency range of 1–8 Hz. TheP=Snspectral amplitude ratios appear to be less effective for discrimination between nuclear explosion and
earthquake.

Table 3
UNE Source Spectral Parameters Inverted with
Incorporation of Brune’s Source Spectral Model

Phase M0 (N m) f c (Hz)

Pn 2:5 × 1014 4.0
Pg 1:5 × 1014 5.1
Sn 9:5 × 1013 6.1
Lg 6:5 × 1013 2.0
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determination of the apparent moments, corner frequencies,
overshoot parameters, and attenuation factors. The apparent
moments for the regional phases are estimated to be lower
than the moment estimate from the long-period analysis,
which may be because the source spectra of theUNE are un-
derrepresented by the theoretical source spectral model in
low-frequency regime.

The overshoot parameters ofP phases from theUNE are
higher than those ofS phases. The overshoot parameter of
Pn is larger than the conventional value, while those of
Sn andLg are lower. TheP phases from theUNE are well
represented by theUNE source spectral models but poorly by
Brune’s earthquake source spectral models. However, theS
phases for theUNE are well represented by both theUNE and
the earthquake source spectral models. These observations
suggest that the shear energy may be excited from a second-
ary source.

Among various shear-wave excitation mechanisms pro-
posed, tectonic release (Wallaceet al., 1985), spalling (Day
and McLaughlin, 1991), and rock cracking (Massé, 1981)
may be plausible. The explosional source features, that is,
strong compressional energy and strong spectral overshoot-
ing, allow us to use theP=Sspectral amplitude ratios to dis-
criminate between nuclear explosions and earthquakes. Such
discrimination appears to be effective in the frequency range
of 1–8 Hz.

Data and Resources

Event information and seismic waveform data except the
UNE data recorded in Korea were collected from the Korea
Meteorological Administration (KMA , www.kma.go.kr, last
accessed December 2008), the Korea Institute of Geoscience
and Mineral Resources (KIGAM, quake.kigam.re.kr, last
accessed December 2008), the Incorporated Research
Institutions for Seismology (IRIS, www.iris.edu/data, last
accessed December 2008), the National Research Institute
for Earth Science and Disaster Prevention (NIED,
www.fnet.bosai.go.jp, last accessed September 2008), and
the International Seismological Center (ISC, www.isc.ac.uk,
last accessed December 2008). The seismic waveform data
for the UNE recorded in South Korea were collected from
KMA andKIGAM with permission.

Some figures were produced using the Generic Mapping
Tools (GMT, Wessel and Smith, 1998; gmt.soest.hawaii.edu,
last accessed September 2008).
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Figure 14. Source spectra of regional phases from theUNE for inversions based on Brune’s earthquake source model: (a)Pn, (b) Pg,
(c) Sn, and (d)Lg. TheP phases (Pn, Pg) poorly match with the theoretical source spectral curves due to the strong overshoot feature. TheS
phases (Sn, Lg) agree reasonably well with the theoretical curves based on the earthquake source spectral model.
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Figure 15. P=S spectral amplitude ratios of theUNE records for implementation of Brune’s earthquake source model: (a)Pn=Lg,
(b) Pn=Sn, (c) Pg=Lg, and (d)Pg=Sn. TheP=Sspectral amplitude ratios are poorly represented by theoretical curves based on the earth-
quake source model due to the characteristic overshoot feature inP phases.
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Figure 16. Comparisons ofP=Sspectral amplitude ratios between theUNE and the earthquake, both of which are inverted using Brune’s
earthquake source model: (a)Pn=Lg, (b)Pn=Sn, (c)Pg=Lg, and (d)Pg=Sn. The observedPn=Sspectral amplitude ratios of theUNE poorly
match with the theoretical curves due to the high overshoot feature inPn source spectra. TheP=Lg spectral ratios of theUNE are well
separated from those of the earthquake. The implementation of earthquake source models appears to still be effective for discrimination
between nuclear explosions and earthquakes.
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