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ABSTRACT

The 2017 North Korea test is analyzed together with the
previous 2009–2016 tests, and a generalized source model is
derived using waveform data. Data are represented by low-
frequency records of 11 broadband near-regional stations
(epicentral distances 140–310 km), bandpassed from 0.03
to 0.09 Hz. The events feature a significant degree of similarity.
Therefore, mean records can be calculated by averaging the five
tests, using the cross-correlation shifts and amplitude scaling.
The mean records are inverted for the full moment tensor in
terms of its posterior probability density function. The mean-
source model reveals significant uncertainties and parameter
tradeoffs, due to well-known resolution problems at shallow
depths and long wavelengths. Nevertheless, the moment tensor
is undoubtedly dominated by its nonshear parts, that is, the
isotropic component, and compensated linear vector dipole
(inclined ∼15° to the vertical). The source type is very close to
an opening crack, consistent with existing physical models of
explosive shallow sources, accompanied by material damage.
The generalized source model presented here is new. It can be
used as a prior, realistically constrained model, applicable in
early discriminations between natural earthquakes and explo-
sions at the test site. Users at any station (not involved in this
study) could precompute template synthetics in their preferred
frequency ranges and velocity models. If fitting with real data
by a single-constant source scaling, a real-time indication of an
explosion similar to the previous Democratic People’s Republic
of Korea (DPRK) tests can be obtained.

Electronic Supplement: Tables and figures illustrating details of
the individual 2009–2017 tests and of the mean-source model.

INTRODUCTION

Six nuclear tests were performed in North Korea (Democratic
People’s Republic of Korea [DPRK]) in 2006, 2009, 2013,
twice in 2016, and in 2017. For their parameters, except 2006,
see Ⓔ Table S1, available in the electronic supplement to this
article. The thus-far strongest test of 3 September 2017 mb 6.3

(U.S. Geological Survey [USGS]) was followed 8.5 min later by
an mL 4.1 (USGS) collapse-type aftershock. We already ana-
lyzed the 2017 mainshock and its aftershock in Liu et al.
(2018), hereafter referred to as Paper 1, and concluded that the
appropriate point-source, low-frequency source models of the
two events were the opening and closing horizontal cracks, re-
spectively. In this article we compare the 2017 mainshock to
the previous four tests of 2009–2016, using a common set of
near-regional broadband stations (Fig. 1a). We find great sim-
ilarity between the tests, as in Ichinose et al. (2017), and thus
we construct a generalized (or mean) source model. The mean
model can find effective application in real-time discrimination
procedures at distant stations not involved in this study.

The location of the shots at the Punggye-ri test site is very
well known, within an ∼2 × 2 km area (Wen and Long, 2010;
Gibbons et al., 2017; Zhao et al., 2017). It means that for peri-
ods > 10 s and wavelengths > 30 km, we can assume a
common epicenter (41.30° N, 129.07° E), chosen close to the
0.5-m subsidence indicated after the 2017 test by TerraSAR-X
(Wang et al., 2018). Seismic estimates of burial depth (∼1 km)
are poor, due to strong tradeoff between the depth and seismic
moment (Ford et al., 2009a,b). This tradeoff is caused by lim-
ited resolution of some moment-tensor (MT) components
(Bukchin et al., 2010; Chiang et al., 2016). Therefore, any
MTcalculations must be supplemented by a careful uncertainty
analysis, aimed at understanding tradeoffs between the individ-
ual source parameters, such as the double couple (DC), com-
pensated linear vector dipole (CLVD), and isotropic part
(ISO), as well as scalar moment M0, moment magnitude Mw ,
and source depth. The MT resolvability will be analyzed using
the Bayesian approach, including source depth, among the
model parameters (Halló et al., 2017; Vackář et al., 2017). For
a more extensive literature overview, see Paper 1.

METHOD

Moment Tensor Inversion and Resolution Analysis
This issue has been thoroughly explained in Paper 1; thus we
present only a short summary herein. Seismic waveforms are
inverted for full MT using ISOLA software (e.g., Sokos et al.,
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2016; Zahradník et al., 2017). Full MT is calculated by the
least-squares fitting of bandpass filtered displacement wave-
forms, accompanied by a grid-search of the centroid depth
and time. Green’s functions for a point-source, with a delta-
function moment rate, are calculated in an assumed 1D veloc-
ity model by the discrete wavenumber method (Bouchon,
1981; Coutant, 1990). The fit between real and synthetic
waveforms is quantified by variance reduction (VR), and
resolvability of the inverse problem is characterized by condi-
tion number (CN). Hudson’s source-type plots are also con-
structed (Hudson et al., 1989; Aso et al., 2016); their purpose
is rather illustrative: uncertainties are not simply related to

them (Vavryčuk, 2015) unless more sophisticated approaches
are used (Alvizuri et al., 2018).

For any single trial source depth (below epicenter), the
full-MT calculation is a linear inverse problem, solved by the
least-squares method, providing a best-fit solution. The pos-
terior covariance matrix of model parameters Cm is expressed
via the Green’s function matrix and data covariance matrix Cd;
thus a Gaussian posterior probability density function (PDF)
of model parameters is known. If the source depth is included
in the model parameters, the inverse problem is nonlinear. The
least-squares waveform inversion is repeated for a series of trial
source depths, each with its own best-fit solution and Cm. The
total PDF is summed from the properly normalized single-
depth PDFs (Halló et al., 2017). For each depth, a set of
random MTs is generated, whereas the number of samples is
proportional to the normalization constants, dependent on
the misfit and Cm (see equation 7 of Vackář et al., 2017).
The union of the sample sets represents the total, generally
non-Gaussian PDF. Therefore, tradeoff plots between source
parameters can be constructed, and ensembles of eigenvectors,
P–T axes, etc., can be plotted. The data covariance matrix is as-
sumed to have the form of Cd � σ2I, in which σ is an assumed
standard data deviation (data error) and I is the unit matrix.

The estimation of data error σ in this article follows our
previous studies. Because of a small noise, the main errors come
from imprecision of the velocity model. Therefore, we assume
σ to be close to the posterior data-error estimate, based on the
residual misfit of the best-fit solution (see equation 5.30 of
Shearer, 1999) that we found to be of the same order as the
displacement amplitude at distant stations (Křížová et al.,
2013). As such, the used σ values are greater than the seismic-
noise standard deviation, similarly to other approaches (Halló
and Gallovič, 2016). Later in this article we show that standard
deviations of the data estimated from their averaging over the
studied events are also very small; that is, they are comparable
to the noise. If we use the deviations at the seismic noise level
present in our data, we would obtain negligible parameter
errors. In this sense, our data-error estimate is rather
conservative.

Mean Waveforms
All records are instrumentally corrected to displacements in a
common frequency range, specified later, and they start at ori-
gin time. We denote a single-station component as rij�t�, in
which t is time, i stands for the component, and j stands
for the event; j � 1 for a reference event. The mean waveforms
are derived as follows:
1. The records are cross-correlated (CC) in their main wave

group with respect to j � 1, and the best shift τij is found.
A few components which cannot be satisfactorily corre-
lated (CC < 0:99) are removed from the averaging
process.

2. The peak absolute values Rij are measured, and scaling
coefficients are calculated as SCij � Ri1=Rij .

3. The best-CC shifted and scaled records can be written as
srij�t� � rij�t − τij�SCij . The mean scaling coefficient of

▴ Figure 1. The stations and sample waveforms of the 2009–2017
explosions. (a) The Democratic People’s Republic of Korea
(DPRK) test site (red star) and the broadband stations used (black
triangles). (b) Waveforms at a selected station (FST) for the five
tests. R, T, and Z denote the radial, transverse, and vertical com-
ponent. For plotting purposes, amplitudes are scaled to Mw 5.6.
Time 0 is origin time. (c) Mean waveforms (black) with the plus/
minus 2-sigma strips (gray), in which sigma is the calculated time-
varying standard deviation of the five tests that is the sd�t� of the
Method section, mostly below 1:0 × 10−5 m. The inset in (a) shows
a broader region.
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the jth event is calculated as an arithmetic average over the
stations, Cj �< SCij >.

4. The mean record of a given component
mri�t� �< srij�t� > is calculated by averaging srij�t� over
the events. Simultaneously, the corresponding standard
deviation sdi�t� is determined.

A suitable reference event is the one with the largest signal-
to-noise ratio. The CCs and time shifts then enable the use of
the hypocenter and Green’s function of the reference event.

The obtained set of mean waveforms is normally inverted
for the MT (as any individual event would be), and the tensor
is divided by its scalar momentMmean

0 , thus obtaining the final
unit MT of the mean model, also called a mean MT. The MT
of each nuclear test is M0j � Mmean

0 =Cj .

DATA

Our data consists of 11 broadband seismic stations at epicen-
tral distances 140–310 km (Fig. 1a). The first arrivals of raw

Table 1
Unit Moment Tensor for the Mean-Source Model (at the Reference Depth of 1.5 km)

Mrr =Mtt =Mpp Mrt =Mrp=Mtp M 0 DC (%) CLVD (%) ISO (%) Strike/Dip/Rake (°)
1.181/0.511/0.518 −0.017/0.184/0.044 1 8 32 60 136/33/76

For uncertainty, see Figure 3a. DC, double couple; CLVD, compensated linear vector dipole; ISO, isotropic.

▴ Figure 2. The waveform fit of the mean waveforms. Real data (black) are compared with synthetics (red), using the 0.03–0.09 Hz
bandpass displacement. Variance reduction (VR) = 88%, without any artificial time shift. In this inversion, our data-error estimate, com-
parable to peak amplitudes at the most distant stations, is σ � 2:6 × 10−5 m.

Seismological Research Letters Volume XX, Number XX – 2018 3

SRL Early Edition

Downloaded from https://pubs.geoscienceworld.org/ssa/srl/article-pdf/doi/10.1785/0220180106/4336436/srl-2018106.1.pdf
by Charles University Praha  user
on 29 September 2018



data, for all tests at all stations, are clear and compressional. In
the 0.03–0.09 Hz range, found by trial and error, these near
stations have a relatively low noise and enable waveform mod-
eling with simple 1D velocity models, without any need of ar-
tificial time shifts. Despite their limited azimuthal coverage
(127°), the stations have a very good resolving power. The latter
is proven in Ⓔ Figure S1 by comparing several fictitious net-
works and finding the lowest condition number (CN � 20)
for the present network. For earthquakes and near-regional
MT inversions, the value of 20 would be considered too high
(implying poor resolvability), but for shallow explosions, this
value is quite plausible. At the depth of 0.5 km, we would ob-
tain a much less reasonable value of CN ∼ 100. The chosen
station set and frequency range is common for all tests; only
a few components had to be eliminated due to noise or instru-
mental disturbances. Two velocity models were tested, with mi-
nor effect on the results in Paper 1. Most calculations in this
article use the model that is based on a regional sample from
Crust 2.0 (Bassin et al., 2000). We use trial source depths of
0.5–2.5 km, with a 0.5-km increment.

INDIVIDUAL SOURCE MODELS

Our analysis started with standard MT inversions of the indi-
vidual tests from 2009–2017. The results are summarized in

Ⓔ Tables S2 and S3 and Figures S2–S4. Similar to Paper 1,
for all tests we found significant trade-offs between source
parameters. The most uncertain MT is that at minimum trial
depth. For easy comparisons of the explosions, we need a refer-
ence depth. Choosing arbitrarily the 1.5-km depth,ⒺTable S2
shows that the five tests feature an astonishing similarity: all
source models are dominated by the nonshear components
(ISO ∼ 60% and CLVD ∼ 30%). The P–Taxes of the best-fit-
ting models are also stable across all tests (Ⓔ Fig. S4). Our P–T
axes are close to the 2013 test studied by Vavryčuk and Kim
(2014), who claimed agreement of the P axis with the principal
regional compression, whereas the almost vertical T axis was
less easily explainable.

MEAN-SOURCE MODEL

The similarity of the individual tests motivated us to construct
a mean-source model for the 2009–2017 explosions. The 2017
test is used as a reference (see Method section). Figure 1b and
1c demonstrates how a mean record is constructed at a station,
using CC shifts and scaling to the reference record. The time-
varying standard deviation sd�t� is very low at each station and
component, being of the same order of magnitude as the seis-
mic noise. The high degree of similarity of the records confirms
that their averaging is meaningful. The mean records at all sta-

▴ Figure 3. The mean-source model at 0.03–0.09 Hz. (a) Tradeoff plots demonstrating the uncertainty. Random samples (1000 black dots)
were drawn from the probability density function, treating the source depth and moment tensor as model parameters. Best-fit solutions at
five trial depths are marked by red crosses. The dominant uncertainty at the shallowest depth is marked by an oval in the compensated
linear vector dipole–double couple (CLVD–DC) panel. The uncertainty of nodal lines of the (very small) DC part is depicted in the inset focal
mechanism plot with schematic P and T axes. For plotting theMw–DC relation, the mean model is scaled to the 2017 test. (b) Source-type
plot. Same random samples as in (a) are shown in red. For comparison, the 2017 test is also included: the 2017 mainshock in green and the
2017 collapse aftershock in pink. The short-dashed red lines, starting at linear vector dipoles (LVDs), mark the theoretical regions of pure
compressive and dilatational first motions over the entire focal sphere. ISO, isotropic.
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tions are presented in Figure 2. The records are well fitted
(VR � 88%) with the mean full-MT source at an assumed
source depth of 1.5 km (Table 1).

The result for a specific depth (1.5 km) is presented here
for the purpose of illustration. The reference depth of 1.5 km is
not necessarily reflective of the true mean depth. Because of the
uncertainties involved, we emphasize rather the complete PDF
results in Figure 3a. They are represented by the “clouds” of
black dots and the scatter plots of nodal lines of the DC part.
One thousand random samples were drawn from the calculated
PDF. The denser the cloud, the more likely the MT. As theVR
remains practically constant over all trial depths (as in Paper 1),
the uncertainty is affected solely by the covariance matrix Cm;
most PDF samples and the largest parameter errors correspond
to the shallowest trial depth of 0.5 km. Nevertheless, the other
depths further increase the PDF width (or the scatter of the
MT samples).

Despite the overall significant uncertainty, a strong domi-
nance of the nonshear MTcomponents is unequivocal, as seen
from the DC, CLVD, and ISO trade-off plots in Figure 3a. For
comparison, Figure 3b shows the opening crack model we
found for the 2017 explosion in Paper 1, strongly contrasting
with the closing crack of the collapse-type aftershock of the
2017 test from the same paper.

To check the averaging procedure, we look at moment
magnitudes. Using theM0j values, theMw values are calculated
from the mean model for all the tests. They agree to one deci-
mal place with magnitudes obtained from the individual single-
event inversions.

Source-type plots of the mean model and the individual
2009–2017 tests are similar (Ⓔ Fig. S5). The same figure
shows that all tests are characterized by almost identical
horizontal MT Cartesian components,Mxx=Myy ∼ 1, where-
as the horizontal-to-vertical ratio is Mxx=Mzz ∼ 0:4. How-
ever, the mean MT of Table 1 also has some nondiago-
nal terms.

In Figure 4, the mean-source model and its uncertainty are
represented in terms of body-force equivalents. Eigenvectors,
length-scaled with their eigenvalues, are shown for the full-
MT mean model and for its deviatoric part. The main ten-
sional axis is subvertical, inclined in the west–east vertical plane
by ∼15° (see also the T-axis in the inset of Fig. 3a and Ⓔ

Fig. S4). As seen in Figure 4b, the smallest and intermediate
eigenvalues are of a comparable size, and their ratio to the larg-
est eigenvalue is close to ½; therefore, the deviatoric part is do-
minated by an inclined CLVD. This relatively small departure
from a model symmetrical relative to the vertical axis explains
the weak Love waves observed in Figure 2.

▴ Figure 4. Body-force equivalents of the mean-source model and its uncertainty (the random samples drawn from the probability
density function). (a) Full moment tensor (MT), (b) deviatoric MT. (Top) 3D views and (bottom) 2D projections (note that the vertical axis
is negative in the upward direction). Orientation of the double arrows is given by the eigenvectors. Their length is scaled with eigenvalues;
positive (tensions) are marked in red, negative (compressions) in blue. The deviatoric MT is similar to an inclined tensional CLVD.
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To validate the mean-source model on independent data,
we used the 2017 test and 14 stations of a broader azimuthal
coverage and greater epicentral distances (< 1128 km). In
Figure 5, we forward-simulated template synthetics, using
the Crust 2.0 model and the mean-source model of Table 1
scaled to Mw 5.6. Considering the large epicentral distances,
the use of a 1D velocity model and the fact that the source
model is the mean one (not the specific 2017 model), the ob-
tained waveform fit can be considered quite satisfactory. For
additional tests, see Ⓔ Figures S6–S10.

CONCLUSION

The 2009–2017 North Korea tests, represented by low-
frequency records (< 0:09 Hz) at 11 near-regional stations,
feature a significant degree of similarity, allowing construction
of a generalized source model. Mean records were created
by averaging the five tests, using CC shifts and amplitude scal-
ing. The mean records were inverted for the full MT of the
mean model. The mean-MTmodel has significant uncertain-
ties and parameter trade-offs (Fig. 3a), due to well-known

MT-resolution problems at shallow depths and long wave-
lengths.

Nevertheless, the model is undoubtedly dominated by
the ISO and CLVD nonshear components, with
MCLVD=M ISO ∼ 0:5. The inclination of the principal tension
axis to the vertical (∼15°) is consistent with an independent
recent study (Ichinose et al., 2017). Because this inclination
is modest and the two eigenvalues (the smallest and the inter-
mediate) are similar, the model does not deviate strongly from
vertical-axial symmetry, explaining the weak observed Love
waves. In terms of source-type plots, the source is close to
the opening crack. Such an interpretation is not surprising
for nuclear tests (Ford et al., 2009a,b) and is consistent with
physical models of shallow explosive sources accompanied by
material damage due to shock waves and free-surface effects
(Patton and Taylor, 2011).

The generalized source model presented in this article is a
new concept. The model could realistically constrain the early
interpretations of future Punggye-ri tests, thus complementing
routine (magnitude-based) discrimination criteria. The advan-
tage compared to standard full-MT inversions at distant

▴ Figure 5. Validation of the mean-source model. (a) Distant stations (not used in the inversion). (b) Records of the 2017 test at distant
stations, 0.02–0.04 Hz, are modeled by synthetics forward-simulated with the mean-source model for the 1.5 km source depth. The 2017
records were well fitted (VR � 62% without any artificial time shift) by the mean-source model, when scaled to Mw 5.6. This figure also
illustrates how the precomputed template synthetics due to the mean-MT model can be used for fast identifications of explosions at the
North Korea test site.
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stations is obvious, because these inversions might be severely
limited by noise. Testing instead the waveform fit with pre-
computed template synthetics of the mean-source model
can be more stable and fast enough for real-time applications.
Naturally, standard MT inversions in Bayesian formulation can
follow as a next step. The usefulness of the template will be
further investigated elsewhere, but an encouraging example
is already given in Figure 5 and Ⓔ Figure S10.

DATA AND RESOURCES

Regional waveform data for this study are provided by the Data
Management Centre of China National Seismic Network at In-
stitute of Geophysics (SEISDMC, doi: 10.11998/SeisDmc/SN,
http://www.seisdmc.ac.cn/), China Earthquake Networks
Center and HL, JL, LN, NM Seismic Networks, China Earth-
quake Administration, and F-net waveform data provided by
National Research Institute for Earth Science and Disaster Resil-
ience (www.fnet.bosai.go.jp). Figures were created using Generic
Mapping Tools (GMT) v.4.5.16 (http://gmt.soest.hawaii.edu/
home). Software ISOLA (developed by J. Z. and E. S.) can
be downloaded from https://github.com/esokos/isola, with the
latest updates available at http://geo.mff.cuni.cz/~jz/for_
Costa_Rica/. All websites were last assessed on September
2018.
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