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Introduction	and	Motivation

• Detecting	earthquakes	and	explosions	
• Locating	earthquakes	and	explosions	
• Discriminating	between	earthquakes	and	explosions	
• Estimating	the	size	of	earthquakes	and	explosions

Seismology	is	useful	for
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Introduction	and	Motivation

• Many	small	seismic	events	are	not	detected		
• Location	uncertainties	are	routinely	large	(many	km)	
• Discrimination	methods	do	not	always	work	
• Seismological	yield	estimates	disagree	
• Understanding	of	elastic	waves	from	UNEs	is	incomplete

Seismological	monitoring	and	analysis	is	imperfect
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Mission	Relevance

• Enhance	the	ability	to	monitor	nuclear	testing	
• Improve	the	characterization	of	underground	nuclear	tests	
• Build	confidence	and	trust	in	monitoring	capabilities

Improved	seismological	capabilities	will
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Technical	Work	Plan

or an explosion. (It should be noted that seismology cannot
distinguish between nuclear and other types of explosions.)
One of the most well-established criteria for distinguishing
between earthquakes and explosions is the ratio of body-
wave to surface-wave magnitude, m b∶Ms. It has long been
observed that UNEs typically have a smallerMs than does an
earthquake with the same m b (Liebermann and Pomeroy,
1969; Marshall and Basham, 1972). A review of the m b∶Ms
criterion and other recent developments in seismological
methods for distinguishing between earthquakes and explo-
sions is given in Bowers and Selby (2009). Here, a set of m b
and Ms magnitudes for 409 historical UNEs is collated and
presented. These magnitudes are used to guide the definition
of a revised provisional m b∶Ms screening line for testing
at the IDC.

The International Data Centre (IDC) m b∶Ms
Screening Criterion

The formal definition of event screening at the IDC for
seismic, hydroacoustic, and infrasound (SHI) data specifies
the rejection of H0 at a given significance level, where
the null hypothesis H0 is that SHI signals are from a single
(nuclear) explosion source. In other words, screening iden-
tifies events that are considered (with high probability) not to
be nuclear explosions. It is important to realize that screening
does not identify explosions.

The provisional standard m b∶Ms screening criterion, as
defined by Fisk et al. (2002) and used at the IDC until June
2010, was that an event is screened out if m b ≥ 3:50, there
are at least two Ms observations, and

1:25m b !Ms " ϵ < 2:20; (1)

where m b and Ms are IDC network-averaged body-wave and
surface-wave magnitudes, respectively, and ϵ # 2σm is the
uncertainty dependent on the number of observations used
to calculate m b and Ms, as given by

σ2
m # 1:252

σ2
b

Nb
"

σ2
s

Ns
; (2)

where σb # 0:34, σs # 0:23, and Nb and Ns are the number
of observations used to calculate m b and Ms, respectively. In
practice, an event is screened out using the m b∶Ms
criterion if m b ≥ 3:50 and Mscore > 0, where

Mscore # $2:20 ! %1:25m b !Ms&'=ϵ ! 1:00: (3)

The provisional m b∶Ms screening criterion as described
by Fisk et al. (2002) is based on the following:

• A line that bounds the National Earthquake Information
Center (NEIC) m b∶Ms population of explosions from the
Nevada Test Site (NTS) in the United States, with the slope
constrained to 1.25 (derived from empirical magnitude–

yield relationships to be discussed in the next section) from
explosions largely at the NTS; and

• The preliminary assumption that this line represents the
global upper bound for the explosion population.

An implicit assumption is that the explosion population
is bounded by a straight line for m b ≥ 3:5.

The Democratic People’s Republic of Korea (DPRK)
Announced Nuclear Tests and Implications for Global
m b∶Ms Standard Screening

Recently, two announced underground nuclear tests by
the Democratic Republic of Korea (DPRK) in 2006 and 2009
have raised interest because the m b and Ms values for these
explosions place them close to the contemporary provisional
IDC standard screening line, Ms # 1:25m b ! 2:20. This can
be seen in Figure 1, an m b∶Ms plot showing the provisional
IDC screening line, recent Eurasian UNEs, and the global
population of events from the IDC REB for the year 2008
(assumed to be largely earthquakes).

After the 2006 explosion, Selby and Bowers (2007)
suggested that the definition of the screening line needed
to be revisited, especially at low magnitudes. Subsequently,
the 2009 DPRK test also fell close to the provisional IDC
screening line. There have been suggestions that the Ms
values for the DPRK explosions are anomalous in some
way (e.g., for the 2006 explosion, Bonner et al., 2008). How-
ever, based on theoretical considerations, it has also been
suggested that at low magnitudes the m b∶Ms populations

Figure 1. An m b∶Ms plot showing the IDC provisional screen-
ing line, the global population of events in the IDC REB for the year
2008, and a selection of recent underground nuclear explosions.
Note that the two DPRK explosions lie close to the screening line,
although they were not screened out by the IDC.

mb∶Ms Event Screening Revisited 89

Downloaded from https://pubs.geoscienceworld.org/ssa/bssa/article-pdf/102/1/88/3653519/88.pdf
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Selby	et	al.,	2012

• Improved	model	for	wave	excitation	
• Modern	analysis	of	UNEs	using	legacy	data	
• Comparison	with	Source	Physics	Experiment

Understanding	the	mb-MS	discriminant
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Kim	et	al.,	2018

• Data	discovery	in	relevant	geographical	areas	
• Application	of	spectral	discriminants	
• Tuned	multiparameter	discriminants

Improved	discrimination	of	sources

▴ Figure 2. Vertical-component seismic records from 14 seismic events recorded at MDJ station. Records show Pg- and Lg-wave arriv-
als consistent with the events located close to each other. Pg wave centered at group velocity ∼5:8 km=s(∼64 s) and Lg wave centered
at group velocity ∼3:3 km=s(∼112 s) are used to calculate P/S spectral ratios. Pg and Lgwaves in the Gaussian window length with!1:96
σ (σ " 2:5 sat 100 km) is used for spectral analysis and are indicated by horizontal lines on selected traces. Records are filtered between
0.8 and 15 Hz.

2124 Seismological Research Letters Volume 89, Number 6 November/December 2018
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Schaff	et	al.,	2018

• Event	cross-correlation	for	relative	location	
• Continuous	correlation	for	detection	
• Data	mining	in	relevant	geographical	areas

Improved	event	detection	and	location

Some reports initially misclassified a second seismic event
that occurred at 08:29 UTC on 23 September 2017 (M 3.3)
among the aftershocks of the 2017 nuclear explosion. We pro-
vide evidence identifying this event as an earthquake.

A third seismic event among the aftershocks of the 2017
nuclear explosion was initially misclassified as an explosion at
the North Korea test site in our companion paper in this issue
(see fig. 6 of Kim et al., 2018) and is discussed further in that
paper. The event, the first of two to occur on 9 December 2017,
was at first classified as an explosion using a linear discriminant
based on three-component P/S spectral ratios at station MDJ
alone. However, using a complementary and independent ap-
proach based on waveform cross correlation, we identify the
event as an earthquake, with a near-zero probability of misclas-
sification just from MDJ data, even though that data apparently
include noise at a level which degrades spectral measurements.
We refer to Kim et al. (2018) for a more complete discussion
and summary of valid and understandable reasons why the
discriminant method appeared to have misclassified the event
due to a noise burst in the data. In that case, the method based
on P/S spectral ratios was improved and gave what we believe to
be the correct classification, via the addition of data from two
more stations with lower signal-to-noise ratio (SNR) than MDJ.

Waveform cross correlation is a powerful tool that demon-
strates 1–2 orders of magnitude improvement for many different
applications. In this short article, we have simply applied the
successful approach we have recently published in extensive de-
tail for studies of thousands of seismic events in China (Schaff
et al, 2018) to analyze aftershocks of North Korea’s sixth nuclear
test explosion. Our choices of seismic wave (Lg), frequency
band, and time window, and our methods for measuring relative
arrival times of neighboring events recorded at a common sta-
tion and for characterizing the precision of our results, have all
been guided by that previous experience.

DATA AND DETECTION

We first use a template event at station MDJ using a correla-
tion detector to detect the aftershocks of the 2017 explosion.
The detections worked well because these events have larger
magnitudes (around 2.5–3.5), have similar magnitudes, are (as
we shall further discuss) located within a few hundred meters
of each other, and are of the same event type. In total, we an-
alyzed 14 small seismic events at the North Korea test site. See
Ⓔ Figure S1, available in the electronic supplement to this
article for a map of the stations used. Eleven of these events
were also reported by other agencies, and three were newly de-
tected events. Details of the detection are described in our
companion paper (Kim et al., 2018).

LOCATION RESULTS

Absolute locations were obtained by manually picking P and S
waves and using HYPOINVERSE (Klein, 2007) to locate the
events (see Kim et al., 2018 for details). Relative locations were
obtained measuring differential travel times by waveform cross

correlation for Lg waves. We followed the procedure described
in Schaff et al. (2018) to make the correlation measurements
and then solved for epicenters using a double-difference ap-
proach (Schaff and Richards, 2004). Out of the 14 starting
events, we were able to locate 13 following this procedure.
The starting locations are from Kim et al. (2018) and are re-
produced in Ⓔ Table S1. Event 1, which is considered to be a
cavity collapse that occurred 8.5 min after the 2017 explosion
(Liu et al., 2018; Tian et al., 2018), was not located.

Figure 1 compares the traditional absolute locations using
P- and S-phase picks and a travel-time model with the relative
locations using Lg cross-correlation measurements. There is
significant improvement in the location precision of the rela-
tive locations as has been well established in the literature and
as can be seen in the reduction in scatter. The standard
deviation of the residuals of the Lg correlation measurements,
using the absolute locations as a starting point, is 1.5176 s. The
standard deviation of the Lg correlation measurements after
relocation using the double-difference technique is 0.0089 s,
which is a significant reduction (a factor of 171 improvement)
in explaining the Lg residuals, being somewhat better even
than what we were able to report for relocation of thousands
of earthquakes in China (Schaff et al., 2018). The median of
the absolute value of the residuals is 0.0029 s. The highest sam-
ple rate of the data is 100 samples per second, so these
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▴ Figure 1. (a) Absolute locations of a sequence of 14 events
using P- and S-wave phase picks and (b) relative locations using
Lg correlation data. Map axes are on the same scale.

2114 Seismological Research Letters Volume 89, Number 6 November/December 2018

Downloaded from https://pubs.geoscienceworld.org/ssa/srl/article-pdf/89/6/2113/4536932/srl-2018132.1.pdf
by Columbia University user
on 10 May 2019

of 0.5 or greater with at least one other event. These are very
high degrees of similarity and statistical significance for this
time-bandwidth product (with 50 s windows and filtering
from 0.5 to 5 Hz), which is why the differential travel-time
measurements are such high quality with low residuals and er-
ror bars. For stations with lower CC values, this indicates that
it is primarily due to lower SNR and not because the under-
lying waveforms are dissimilar. The mean CC value of the
whole cluster is 0.43.

Ⓔ Figure S2 displays the observation matrix for the
cluster of 13 events with the number of observations having
CC ≥ 0:24 for each pair of events. This is important for de-
termining how well connected the events are, both for con-
straining the locations and for identifying the cluster of
events as a whole, as discussed later. The maximum CC values
for the events also give confidence that each event belongs to
the cluster. There is a total of 108 observations. All the differ-
ential travel-time measurements, CC values, and station coor-
dinates are given in Ⓔ Tables S5 and S6 for other researchers
interested in reproducing the results.

Ⓔ Figures S3 and S4 display the waveforms for 10 of
the stations we used for the largest event in the cluster (the
23 September M 3.3, our event 3). Because we are using Lg
correlation measurements, we must manage the fact that Ⓔ
Figure S1 shows some of these paths crossing oceanic crust

from the test site to stations in South Korea. In such cases,
Lg does not propagate as efficiently and can be blocked entirely
by a short oceanic path. See theⒺ electronic supplement for a
discussion of how this affects our locations.

Our body-wave picks in Figure 1 have too great an uncer-
tainty for reliable absolute locations for the position of this
cluster, relative to the test site. But Tian et al. (2018) has good
body-wave picks with low residuals and better data from sta-
tions in China, and they are able to get good relative locations
between the 2017 explosion, cavity collapse, and our first three
aftershocks (our events 2–4). Their locations for our events
2–4 are roughly located in a relative sense as our locations
for the same events, showing agreement with different data
and methods; the relative position they have for the three after-
shocks relative to the 2017 explosion and cavity collapse places
them about 7 km to the north and 1 km to the west of Mount
Mantap, indicating that our candidate short fault may be sev-
eral kilometers to the north.

INTERPRETATION AND IDENTIFICATION

The general subject of earthquakes induced by underground
nuclear explosions has been described in some detail in the pro-
ceedings of a North Atlantic Treaty Organization (NATO)-
sponsored conference held in Moscow in 1994 (Console
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▴ Figure 3. Aligned waveforms at station MDJ on the east com-
ponent for events 2–9. The bottom shows traces in different over-
laying colors revealing high waveform similarity.
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▴ Figure 4. Aligned waveforms at station MDJ on the east com-
ponent for events 10–14. The bottom shows traces in different
overlaying colors revealing high waveform similarity.
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Expected	Impact

• Better	physical	understanding	of	mb-MS	discriminant	
• Improved	characterization	of	historical	UNEs	using	legacy	data	
• Enhanced	methods	of	continuous	event	detection	using	modern	
correlation	techniques	
• Enhanced	methods	of	event	location	and	discrimination	in	
selected	geographical	areas	
• Characterization	of	seismicity	near	existing	and	possible	nuclear	
test	sites	
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MTV	Impact

• New	and	continued	collaborations	with	LLNL,	LANL,	SNL	
• Synergies	with	other	technologies	(infrasound,	radioxenon)	
• Training	of	students	in	monitoring	seismology	
• Engagement	with	national	and	international	organizations	
concerned	with	improved	global	seismological	monitoring		
• Participation	in	efforts	to	preserve	and	utilize	legacy	
seismological	data	for	UNEs
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Conclusion

The	seismological	research	will

• Enhance	the	ability	to	monitor	nuclear	testing	
• Improve	the	characterization	of	underground	nuclear	explosions	
• Build	confidence	and	trust	in	monitoring	capabilities	
• Engage	and	train	young	seismologists

The	Columbia	team:	Göran	Ekström,	Paul	Richards,	Won-Young	Kim,	David	Schaff,	
Jack	Wilding	(recent	Columbia	BA)
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