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SUMMARY

This study investigates infrasound signals from North Korean underground nuclear explosions
on 2016 January 6 at 01:30:01 UTC (UNEJ16) and on 2016 September 9 at 00:30:01 UTC
(UNESI16). Infrasound observations from eight, seismo-acoustic arrays at distances of 300—
600 km from the explosions and aligned approximately east—west across South Korea are used
in the analysis. Progressive multichannel correlation was used followed by analyst review to
identify the infrasound arrivals with estimates of azimuth, phase velocity, celerity, F-statistic,
signal-to-noise ratio, correlation and signal duration. These observations are compared with
model predictions of travel path, ray turning height and relative amplitudes, using Ground-
to-Space atmospheric specifications at the time of each explosion. Stratospheric conditions
at the time of the UNEJ16 are favourable to the Korean arrays when all arrays detected
infrasound signals, while the few detections for UNES16 are consistent with unfavourable
stratospheric winds and reduced amplitude thermospheric arrivals. Infrasound locations of
the explosions were estimated using the Bayesian Infrasonic Source Location method (BISL),
with wind-corrected backazimuth estimates based on the ray tracing calculations. Adding
wind corrections to BISL resulted in infrasound locations up to 50 per cent closer to the
seismic epicentre over uncorrected locations. The UNES16 infrasound location estimate using
atmospheric corrections had larger differences (~67 km difference from seismic location) than
the UNEJ16 location (~11 km difference from seismic location) as a result of the reduced
number of observations and poor azimuth coverage for UNES16. Based on stratospheric phases
recorded at six arrays and the empirical yield-scaling relations, wind corrected amplitudes from
UNEJ16 lead to equivalent infrasound source energy estimates between 0.9 and 16.1 tons of
TNT detonated in the atmosphere with an average of 6.4 tons and a standard deviation of 4.6
tons.

Key words: Acoustic properties; Earthquake monitoring and test-ban treaty verification;
Wave propagation.

of kilometres) led to their use in detection and assessment of nu-

I INTRODUCTION clear tests (Bedard Jr & Georges 2000). Infrasound signals from

Infrasound, inaudible sound waves (<20 Hz) that propagate in
the atmosphere, are generated by natural (i.e. earthquake, vol-
cano, meteors, landslides and tornadoes) and artificial (i.e. nu-
clear/chemical/mining explosions, and rocket launches) phenom-
ena. The efficiency of long-range propagation (up to thousands
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atmospheric explosions have been used to estimate group velocity
dispersion (Donn & Shaw 1967), constrain explosive energy (Posey
& Pierce 1971) and quantify seasonal variations in the atmosphere
(Reed 1969; Mutschlecner et al. 1999).

In order to record infrasound signals on a global scale for nu-
clear explosion monitoring, the International Monitoring System
(IMS) infrasound network, with an average station spacing of about
2000 km, is being constructed and operated by the Comprehen-
sive Nuclear-Test-Ban Treaty Organization (CTBTO) (Christie &
Campus 2010). Signal detection and analysis at regional distances

© The Author(s) 2018. Published by Oxford University Press on behalf of The Royal Astronomical Society. This is an Open Access

article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

Downl oaded from https://acadenic.oup.com gji/article-abstract/214/3/1865/5042944

by guest

on 04 August 2018

1865


mailto:junghyunp@smu.edu
http://creativecommons.org/licenses/by/4.0/

Downl oaded from https://acadenic.oup.conm gji/article-abstract/214/3/1865/5042944

by guest

1866  J. Park et al.

is supplemented by the addition of regional infrasound arrays such
as those in Central Europe (Le Pichon er al. 2008), the Western
United States (Park ez al. 2014), and the Korean Peninsula (Che
et al. 2009).

Direct infrasound from a contained explosion or an earthquake is
generated when near-source ground motions at the ground surface
are large enough to generate low-frequency, atmospheric acous-
tic waves. Since these atmospheric waves result from near-source
processes, the signals are smaller than those from atmospheric ex-
plosions but when observed they can contribute to discrimination
and characterization of the source as they are sensitive to source
type, depth and size (Arrowsmith ef al. 2012; Jones et al. 2015).

North Korea conducted their fourth (M5.1) and fifth (M5.3) un-
derground nuclear tests in 2016; January 6 2016 at 01:30:01 UTC
(OT: Origin Time) and September 9 2016 at 00:30:01 UTC (OT)
(USGS significant earthquakes catalog). The underground nuclear
explosion (UNE) in January 2016 is abbreviated as UNEJ16 and
the one in September 2016 as UNES16 in this paper. The estimated
source locations (UNEJ16; 41.300° N/129.047° E and UNESI6;
41.286° N/129.078° E) (USGS significant earthquakes catalog) are
close to the three previous presumed explosions carried out on 2006
October 9, 2009 May 25 and 2013 February 12 at the Punggye-ri
Nuclear Test Site.

Seismo-acoustic arrays across southern Korea that are jointly op-
erated by the Korea Institute of Geoscience and Mineral Resources
(KIGAM) and Southern Methodist University (SMU) recorded seis-
mic and infasound data that can be used to charcterize these events.
The explosions were well recorded on seismic elements at the ar-
rays, while the quality and number of infrasound signals are more
variable due to atmospheric conditions, source size/depth and noise
characteristics at the time of the explosions. The 2006 explosion
had no distinct infrasound observations, but the 2009 and 2013 ex-
plosions produced clear infrasound signals that were used in studies
of infrasound detection, location, propagation modelling as well as
yield estimation (Che ef al. 2009, 2014). Recent work by Assink
et al. (2016) compares infrasound detections and propagation mod-
elling based on atmospheric data for the 2013 and 2016 explosions
using two nearby IMS infrasound arrays operated by CTBTO in
Japan and Russia.

In this paper, infrasound data recorded at seismo-acoustic arrays
in the southern Korean Peninsula are described in Section 2. Sig-
nal detections based on automatic detectors are used to identify the
infrasound phases and their characteristics as described in Section
3. In Section 4, infrasound propagation models for UNEJ16 and
UNESI16 are used to assess and interpret the infrasound observa-
tions and document the importance of seasonal and diurnal vari-
ations in atmospheric conditions. The importance of atmospheric
models in improving event location estimates is discussed in Section
5. Finally, in Section 6, the equivalent infrasound energy release for
UNEJ16 is estimated using empirical scaling equations for surface
explosions and is followed by a summary in Section 7. These anal-
yses illustrate the contributions that infrasound observations can
provide in refining the characterization of UNEs.

2 DATA

KIGAM and SMU cooperatively operate six, seismo-acoustic arrays
with varying geometries in South Korea, namely, BRDAR, CHNAR,
KSGAR, KMPAR, TJIAR and YPDAR (Fig. 1a). Two additional
arrays, ULDAR and YAGAR, are operated by KIGAM. This dense
network provides a basis to detect and locate surface explosions at
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local and regional distances (Stump et al. 2004; Che et al. 2014).
KMPAR has a sampling rate of 100 sample s while the other
arrays are sampled at 40 sample s™'. All acoustic gauges in the
arrays are Chaparral Physics Model 2 microphones. These have a
flat response from 0.1 to 200 Hz. The signals are recorded using
24-bit digitizers. In order to characterize the wavefield, the acoustic
arrays have multiple apertures ranging from 0.2 to 1.0 km with co-
located seismometers at some array locations (Fig. 1b). The arrays
have co-located weather sensors installed 2 m above the surface that
record wind velocity, wind direction and temperature (4 sample s ™).
Acoustic gauges are each attached to 10, 8-m porous hoses in a star
configuration designed to reduce background noise from winds at
the boundary layer.

3 INFRASOUND OBSERVATIONS

Infrasound associated with contained explosions is generated by
three mechanisms at different locations: epicentral infrasound gen-
erated from surface movement directly above the source; diffracted
infrasound generated along the path from the event to the receiver
as seismic waves interact with topographic or geological features;
and local infrasound generated by seismic ground motion near the
receiver (Arrowsmith e al. 2010). Che et al. (2014) illustrate local,
diffracted and epicentral infrasound signals observed at KSGAR
from three previous North Korean UNEs in 2006, 2009 and 2013.
In the cases of the two UNEs in 2016 discussed in this paper, KS-
GAR recorded both local and epicentral infrasound.

Infrasound arrivals associated with UNEJ16 and UNES16 are dis-
played in Fig. 2 which shows beamformed infrasound waveforms
along azimuths consistent with the location of the test site filtered
from 1 to 7 Hz at each array. Observations that have identified in-
frasound signals are included in the figure. Signal detections based
on the progressive multichannel correlation (PMCC; Cansi 1995)
technique are displayed with 4-element infrasound waveforms (Fig.
3). Automated detection processing parameters using this approach
include a 20 s time window, a 50 per cent window overlap, and a
0.1 s consistency threshold. The family settings that group nearest-
neighbour detections with similar characteristics in the time and
frequency domain use group velocities from 0.220 to 0.400 km s™'.
After verifying that the resulting automated infrasound signal de-
tections were consistent with the source direction, they were refined
by analyst review using frequency—wavenumber (F—K) analysis in
Geotool (Coyne & Henson 1995). Arrival time (first arrival at ar-
ray elements of detected signal), back-azimuth, correlation, celerity
(based on seismic origin time), phase velocity, signal-to-noise ra-
tio (SNR), F-statistic and signal duration for all arrivals identified
are summarized in Table 1. Observations at increasing range show
decreased signal correlation, SNR, F-statistics and duration, and
increased back-azimuth deviations.

Celerity and phase velocity can be used to identify arrivals as-
sociated with epicentral infrasound based on previous studies (Che
et al. 2009; Negraru et al. 2010; Assink et al. 2012; Che et al.
2014). The range of celerities used to identify tropospheric (Iw),
stratospheric (Is) and thermospheric (It) arrivals are >310, 270—
310 and <270 m s7!, respectively, capturing seasonal atmospheric
variations. Phase velocity estimates depend on the turning height
of the ray (Green ef al. 2010) and thus can also help constrain ar-
rival type. The It phases can have a relatively higher phase velocity
as a result of the steep incident angle of the wave front at the ar-
ray. The expected phase velocity for each duct strongly depends
on the ducting conditions for the given propagation path. When no
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Figure 1. (a) Regional seismo-acoustic array locations in South Korea, and two near-by International Monitoring System (IMS) infrasound stations are plotted
as solid triangles. Locations of North Korean underground nuclear tests on 2016 January 6 and September 9 (UNEJ16 and UNES16), are marked as a star. (b)
The geometry and aperture of each Korean array is plotted. Black circles and grey crosses represent the infrasound sensors and seismometers, respectively. For
YAGAR and ULDAR, only the infrasound array information is summarized here with the full-array described by Che et al. (2009).
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Figure 2. The beam-formed infrasound record sections in the direction of the test site (1-7 Hz) from the two North Korean explosions, (a) UNEJ16 and (b)
UNES16, where stations are plotted with increasing range. The blue dashed line is a seismic group velocity of 7 km s~!. The first and second green dashed
lines represent the infrasound celerities of 0.4 and 0.2 km s™!. Signal arrival times estimated by the automatic detection processing (TJIAR result of UNEJ16
from analyst review) are marked as red lines and identified as stratospheric (Is) or thermospheric (It) arrivals. Each waveform in the infrasound celerity range

is expanded in Fig. 3.

stratospheric duct is present, lower phase velocities can be expected
for It phases. Therefore, the It phase may not necessarily have a
higher phase velocity than the Is phase, except when considering
propagation along the same azimuth as the Is phase.

Based on these criteria, Is and It arrivals from UNEJ16 were
identified across the Korean arrays, while only It arrivals were iden-
tified from UNES16 (Table 1). The phase velocity estimates for
the Is phases span from 323 to 354 m s~' while those for the It
phases range from 329 to 356 m s~ for both explosions illustrating
the phase velocity overlap for these arrivals and the importance of
celerity estimates to separate the two. Lower phase velocities can
sometimes be expected for the It phase, as documented by Assink
etal. (2012).

In the case of UNEJ16, there is a lower phase velocity estimate
(323 m s7') for the Is phase compared to the It phase (342 m s7!)

on 04 August 2018

at KSGAR with the separation of the two phases based on celerity.
The closest stations, KSGAR and CHNAR, have similar detec-
tion features suggesting common ducting heights. Multiple ducting
conditions can produce both stratospheric and thermospheric re-
turns at a particular station (Che ef al. 2011; Assink et al. 2012;
Fee et al. 2013). The second arrival at CHNAR from UNEJ16 has a
reduced celerity (266 m/s) and high amplitude, possibly indicative
of a second Is phase. The arrival may be associated with anoma-
lous propagation conditions from a Sudden Stratospheric Warm-
ings (SSW) (Donn & Rind 1971; Assink et al. 2014) that creates
a lower mesospheric duct instead of a stratospheric duct and re-
sults in an unusually low celerity. Unusual arrivals with abundant
high-frequency energy and extremely low celerity (<~0.19 km
s71), have been identified and associated with propagation in the
mesosphere (Fee ef al. 2013). Based on celerity estimates, KMPAR
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Figure 3. PMCC detections (top of each figure) and filtered infrasound waveforms (1-7 Hz) (bottom of each figure) from UNEJ16 (left) and UNES16 (right).
Each figure shows the normalized waveforms in the infrasound celerity range of 0.4 to 0.2 km s from Fig. 2 (green lines). Signal arrival times estimated by
the automatic detection processing are marked as red lines and identified as stratospheric (Is) or thermospheric (It) arrivals.

Downl oaded from https://acadenic.oup.conm gji/article-abstract/214/3/1865/5042944
by guest
on 04 August 2018



1870 J. Park et al.

Table 1. Infrasound detections from the underground nuclear explosions (UNEs) in 2016 January 6 (UNEJ16) and 2016 September 9 (UNES16), estimated
using the automatic detector PMCC followed by analyst review based on the F-K analysis using Geotool.

Arrival time Back- Phase
Station (hh:mm:ss, azimuth (°) Celerity (m velocity
Explosion  (range, km) UTC) (deviation) sh Phase ID (ms™) Correlation SNR F-statistics ~ Duration (s)
UNEJ16 KSGAR 01:47:30  14.0 (+2.8) 292 Isx 323 0.90 17.22 12.7 22
307)
01:49:10 12.6 (-1.4) 267 It 342 0.41 2.67 6.1 7
YAGAR 01:52:06 17.3 (+1.7) 264 Tt 329 0.28 1.57 1.4 15
(350)
CHNAR 01:51:30 24.2 (-1.5) 291 Is 335 0.33 3.32 3.1 7
(376)
01:53:30  27.7 (+2.0) 266 Isy or It 337 0.38 6.08 42 35
1S45 (399) 01:50:45  210.0 (-7.3) 322 Iw or Isx - - - - -
KMPAR 01:55:36 26.6 (-0.5) 290 Isx 322 0.37 3.61 3.7 13
(446)
01:57:10  32.1 (+5.0) 273 Isy 339 0.72 7.70 9.6 20
ULDAR 01:54:31  342.7 (+2.2) 304 Is* 337 0.29 3.85 2.0 30
(447)
YPDAR 02:00:00  42.1 (+7.6) 275 Isx 332 0.25 5.50 34 15
(496)
BRDAR 02:04:16  47.0 (+2.8) 258 Tt 337 0.11 3.68 1.1 5
(530)
TIIAR 02:04:09  21.8(+7.2) 276 Is* 354 0.10 2.22 1.9 7
(566)
UNES16 KSGAR 00:49:46 8.4 (-3.3) 259 Tt 356 0.52 5.29 2.9 15
(307)
YAGAR 00:50:39 11.5(-4.8) 282 It 353 0.40 3.43 2.3 20
(350)
00:51:44 11.6 (4.7) 269 Ity 347 0.48 8.58 35 30
CHNAR 00:53:03  20.3 (-6.8) 272 Tt 349 0.38 9.87 16.5 10
(376)

Notes: Detection results for IS45 are from Assink et al. (2016). Arrival times and backazimuths used in the location processing are marked by a star next to the

Phase ID.

has two identified Is arrivals while the two island arrays (YPDAR
and ULDAR) each have a single Is arrival. Arrivals at YAGAR
and BRDAR identified as It from UNEJ16 have a lower frequency
content (0.1-2.0 Hz), lower SNR and relatively lower phase veloc-
ity estimates (Table 1). The distant station TJIAR (566 km) has
an ambiguous automated signal detection that was identified by an
analyst as a potential Is phase. Assink et al. (2016) identified one
arrival from UNEJ16 at IS45 that can be associated with either
a tropospheric or stratospheric return (Table 1), but no observa-
tion at IS30. The lack of signal at IS30 might be due to the long
distance from the source (1183 km), local noise, and atmospheric
conditions at the time of the explosion or a combination of these
factors.

In the case of UNES16, the celerity range of infrasound arrivals is
relatively low, 259272 m s™! (except for the first arrival at YAGAR)
with higher phase velocity estimates (347-356 m s™') indicative of
It phases (Table 1). The detected signals at KSGAR and YAGAR
have a lower frequency content than those from UNEJ16 (Fig. 3).
Typically, It phases have lower frequency content than Is phases,
due to a mixture of nonlinear propagation as density decreases in
the thermosphere and increased attenuation in the thermosphere
(Assink et al. 2012; Lonzaga et al. 2015). The It arrivals recorded
at these arrays have higher values of signal correlation and SNR
and a longer signal duration under lower noise conditions. Some of
the phases identified as It from the second event are also observed
at higher frequency (1-7 Hz) in Fig. 2(b). The first arrival recorded
at YAGAR has a higher celerity (282 m s™') but is also interpreted
as an It phase based on its low frequency content of 1-2 Hz. This
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arrival might be a mesospheric arrival caused by scattering from
mesospheric inhomogeneities which are not included in available
global atmospheric models (Chunchuzov et al. 2011; Assink et al.
2012).

UNEJ16 epicentral infrasound amplitudes are nearly twice as
large as signals from previous explosions that have a similar magni-
tude and may be related to the atmospheric conditions at the time of
the explosion. Seismic arrivals also can couple to acoustic channels
(local infrasound) when the local ground motions are large enough
that the velocity of microbarometer produces a pressure signal (Kim
et al. 2004, 2010) as observed at KSGAR, YAGAR and CHNAR
for P waves with a group velocity close to 7 km s™' (record sec-
tions in Fig. 2). KSGAR, YAGAR and CHNAR, which are closest
to the source (307, 350 and 376 km, respectively), have the largest
local infrasound signals from both UNEJ16 and UNES16, with rel-
atively high correlation for two distinct arrivals. The peak-to-peak
amplitudes of local infrasound (filtered 1-7 Hz) from UNEJ16 are
0.511, 0.423 and 0.285 pbar for KSGAR, YAGAR and CHNAR,
respectively, while those from UNES16 are 0.643, 0.211 and 0.350
pbar.

4 INFRASOUND PROPAGATION
MODELLING

Infrasound propagation is dependent on temperature, wind speed
and direction. The combined effects of wind and temperature can
be represented by the effective sound speed approximation (Godin



2002). Under typical conditions the effective sound speed approxi-
mation is appropriate for assessing signals that return to the Earth
from the stratosphere and below (Assink ez al. 2017). Realistic at-
mospheric data and models provide input parameters necessary to
calculate the effective sound speed for a stratified atmosphere,

Ceff = yRT—i—r”tﬁ,

where y is the ratio of specific heats, R is the gas constant for air,
T is the absolute temperature and 7 - u projects the wind () in the
direction from source to observer 1 (Negraru ef al. 2010).

Ground-to-Space (G2S) atmospheric specifications (Drob et al.
2003) at or near the time of the explosion are used to compute the
effective sound speed. These models are based on the well resolved
and constrained operational meteorological analysis fields from the
National Oceanic and Atmospheric Administration (NOAA) Global
Forecast System (GFS) analysis fields below 35 km (Kalnay e al.
1990), the National Aeronautics and Space Administration (NASA)
Modern-Era Retrospective analysis for Research and Applications
analysis fields (Rienecker et al. 2011) between 25 and 75 km, as well
as the less well constrained National Research Laboratory (NRL)
Mass Spectrometer Incoherent Scatter (MSIS®)/Horizontal Wind
Model (HWM14) empirical upper atmospheric model at higher
altitudes (Picone et al. 2002; Drob et al. 2015). The hourly zonal
and meridional winds and associated effective sound speeds for
00-23 hr local time on the day and location where both explosions
were conducted (OT: 01:30:01 UTC 2016 January 6, UNEJ16 and
00:30:01 UTC 2016 September 9, UNES16) are plotted in Fig. 4.
The 24, hourly profiles at the same location (grey lines) for the days
of UNEJ16 and UNES16 are compared with the averaged profile
(black lines) and the profile for the time of two explosions (red
lines) in Figs 4(a), (b), (e) and (f). The hourly atmospheric profiles
below an altitude of 50 km are similar, while wind speeds above
this altitude document hourly variations as a result of solar heating.
Note that the upper part of G2S specification has an uncertainty
associated with the semi-empirical MSIS and HWM models which
are based on a long dataset of many years of observations but does
not rely on actual assimilated observations. The effective sound
speeds for all arrays were calculated using the atmospheric profiles
at 01 and 00 UTC, close to the respective times when UNEJ16 and
UNES16 were detonated (Figs 4c and g).

To explore infrasound detectability as a function of azimuth and
distance under the assumption that the atmosphere is horizontally
stratified and independent of range, the effective sound speed ra-
ti0s (Cefr—ratio; Tatio of effective sound speed to sound speed at the
ground) for both explosions are plotted as a function of altitude (Figs
4d and h). Sound ducting is predicted (favourable downwind prop-
agation), where cCefr—raio 1S greater than one. In the case of UNEJ16,
the paths to the two IMS infrasound arrays (IS30 and 1S45) show
favourable conditions for eastward tropospheric arrivals, while all
Korean arrays are in a region that is slightly favourable for strato-
spheric propagation turning at approximately 50 km altitude. For
the UNESI16, both tropospheric and stratospheric propagation is
unfavourable to all the Korean arrays and IMS stations but thermo-
spheric ducting above 100 km altitude may explain the detections.

Following the method of Blom & Waxler (2017), 3-D ray tracing
was conducted for the time nearest the detonation time for UNEJ16
and UNES16 (Fig. 5). The ray tracing calculation goes beyond
the effective sound speed approximation, and rigorously treats the
effects of temperature and wind within the limitations of the ray
approximation. We use a single G2S profile at the source, with a
source elevation of 2.0 km based on the average source and array
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elevations. This method approximates geometric ray paths and es-
timates relative amplitudes resulting from an impulsive signal in
an inhomogeneous moving medium (Blom & Waxler 2017). Ray
tracing using spherical coordinates was completed for inclination
angles from 0.5° to 60.5° relative to the horizontal at a step of 1°,
azimuths from 0° to 360° with a step of 2° and a maximum of 5
surface bounces. A frequency band of 1 Hz and an absorption coef-
ficient of 0.3 were initially used to focus on Is arrivals. The details
of the ray tracing parameters are described in the GeoAc manual
(Blom 2014).

The predicted ray turning heights are plotted in Fig. 5 for
tropospheric (altitude < 15 km), stratospheric (15 km < alti-
tude < 80 km), and thermospheric (80 km < altitude) arrivals.
The majority of the predicted arrivals from both explosions are
thermospheric across all azimuths, although the amplitudes are ex-
pected to be low as a result of attenuation. In the case of UNEJ16,
tropospheric arrivals are predicted NE to S of the source, with Is
arrival propagation to the S, N and W. The Korean infrasound arrays
that are to the SW and S of the explosion are in a region with pre-
dicted It arrivals as well as Is arrivals but no predicted Iw arrivals
(Fig. 5a). Iw, Is and It phases are predicted at IS45, while no arrivals
except for possible low amplitude multiple It arrivals at IS30 were
predicted. These results are consistent with the study of Assink
et al. (2016) who found that the propagation paths for the Iw and
Is phases have similar travel times, which is unusual, as these are
typically separated in time. There are bi-directional stratospheric
ducting conditions, likely due to the occurrence of a minor SSW
(Assink et al. 2014). It was also found that the number of detections
from the E at CHNAR were reduced during the winter due to a mix-
ture of eastward and westward propagation from a SSW (Park et al.
2016). In the case of UNES16 (Fig. 5b), Is arrivals are predicted to
the W and N'W, directions that are unfavourable to both the Korean
and IMS arrays. Even though thermospheric predictions occur at
all azimuths, only the closest three stations, KSGAR, YAGAR and
CHNAR, have possible thermospheric returns. Celerities estimated
from the data at these stations are relatively low (Table 1), consistent
with It arrivals. The similarities and differences between the obser-
vations and the predictions will be discussed in more detail along
with eigenray results from the ray tracing calculations in Section 5.

The relative amplitude, defined as the ratio of the amplitude in
the far field relative to that at 1 km from the source assuming
frequency-independent geometric spreading, is calculated based on
the attenuation model of Sutherland & Bass (2004). The relative
amplitudes along the ray paths decrease with distance from the
source (Fig. 6). Relative amplitudes from —200 to 0 dB are plotted
in the figure and the average relative amplitudes for Iw and Is phases
are summarized. Note that the Eikonal equation from linear theory
used in this study provides estimates of arrival time even in the non-
linear regime but the amplitudes must be estimated separately as
outlined in Lonzaga et al. (2015). As these authors note, infrasound
attenuation in the thermosphere requires a consideration of non-
linear propagation conditions, which influence both the observed
frequency and acoustic pressure of the arrival (e.g. Lonzaga et al.
2015). The linear calculations reported here do not include these
effects and thus may dramatically overestimate the wavefield atten-
uation, thus the It arrival predictions are only used as a comparative
guide to the observations.

In the case of UNEJ16, strong relative amplitudes for Is arrivals
are predicted to the NW and N at regional distances, where there
are no stations. Tropospheric energy is dominant to the NE (up to
1200 km), E (within 1000 km), SE and S (within 400 km). Rela-
tively high average relative amplitudes for It arrivals are predicted
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Figure 4. Ground-to-Space (G2S) atmosphere specifications (Drob et al. 2003): (a) zonal and (b) meridional wind velocities, (c) effective sound spees and
(d)effective sound speed ratio (cefr—ratio) for all infrasound arrays using the profile for the hour when the North Korean underground nuclear explosion (UNE)
on January 6 2016 (UNEJ16) was detonated. Grey lines in (a) and (b) show consecutive 1-hr profiles. The average of all profiles is the black line and the 4
standard deviations (o) are the dashed lines. The atmospheric profile for the time when UNEJ16 was conducted is plotted in (a) and (b) as a red line. The
horizontal black dashed lines mark the altitude of 50 km where the stratospheric wind velocity is extracted for use in the equivalent yield estimate discussed in
Section 6. The same figure configuration is used in (e), (f), (g) and (h) for the UNE on 2016 September 9 (UNES16).

to the SW and S, where the Korean infrasound arrays are located
(i.e. KSGAR). IS30 has a predicted It arrival with a low relative
amplitude, consistent with the lack of observations at the array.
IS45 has relatively high energy for both tropospheric and strato-
spheric returns but lower than for the Korean arrays. In the case
of UNES16, no tropospheric energy was found and stratospheric
returns are dominant to the NW (=71.53 dB) and W (-73.21 dB),
with a slightly reduced (~2 dB) average relative amplitude predic-
tion compared to UNEJ16. For this second explosion, the energy
level for It arrivals are predicted to be a relatively high to the N,
NW, W and SW. The Korean infrasound arrays are located in a

on 04 August 2018

region of stronger predicted amplitudes for the thermospheric re-
turns in the case of UNEJ16, while these are on the edge of the
ensonified region for UNES16. However, only the three closest
stations from the source (KSGAR, YAGAR and CHNAR) have
observed arrivals which may reflect the unaccounted nonlinear
effects in the thermosphere previously discussed. The two IMS
stations have predicted It arrivals that are lower energy for this
event.

In order to explore the expected year-to-year variability of at-
mospheric models for the time periods of UNEJ16 and UNESI6,
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Figure 5. Model predictions of ray turning height for tropospheric (red), stratospheric (green) and thermospheric (blue) arrivals using Ground-to-Space (G2S)
atmospheric specifications (Drob et al. 2003) for (a) UNEJ16 (01:00:00 UTC 2016 January 06) and (b) UNES16 (00:00:00 UTC 2016 September 9). Locations
of the source (black star) and infrasound stations (yellow triangles) in and near Korean Peninsula are displayed in the centre of the figure. Observed and
calculated celerities at each of the arrays are compared along eight azimuths (directions from the source are summarized in the left bottom of each figure) in
order to assess both the effectiveness of the models as well as the identification of specific ray paths. Arrays with and without observations are represented by
dashed lines with a dot (celerity) and only dashed black lines, respectively. Detection results for IS30 and 1S45 for UNEJ16 are from Assink et al. (2016).
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Figure 6. Model predictions of relative amplitudes using the Ground-to-Space (G2S) atmospheric specifications (Drob et al. 2003) for (a) UNEJ16 (01:00:00
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ray tracing was conducted for all possible G2S atmospheric mod-
els from 2006 through 2016 for January and September. Atmo-
spheric specifications at 00:00:00 UTC were used because older
G2S datasets are only available at 6-hr intervals. These simulations
used the same ray tracing parameters as before, with a maximum
number of surface bounces of 5 and a dominant frequency of 1 Hz.
The highest relative amplitudes were extracted with a cut-off value
of 25 dB.

Fig. 7 displays the density distributions for the number of ray trac-
ing hits for each month [(a) January and (b) September] based on
ray tracing through all the models covering the 11 yrs. The resulting
distributions are compared to the day specific model predictions for
(a) UNEJ16 and (b) UNES16 (colour plots) from Fig. 6. In January,
there are dominant tropospheric returns to the NE, E, SE and S
and stratospheric returns to the S-W-N at the time of UNEJ16 (Fig.
7a). Due to the early stage of a SSW in January 2016, stratospheric
returns are unusually dominant to the west, which typically oc-
curs during the summer. Based on the historical ray tracing results,
eastward stratospheric predictions are significant during this month.
These models indicate that abnormal atmospheric conditions during
the January 2016 provides favourable conditions for detection at the
infrasound stations on the Korean peninsula. Thermospheric returns
are predicted to the SW, where KMPAR, YPDAR and BRDAR are
located. The observations from the explosion are consistent with
the ray tracing density distribution for January 2016 and illustrate
the predictive power of the historic atmospheric models. Note that
the thermospheric distributions have relatively minor variations, as
these ray paths are sensitive to the semi-empirical HWM/MSIS
specifications that are more or less the same each year except for
variations due to space weather (Garcés et al. 2002). In addition,
stratospheric energy for this month is enriched to the E and SE,
where there are no observations at the time of the explosion. Com-
parisons suggest that strong tropospheric returns are expected in the
region covering from the NE to S (clockwise), while stratospheric
returns are unusually favourable in all directions during January.
This observation is consistent with the study by Park ez al. (2016)
that documented the temporal detections from both E and W due to
a SSW during the winter in this area. Stratospheric returns which
are more dominant than thermospheric returns were unfavourable
to the E and SE at the specific time of UNEJ16. Predicted thermo-
spheric returns for UNES16 have higher predicted energy and are
consistent with the high signal correlation values, F-statistics and
SNR, and long signal duration (Table 1) from detections at the clos-
est Korean infrasound arrays (Fig. 7b). Propagation characteristics
in September are more unidirectional than in January as this month
is not characterized by the occurrence of SSWs. Single predictions
as well as the density estimates indicate that neither tropospheric
nor stratospheric paths to the Korean infrasound arrays or the IMS
stations are expected, as a result of the equinox period. Tropospheric
predictions towards the Korean peninsula are unlikely for either ex-
plosion, as these are mainly controlled by the direction of the jet
stream which is primarily eastward, especially during January (Park
et al. 2016).

In order to further investigate the temporal variations in the atmo-
sphere, ray paths including turning heights and relative amplitudes
were computed using G2S profiles for every hour (0-23 hr, local
time) on 2016 January 6 and September 9. Fig. 8 shows the hourly
ray tracing that include the Korean arrays (SW and S), I1S45 ar-
ray (NE) and IS30 array (SE) for both UNEJ16 and UNES16. Ray
tracing predictions vary in both space (station location) and time
(hourly). Both explosions in 2016 were conducted in the morning
(10:30:00 am for UNEJ16 and 09:30:00 am for UNES16).

Infrasound from 2016 NK nuclear explosions 1875

In the case of UNEJ16, KMPAR and YPDAR have predicted It
arrivals during the entire day, while this arrival is only predicted
during the morning at CHNAR and BRDAR (Fig. 8a). Is arrivals
are predicted only to the S, including KSGAR, YAGAR and TJIAR,
during the morning. ULDAR has a lower expectation for this arrival
(Fig. 8b), but could have a tropospheric arrival if the explosion was
detonated in the afternoon. IS45 has both tropospheric and Is arrivals
during the entire day (Fig. 8c) while IS30 has a predicted Is arrival
during the night (Fig. 8d).

For all hours of the day, UNES16 has only thermospheric pre-
dictions (bottom figures of Fig. 8). CHNAR, KSGAR and YAGAR
have thermospheric predictions only during the morning (Figs 8e
and f). KMPAR, YPDAR and BRDAR to the SW have predicted It
arrivals at the explosion time, but there were no observations (Fig.
8e). These arrays have predicted It arrivals during the late night. It
arrivals are predicted at ULDAR and 1S30 during the early morning
and night, and at TJIAR and IS45 during the early morning (Figs
8f-h). These hourly variations in the ray tracing predictions illus-
trate the importance of time varying atmospheric conditions over
the course of a day. Che et al. (2018) demonstrate that detection
capabilities in this region are relatively stable during summer due
to steady stratospheric wind conditions, with large variations from
September to May when stratospheric winds are more variable.
Both explosions were conducted during the time period (January
and September) when the atmospheric structure may be more vari-
able, suggesting that the detectability of Is arrivals at the stations
might also be expected to be variable in time. The hourly variation
shown in Fig. 8 is mostly due to the atmospheric dynamics in the
mesosphere and lower thermosphere (e.g. atmospheric tides) (Le
Pichon et al. 2005; Assink et al. 2012).

These hourly variations in the ray paths are provided as supple-
mentary movie files. The models document significant changes in
azimuthal patterns of It arrivals over the 24-hr period for the both
the January and September explosions. In the case of UNEJ16, the
predicted pattern of tropospheric arrivals rotates counter-clockwise
by about ~10° over the 24-hr period, while those for stratospheric
rays show a larger clockwise rotation of ~30°. The model predic-
tions for UNES16 support stratospheric returns over a small area
to the west, from 6 am to 12 pm. The detectability of infrasound
signals along the edges of the illuminated zones may be sensitive to
the precise time of the source as illustrated by these time dependent
rotations.

5 INFRASOUND EVENT LOCATION

The modelling results illustrate the strong degree to which infra-
sound propagation is dependent on temporal variations in the atmo-
sphere. Accounting for the associated variations in travel times and
back-azimuths offers the opportunity to improve infrasound event
location estimates (Blom et al. 2015). Eigenrays were identified
from the ray tracing at the time nearest the explosion for each sta-
tion in order to estimate azimuthal corrections for application to the
location process. Estimated eigenrays for UNEJ16 and UNES16 are
plotted in Fig. 9 with details summarized in Table 2.

Comparing the observations (Table 1) with the model predictions
(Table 2), there are some similarities and differences as summarized
below.

(1) There are more predicted It eigenrays for the thermospheric
returns than observations for both explosions. For the UNEJ16
case, there are predicted It arrivals at all stations except for BR-
DAR and YPDAR. BRDAR has no eigenray, but a possible It
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Figure 7. Model predictions of ray turning height for tropospheric (red), stratospheric (green) and thermospheric (blue) arrivals from the single Ground-to-
Space (G2S) atmospheric specifications at 00:00:00 UTC for (a) 2016 January 06 and for (b) 2016 September 9 are compared. The density distributions (grey
colours) are computed by counting the number of ray tracing hits from ray tracing using all atmospheric models in (a) January and (b) September from 2006
to 2016. The figure configuration is the same as Fig. 5. Detection results for IS30 and 1S45 for UNEJ16 are from Assink et al. (2016).
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Figure 8. Hourly ray tracing predictions (colours) for the SW, S, NE and SE areas from the explosion site using 1-hr interval Ground-to-Space (G2S)
atmospheric specifications for UNEJ16 (top figures) and UNES16 (bottom figures). Both explosions in 2016 were conducted in the morning, local time;
10:30:00 am for UNEJ16 and 09:30:00 am for UNES16 (blue and green arrows above colour bar). Infrasound array locations are designated with black lines.

arrival was identified. In the case of UNESI16, all stations have
eigenrays (Table 2), while the It arrivals were only recorded at KS-
GAR, CHNAR and YAGAR (Table 1). These differences might
reflect the linear nature of the amplitude calculations as noted
earlier.

(2) For both explosions, the three closest arrays, KSGAR, YA-
GAR and CHNAR, have It phase detections with celerities higher
that the predictions. This comparison suggests that It arrivals at
these stations may have lower ducting altitudes than the predictions.
These arrivals might be a mesospheric arrival generated by sound
scattering from mesospheric inhomogeneities which is not captured
by the current global atmospheric model (Chunchuzov et al. 2011;
Assink et al. 2012).

(3) In the case of UNEJ16, Is phases were observed at six infra-
sound arrays. There were no Is arrivals from UNES16. The obser-
vations at KSGAR, YPDAR and TJIAR, are well matched with Is
predictions, while no predictions were found for CHNAR, KMPAR
and ULDAR. Lonzaga et al. (2015) demonstrate that modelling us-
ing currently available G2S atmospheric specifications can result in
no predicted arrivals due to uncertainties in the profile as a func-
tion of increasing altitude and argue that these models may need
small-scale updates to the atmospheric profile.

(4) One observation associated with UNEJ16 with a celerity of
322 m s7! was found at IS45 (Assink et al. 2016), that matches
four predicted eigenrays (one for the stratospheric, and three for
the tropospheric returns with a maximum of 5 bounces). Ray
tracing produces one additional thermospheric prediction, but this
phase was not observed. Multiple eigenrays for the It phase were
predicted at 1S30, while no observations were found, suggest-
ing that the energy was sufficiently attenuated to obscure the
arrival.

Infrasound observations (Table 1) consistent with the predictions
were selected for location processing with observed azimuths cor-
rected by the maximum back-azimuth deviation from the eigenray
calculations. Arrival times and back-azimuths used in this process-
ing are marked by stars in Table 1. The associated eigenray informa-
tion used for azimuth correction are also marked by stars in Table
2. Detections at 1S45 for UNEJ16 from Assink et al. (2016) were
included in the location process. Event locations are estimated us-
ing the Bayesian Infrasonic Source Location (BISL; Modrak et al.
2010) methodology, accounting for unknown source-to-array path
effects with a uniform probability for infrasound group velocity. In
this study, group velocities from 0.24 to 0.35 km s™! were used.
The assumed standard deviations for azimuth and arrival time were
bounded between 1° and 3°, and 10 and 30 s in order to bound the
error ellipses.

Event locations without wind corrections to the measured az-
imuths are compared to locations with wind corrected azimuths
based on the ray tracing simulation in Fig. 10, and include the 95
per cent credibility contours for each location. The seismic origin
times and locations provided by the USGS are compared to the in-
frasound estimates from BISL for both explosions (Table 3). The
UNEJ16 location without wind correction is biased to the east of the
seismic location (up to 28 km), indicating that initial observations
are affected by tropospheric and stratospheric winds. The initial
UNESI16 location is biased to the north of the seismic location (up
to 165 km), because of the limited number of detections consistent
with atmospheric winds at the time of the explosions and the poor
station coverage to the north and east of the explosion.

In the case of UNEJ16, the distance between the seismic and in-
frasound location estimates is reduced by 50 per cent with the wind
corrected azimuths (from 26 to 11km) using the larger standard
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Figure 9. The eigenrays for paths from the source to each array for underground nuclear explosions (UNEs) at 01:00:00 UTC 2016 January 6 (UNEJ16; red)
and at 00:00:00 UTC 2016 September 9 (UNES16; black). The dashed lines display the altitudes of 15 and 80 km.

deviations for azimuth and arrival time (3° and 30 s). Similar loca-
tions for UNES16 produce distances between the seismic location
and the BISL estimates with much larger (up to 5 times) uncertainty
due to the fewer number of arrivals. For the UNEJ16, the location
estimate using the larger standard deviations of azimuth and arrival
time (3° and 30 s) provides a location that is closer to the seis-
mic origin time and surface location than the infrasound location
calculated with smaller standard deviations. This result suggests
that under certain conditions the resulting location estimate can be
biased in order to reduce the uncertainty contour. After wind correc-
tion, estimates of origin time and location for UNES16 are closer to
the seismic estimates with the smaller standard deviations (1° and
10 s).

These results illustrate the utility of including azimuth correc-
tions based upon the atmospheric wind profile at the time of the
explosion as well as the need to improve estimates of standard devi-
ation estimates for back-azimuth and arrival time. It may be possible
to modify travel time priors as well based on the time dependent
atmosphere in order to further decrease the estimated error ellipses
(Blom et al. 2015).
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6 INFRASOUND SOURCE ENERGY

Mutschlecner et al. (1999) developed an empirical relation between
wind conditions and infrasound amplitudes based on observations
from Nevada Test Site nuclear tests (1951-1958) that provides a
methodology to estimate the yield of the equivalent atmospheric
explosion. They argue that accounting for stratospheric winds is
crucial to relating the observed infrasonic amplitude to this effec-
tive explosion yield. Whitaker ez al. (2003) applied the empirical
scaling to yield estimates of equivalent high explosive (HE) near-
surface explosions. The relation has been applied to a number of
explosions including previous North Korean UNEs (Che et al. 2009,
2014), the Buncefield Oil Depot explosion (Ceranna et al. 2009),
and a gas-pipeline explosion (Evers ez al. 2007). Even though the in-
frasound energy in the case of a contained explosion is generated by
near-field strong motion at the free surface above the underground
explosion, this assessment provides a comparison of the size of the
equivalent explosive yield from the associated infrasound arrivals.
This equivalent yield estimate is related to the absolute size of the
contained explosion, its depth of burial, local material properties,
and topography. As a result, the yield scaling for contained and
surface explosions might be expected to be different and a subject
for future research.
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Table 2. Predicted infrasound arrival characteristics at each array for underground nuclear explosions (UNEs) at 01:00:00 UTC 2016 January 6 (UNEJ16)
and at 00:00:00 UTC 2016 September 9 (UNES16) based on ray tracing.

Back-azimuth (°)

Explosion Station Number of bounces Travel time (s) (deviation) Celerity (m s™!) Phase ID
UNEJ16 KSGAR 0 1081.6 14.1 (+2.4) 284 Isx
1292.8 15.7 (+4.5) 239 It
1284.8 15.7 (+3.9) 239 It
YAGAR 0 1413.5 20.2 (+3.8) 247 It
CHNAR 0 1500.8 30.7 (+3.7) 250 Tt
1845 0 1554.9 —149.0 (-4.3) 257 It
1 1234.4 146.5 (-4.0) 325 Isx
3 1238.2 -147.0 (-3.1) 322 Iw
4 1240.9 —147.3 (2.7 322 Iw
5 1243.6 —-147.0 (-2.3) 321 Iw
KMPAR 0 1711.5 32.0 (+3.3) 260 It
1582.9 29.3 (+0.6) 281 It
ULDAR 0 1647.3 —17.6 (+3.1) 271 It
1580.5 -20.3 (+0.3) 282 It
1578.2 -20.3 (+0.4) 283 It
YPDAR 1 1831.0 38.5 (+1.8) 270 Isx
1831.2 38.5 (+1.8) 270 Is
TIIAR 1 2024.1 18.2 (+2.5) 279 Isx
2477.2 20.3 (+4.6) 228 It
2476.5 20.2 (+4.5) 228 It
1S30 1 4056.1 -57.8 (+1.5) 291 It
4056.0 —57.8 (+1.5) 291 It
2 4411.9 —58.4 (+0.9) 268 It
4381.8 —60.6 (—1.2) 270 It
UNES16 KSGAR 0 13123 9.7 (-2.0) 234 It
1304.1 8.5(-3.1) 235 Tt
YAGAR 0 1420.6 14.2 (-2.0) 246 It
1389.8 12.3 (-4.0) 251 Tt
CHNAR 0 1483.2 24.6 (-2.3) 253 It
1431.4 22.6 (-4.3) 262 Tt
1S45 0 1562.1 —143.4 (+1.2) 256 It
1557.0 ~142.0 (+2.5) 256 It
1557.1 —142.1 (+2.4) 256 It
KMPAR 0 1674.1 25.9(-2.8) 266 It
ULDAR 0 1717.6 -21.9 (-1.1) 260 It
YPDAR 0 1800.9 33.3(-3.3) 274 It
BRDAR 0 1880.2 43.0 (-4.0) 281 It
TIIAR 1 2506.9 13.5(=2.1) 226 It
1 2504.7 13.0 (-2.6) 226 It
IS30 2 4724.3 —59.5 (-0.1) 250 It
4636.4 -60.4 (—1.0) 255 It

Note: The associated eigenray information used for azimuth correction are marked by a star next to the Phase ID.

In order to estimate the equivalent atmospheric explosion yield
associated with the UNE, the peak-to-peak pressures of Is arrivals
identified at CHNAR, KSGAR, KMPAR, ULDAR, YPDAR and
TJIAR for UNEJ16 were measured. The two separate Is arrivals
at both CHNAR and KMPAR were included in the calculation.
Data from UNES16 could not be used to estimate infrasonic source
energy using this methodology, since only It arrivals were observed.
The stratospheric wind corrected pressure amplitude (Pye,, (bar) is
defined as,

—k-V,
Pyca = Praw X 10 ‘4,

where P, is the raw peak-to-peak pressure amplitude of the
stratospheric signal, & is an empirical constant (k = 0.0018, s m™),
and V, is the wind component directed from the source to the ar-
ray based on the G2S specification at altitude of 50 km. The wind
speeds were taken at the mid-point between source and receiver (Ta-
ble 4). This empirical equation was developed using a least squares
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regression of wind corrected pressure amplitudes and scaled range
(Whitaker et al. 2003): P,., = 59457 % (SR)~'472 where SR is
the scaled range (SR = R/(2 x chgwt)*®), R is the source to
receiver range in kilometres and chgwt is the charge weight in met-
ric kt of HE. The wind corrected amplitude from the stratospheric
observations at the six arrays range from 0.1605 to 1.0431 pbar.
Individual measurements were used to estimate source strengths
from 0.9 to 16.1 tons of equivalent TNT with an average value of
6.4 tons and standard deviation of 4.6 tons (Table 4). ULDAR has a
significantly compensated value after the wind correction because
the stratospheric wind is opposite to the site (—4.0 m s™') at alti-
tude of 50 km, and produces the highest yield, 16.1 ton. On the
other hand, KMPAR, at a similar range to ULDAR, has reduced
amplitude due to a strong stratospheric wind speed (9.2 m s™).
These results illustrate that this yield estimation is sensitive to the
stratospheric wind speed and direction, although the eigenrays of
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Figure 10. (a) Locations of eight seismo-acoustic arrays in South Korea, and one near-by International Monitoring System (IMS) infrasound station in Russia
(IS45). Solid triangles indicate the stations with detections and open triangles stations with no detections. The USGS location of the North Korean underground
nuclear explosions (UNEs) on 2016 January 6 and September 9 (UNEJ16 and UNES16), is marked as a red star. The geometry and aperture of each Korean
array are described in Fig. 1(b). Each figure shows the average infrasound event location for UNEJ16 with standard deviations of (a) 3° and 30 s and (b) 1°
and 10 s and for UNES16 with standard deviations of (c) 3° and 30 s and (d) 1° and 10 s using the Bayesian Infrasonic Source Location method. Locations
with uncorrected (grey circle) and corrected (blue circle) azimuths based on a ray tracing are plotted with associated 95 per cent confidence contours. An
expanded source location area is shown in the left corner of each figure. The uncorrected and corrected azimuths are plotted from arrays as grey and blue lines,

45.0° N
//
425" N
30 km
40.0° N
375N
125.0° € 1275° € 130.0°E 1325 €
45.0° N
425" N
50 km
40.0° N

375" N

L

a

|

125.0°

respectively. The detection back-azimuth at IS45 for UNEJ16 is from Assink et al. (2016).
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Table 3. The seismic origin times and locations from the USGS for underground nuclear explosions (UNEs) on 2016 January 6 (UNEJ16) and 2016 September
9 (UNES16) are compared to estimates of event locations and origin times from Bayesian Infrasonic Source Location (BISL; Modrak et al. 2010) methodology.

SD of azimuth

Origin Time

Explosion Method (°)/arrival time (s) (hh:mm:ss, UTC) Latitude (° N) Longitude (° E) DIS (km)
UNEJ16 USGS - 01:30:00 41.3000 129.0470 0
BISL without wind 1/10 01:32:15 41.1030 129.2619 28
correction
3/30 01:32:01 41.1463 129.2926 26
BISL with wind 1/10 01:31:41 41.2170 129.1430 12
correction
3/30 01:31:27 41.2623 129.1721 11
UNES16 USGS - 00:30:00 41.2860 129.0780 0
BISL without wind 1/10 00:24:53 42.4786 129.1583 132
correction
3/30 00:22:59 42.7686 129.2926 165
BISL with wind 1/10 00:28:22 41.8722 129.2897 67
correction
3/30 00:23:08 42.6597 129.6688 160

Notes: The BISL calculations with and without wind corrections were made with two sets of standard deviations (SD) for azimuth and arrival time. Distances
between the USGS seismic locations and the infrasound locations are summarized in the ‘DIS’ column.

Table 4. Yield estimates for underground nuclear explosion (UNE) on 2016 January 6 (UNEJ16), based on the peak-to-peak pressures (Pray; raw pressure
amplitude, and Py.,; wind corrected pressure amplitude) of stratospheric arrivals corrected for stratospheric wind speed (¥ 4) at 50 km altitude using the

Ground-to-Space (G2S) specification (Drob ef al. 2003).

Standard
Station KSGAR CHNAR KMPAR ULDAR YPDAR TIIAR Mean deviation
Range (km) 307 376 446 447 496 566 - -
Vy(ms) 4.8 8.4 9.2 -4.0 10.2 7.3 - -
Praw (1bar) 1.2740 0.2280 0.5890 0.8969 0.7540 0.3570 0.7450 0.3440
0.8380 1.0220
Piea (1bar) 1.0431 0.1605 0.4022 0.9924 0.4933 0.2637 0.5804 0.3193
0.5898 0.6979
Yield (tons) 8.2 0.9 3.6 16.1 6.0 3.0 6.4 4.6
5.5 7.8

Note: The wind speeds were taken at the mid-point between source and receiver.

KSGAR, YPDAR and TJIAR have turning heights of ~50 km
(Fig. 9).

Taking the stratospheric wind at an altitude 50 km may not be
appropriate in this case as the stratospheric duct is likely atypical
from the normal summer situation in which 50 km is a reason-
able estimate for the top of the stratospheric waveguide. Moreover,
the stratospheric winds at this altitude during the winter are far
more uncertain than during the summer, especially since it is during
the onset of a SSW (Assink ef al. 2016). Le Pichon et al. (2015)
demonstrated that the uncertainty of wind profiles increases with
altitude above 40 km by comparing the observations with several
model profiles. Fig. 11 shows the sensitivity of the yield estima-
tion to stratospheric winds in a given range of refraction altitudes
(40-60 km) with their associated uncertainties. The wind profiles
are taken from the mid-point between source and receivers. We also
find that the profiles tend to be highly variable in the altitude range
between 48 and 52 km (Fig. 11a). Unfavorable wind condition to
all stations (around —10 m s') below 48 km greatly impacts the
wind corrected pressure amplitude (average of ~1 pbar) and the
resulting yield estimates (average of 15 ton) (Figs 11b and ¢). UL-
DAR has the highest yield estimate (up to 32 ton) using the lowest
wind speed at 47 km. On the other hand, above 52 km, consistently
strong wind to all stations provides reduced pressure estimates (av-
erage of ~0.4 ubar) with an average yield of 3 ton. These results
illustrate that yield estimation from infrasound data is strongly de-
pendent on the wind conditions including refraction altitude and
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wind speed and these parameters may vary between different atmo-
spheric specifications, that is G2S or ECMWF (European Centre
for Middle-range Weather Forecast, www.ecmwf.int). The seismic
yield of the UNEJ16 is <10 kiloton equivalent yield of TNT (NOR-
SAR article, titled in "New nuclear test by North Korea" posteon
2016 May 05, https://www.norsar.no/in-focus/new-nuclear-test-by-
north-korea-article1 86-863.html) for comparison. Further studies
are warranted to not only investigate seismic-to-acoustic coupling
as well as the importance of the atmospheric model on the estimation
of equivalent yields from infrasound associated with UNEs.

7 CONCLUSIONS

North Korea conducted two underground nuclear tests at the
Punggye-ri Nuclear Test Site on January 6 at 01:30:01 UTC and
September 9 at 00:30:01 UTC 2016. Infrasound signals from the
underground nuclear explosion (UNE) in January 2016 (UNEJ16)
are well recorded at eight seismo-acoustic arrays, operated by SMU
and KIGAM, across southern Korea, while signals from the second
UNE in September 2016 (UNES16) are only recorded at three ar-
rays. Signals from both explosions are used to identify infrasound
phases, quantify propagation path effects and estimate the equiva-
lent source strength (only for UNEJ16).

Infrasound signals were identified using PMCC followed by an-
alyst review. Detection results provide estimates of celerity, phase
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Figure 11. (a) Wind profiles taken at the mid-point between source and receivers; (b) wind corrected peak pressure amplitude, Pyca; and (c) yield estimates
as a function of refraction altitude (40-60 km). Two stratospheric arrivals at CHNAR and KMPAR were included in the calculation. The dashed black line is
at an altitude of 50 km represents the average profile for estimating Py, and yield.

velocity, correlation, back-azimuth, SNR, F-statistic and signal du-
ration at all arrays. Infrasound phase identification was based on
celerity since the origin time of the source is well constrained by
the seismic data. Phase velocity estimates were also used to ver-
ify the phase identification. The Korean infrasound arrays recorded
both Is and It arrivals from UNEJ16. Infrasound detections at IS45
are possibly Is or Iw arrivals with no arrivals observed at 1S30
(Assink et al. 2016). There were only It arrivals at the closest three
arrays from UNES16.

3-D ray tracing was completed using the method of Blom &
Waxler (2017) based upon 1-hr atmospheric updates from G2S at-
mospheric specifications (Drob et al. 2003). Model predictions in
terms of range and celerity are compared with observations for both
UNEJ16 and UNES16. In the case of UNEJ16, stratospheric winds
are marginally adequate for arrivals at the Korean arrays, especially
KSGAR and CHNAR. Due to the early SSW in January 2016,
stratospheric returns are strong to the west, a condition more typi-
cal of summer. The single model prediction nearest the time of the
explosion are consistent with average ray tracing predictions from
2006 to 2016. The long-term results also predict strong observations
to the east during this month. Note that the upper part of G2S atmo-
spheric specification will be self-similar through the years, because
of the use of semi-empirical models in this part of the atmosphere.
These broader results indicate that on average in January, there are
stratospheric conditions that can contribute to infrasound detection
at the Korean arrays. Model predictions for UNES16 are dominated
by thermospheric returns at all directions from the source with rela-
tively weak stratospheric returns to the NW. This single G2S model
is also consistent with the long-term ray tracing density distribu-
tions for September when thermospheric returns are favourable to
the Korean arrays, reflecting self-similarity for the thermospheric
predictions during September. Che et al. (2018) demonstrate that
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steady stratospheric winds in this region from June to August pro-
vide improved event detectability at the Korean arrays compared to
decreased detectability from September to May as a result of highly
variable stratospheric winds. Both explosions were conducted dur-
ing the time periods (January and September) when the atmospheric
structure is more variable, suggesting that the detectability for Is ar-
rivals at the stations might be expected to be variable in time. Hourly
variations in ray tracing predictions illustrates how atmospheric
propagation directions can change over short time periods across
the network. For both explosions, the models suggest that along
directions where there were no instruments (to the E or NE) that
infrasound signals might have been expected. Limited observations
at two IMS infrasound arrays (Assink ef al. 2016) are consistent
with these predictions.

There are similarities and differences between the observations
and the eigenray results from the ray tracing. For both explosions,
the three close arrays, KSGAR, YAGAR and CHNAR, have It ob-
servations with higher celerities than predictions, suggesting that It
arrivals at these stations might have lower ducting altitudes than the
predictions. These arrivals might be a mesospheric arrivals caused
by sound scattering from mesospheric inhomogeneities which are
not captured by currently available global atmospheric models
(Chunchuzov et al. 2011; Assink et al. 2012). Is phases were ob-
served at six infrasound arrays for UNEJ16. The observations at
KSGAR, YPDAR, and TJIAR, are well matched with Is predic-
tions, while no predictions were found at CHNAR, KMPAR and
ULDAR. Lonzaga et al. (2015) demonstrated that modelling us-
ing currently available G2S atmospheric specification can predict
no arrivals as a result of increasing uncertainties in the profile as a
function of altitude and suggest there is a need to update small-scale
structures in the atmospheric profile in order to capture the missing
infrasound arrivals.



Estimated event locations using the Bayesian Infrasonic Source
Location (BISL; Modrak et al. 2010) methodology are improved by
correcting back azimuth measurements based on the ray tracing. In-
frasound observations consistent with the predictions were selected
for location processing. For UNEJ16 there is a 11-km difference
from the seismic epicentre, while the seismic location is included
within the formal 95 per cent credibility bounds of the infrasound
location. Due to limited detections as a result of atmospheric con-
ditions at the time of UNES16, the initial location is biased by up
to 165 km north of the seismic location. After wind corrections to
the azimuth estimates, the distance from the seismic epicentre is
reduced to 67 km. It may be possible to better constrain the travel
time priors using a time dependent atmosphere, and therefore im-
prove the location estimates and further decrease the estimated error
ellipses (Blom et al. 2015).

Using an empirical methodology for estimating the equiva-
lent HE for a surface explosion from Is arrivals (Whitaker et al.
2003), infrasound energy release was estimated using all the Is
arrivals from UNEJ16. The wind corrected amplitudes for the
stratospheric observations at the six arrays ranged from 0.1605
to 1.0431 pbar. The equivalent source energy estimates ranged
from 0.9 to 16.1 tons of TNT with an average of 6.4 tons and
standard deviation of 4.6 tons. The yield estimates from the infra-
sound data are sensitive to stratospheric wind speed and refraction
altitude.

Whitaker’s empirical relation has been applied to previous NK
nuclear explosions. For the 2009 explosion, Che et al. (2009) esti-
mated 3.0 (0.7-8.6) tons from observations at KSGAR, YAGAR,
ULDAR and BRDAR, using HWM93 (Horizontal Wind Model)
(Drob et al. 2008). Based on the amplitude at KSGAR, Che et al.
(2014) estimated the equivalent yields of 0.66 tons for the 2009
explosion and 3.39 tons for the 2013 explosion, using the ECMWF
atmospheric model. The associated wind-corrected amplitudes for
each explosion were 0.18 and 0.57 pbar, respectively. Che et al.
(2014) corrected the raw amplitude using stratospheric winds from
25 to 35 km altitude (empirical relation was developed using strato-
spheric wind at 50 km), based on the predicted refraction height for
the Is phase from ray tracing. It should be noted that the atmospheric
model has increased uncertainty above 40 km altitude (Le Pichon
et al. 2015) and stratospheric winds at this altitude during the winter
are far more uncertain than during the summer, especially with the
onset of a SSW (Assink et al. 2016). Yield estimates are sensitive to
stratospheric winds and refraction altitudes, with profiles that tend
to be highly variable. In the case of UNEJ16 below 48 km, there
are unfavourable wind conditions to all stations (around —10 m s™!)
that results in a large wind correction (average of ~1 pbar) and an
average yield estimate of 15 tons. The highest yield estimate is up
to 32 tons as a result of the use of the lowest wind speed at 47 km
(at ULDAR). Above 52 km, consistently strong wind to all stations
leads to a reduced pressure amplitude (average of ~0.4 pbar) and
an average yield of 3 tons.

Direct comparisons of the estimated infrasonic yields for the four
North Korean nuclear explosions is hampered by the use of differ-
ent atmospheric wind models (HWM93/ECMWEF/G2S), arrays (or
elements), wind-correction calculations and environmental factors.
To compare the equivalent surface yield among the four explosions,
more work is needed to correct amplitudes at each array using the
same atmospheric model(s) and a consistent empirical relation. For
example, the raw infrasound amplitudes at KSGAR for the 2009,
2013 and January 2016 explosions are 0.19, 0.68 and 1.27 ubar,
respectively (with no observation from the 2006 (Che et al. 2014)).
Even though the magnitude of the UNEJ16 (M5.1) is the same as
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that for the 2013 explosion (M5.1) (USGS 2016 significant earth-
quakes catalog), the infrasound amplitude for 2016 is almost twice
as large as that from 2013. During February 2013, there was a more
typical winter situation with predominant eastward stratospheric
ducting. There were unfavourable wind conditions to all Korean in-
frasound arrays, except for KSGAR, at the edge of the stratospheric
waveguide, while the more efficient propagation conditions are to-
wards to IS30 and IS45 (Che et al. 2014). In contrast, stratospheric
propagation to the SW became more efficient at KSGAR due to
the onset of a SSW during January 2016. Full waveform modelling
techniques are needed to further explore these effects. In addition,
UNES16 cannot be compared with the other explosions since there
were no stratospheric observations, even though this explosion had
a large magnitude (M5.3). Based on the G2S atmospheric specifica-
tions for 2009 and 2013 (4.3 and —28.1 m s~' at 50 km altitude), the
wind corrected amplitudes are 0.15 and 2.18 pbar for the 2009 and
2013 explosions, respectively with infrasonic energies estimated
to be 0.6 and 23.5 tons of TNT. This result illustrates the strong
stratospheric wind effect in 2013 was accompanied by a signifi-
cant amplitude correction, and motivates the need to quantify these
effects for any relative comparisons of the explosions. Infrasound
explosion energy estimates are not only related to the yield of the
nuclear test, but also source depth, secondary source effects such
as spallation, topography in addition to the atmospheric conditions
at the time of the explosion. Finally, the results of this comparative
study suggest that detection capabilities for the Korean arrays and
nearby IMS stations are seasonally dependent on stratospheric and
possibly tropospheric wind dynamics (Che et al. 2012).
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