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Introduction  

All broadband vertical component recordings (BHZ and HHZ) available on the Wilbur 3 event compilation of 
the Incorporated Research Institutions for Seismology Data Management Service were requested in SEED 
format, and the instrument responses were removed to produce ground displacement records using the 
SAC transfer command with frequency parameters (0.1, 0.2, 10.0, 20.0 Hz). The ground displacement records 
were screened for stable baseline and clear P wave arrivals, which were manually picked to refine initial 
alignments based on the USGS-NEIC hypocentral estimate.  Aligned seismograms were stacked in 20° 
azimuth and 1,000 km distance bins (Figure S1), after applying geometric spreading corrections to the center 
distance of each bin, yielding 26 stable waveform stacks. These final ground motion recordings were then 
modeled. A single composite stack of all data, corrected for geometric spreading and bin weights based on 
number of observations in each bin to a reference 5500 km distance has a first peak amplitude of 1.154 
micrometers. 

All vertical component recordings (SHZ, BHZ, and HHZ) were similarly requested and deconvolved to ground 
displacements with the same frequency parameters as above, then high-pass filtered with a causal (single-
pass) Butterworth filter with fall-off parameter, n = 4.  These seismograms have dominant first-cycle periods 
of about 0.25 s (Figure 2), which is on the order of the elastic pP lag for the source region velocity structure, 
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thus, any perturbation of pP arrival time and/or amplitude due to non-elastic transmission through the 
explosion damage zone will have little or no effect on the first-peak to first-trough amplitude. The first-peak 
(A1) to first trough (A2) peak-to-peak amplitudes (A1-A2) were measured and are displayed as a function of 
distance in Figure S2.  The order of magnitude scatter in the data is the result of unknown path attenuation 
and site effects. The data were corrected for geometric spreading to a reference distance of 5500 km, and 
the logarithmically averaged mean amplitude is 2.68 nm (with 1.34 to 5.33 nm range for standard deviation 
from the logarithmic mean). This value is used to constrain the broadband modeling which is more 
influenced by pP non-elastic behavior. 

For the half-space modeling, we explored non-elastic effects near the source-region by introducing 
multiplicative factors that modify the elastic calculations of pP delay time (pPtime) and pP reflection 
coefficient (pPamp).  Values of pPtime greater than 1 cause delay of pP arrival and values of pPamp less than 
1 cause reduction of pP amplitude to simulate the possible non-elastic effects due to pP propagation back 
down through the damage zone around the shot-point. Qualitatively, for very steep take-off angles we 
expect pPtime to exceed 1 and pPamp to be less than 1 for a flat-free surface situation with damage around 
the shotpoint, but we do not have quantitative constraint on the precise parameters, so we explore a range 
of models, some of which are shown in Figure S4. 
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Figure S1. Observed P wave seismograms, restituted to ground displacement for periods shorter than 5 s.  
Individual, observed seismograms from 435 broadband stations (light traces) are linearly stacked (dark 
traces) in distance and azimuth bins, after making geometric spreading corrections to the bin centers.  
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Figure S2. First-peak (A1) to first-trough (A2), peak-to-peak (A1-A2) amplitudes from the 4-Hz filtered 
ground displacements for the 2017 event.  The measured value from each station is shown by a circle at the 
stations epicentral distance, with the geometric spreading-corrected (to a reference distance of 5500 km) 
values shown by the corresponding stars.  Symbols are color-coded by azimuth. The spread in values is the 
result of variable path and site effects; for example, the large values to the south near a distance of 60° are 
for stations from the Warramunga array in the stable shield region of Australia, which is expected to have 
minor upper mantle attenuation. Low values near azimuth of 60° are from the tectonically active area of the 
western U.S., which is expected to have high upper mantle attenuation. 
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Figure S3. Computed first-peak to first-trough amplitude measurements for 4-Hz high-pass filtered 
synthetics processed identically to the data for the 2017 test, along with the observed mean (solid 
white curve) and standard deviation (dashed white curves) of the corresponding amplitude of the 
data. Elastic pP parameters are assumed in (a), with non-elastic, delayed pP arrival times by a factor 
of 2.25 longer than the elastic predictions assumed in (b). Note that there is only a slight shift of the 
position of the white curve between the panels, with slightly lower t* (by ~0.4 s) for a given yield 
producing the same amplitude for the delayed pP cases (due to reduced constructive interference 
relative to the elastic case). The waveforms are very similar for all satisfactory t*-yield combinations 
that fit the average amplitude, as they are dominated by the high-pass Butterworth filter response, 
so any t*-Yield combination along the white curve will match the data.  
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Figure S4. a) Synthetic P wave ground displacement comparisons for elastic (multiplicative factors pPtime = 
1.0 and pPamp =1.0) half-space seismograms comprised of attenuated RVPs (P + pP) for several values of 
frequency-independent t* generated by a Mueller-Murphy explosion source with yield W = 400 kt and 
overburden depth H = 750 m. The peak amplitude corresponds to the calculation at a reference distance of 
5500 km.  Avg.CC is the weighted averaged normalized cross correlation coefficient of the corresponding 
synthetics versus the 26 bin-stacks for the first 1 s of ground motion after the arrival time. LogAvg.Err is the 
mean weighted sum of squared waveform difference between the observed and synthetic signals for the 26 
bin-stacks. (b) Synthetics for each t* value with the yield optimized to give the lowest waveform error 
relative to the 26 bin-stacks for that t*.  
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Figure S5. P wave far-field ground displacement calculations for elastic and non-elastic pP properties for 
half-space seismograms, comprised of attenuated RVPs (P + pP) for an overburden depth of H = 750 m for (a) 
t* = 0.75 s and a Mueller-Murphy explosion source yield W = 180 kt, and (b) t*=1.0 s and W = 400 kt. The pP 
delay time is modified (increased) from the elastic calculations by the factor pPtime.  Model peak amplitude 
is shown for each case.  (c) The amplitude normalized traces are superimposed for all cases in (a) and (b). 
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Figure S6. Log average weighted waveform error (lines) and average weighted correlation coefficient (stars) 
for (a) half-space models and (b) layered crust models with t* = 0.88 s for varying W and H.  Yields from about 
420 to 500 produce low waveform errors and high correlation coefficients. Higher correlation coefficients are 
found for H > 700 m. Similar plot for non-elastic half-space calculation with pPtime = 1.5 (c) and 2.25 (d). For 
pPtime = 2.25 the best correlations for cases with low weighted error are found for a depth of 700 m, with 
reduced correlations, but comparable error, for H = 750 m or larger. 
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Figure S7. Similar to Figure 4, but for non-elastic calculations with pPtime of 1.5 in (a) and (b) and 
3.0 in (c) and (d). Larger yield estimates are suggested by lower pPtime, and for pPtime above 2.25, 
there is reduced overlap of regions of low waveform error and high waveform correlation. 
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Table S1. Layered crustal model used in this study for the Earth structure at the source and the 
receiver.  Half-space calculations just used the first layer, with geometric spreading connecting the 
source and receiver.  For the layered model, geometric spreading was calculated for the 8.0 km/s 
layer from source to receiver. 
 

Layer Thickness, km P velocity, km/s S velocity, km/s Density, Kg/m3 

3.0 5.5 3.175 2550 

11.0 6.0 3.46 2600 

16.0 6.7  3.87 2800 

 8.0 4.62 3300 
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Table S2. Yield estimates (W, kilotons) for the six North Korean nuclear tests using mb-yield 
relationships with mbNEIC (nobs is number of station values) and baselines set by a yield estimate of 
230 kt for the 2017 test. 
 

Explosion mb = 4.529 + 0.75 log W (Semi) mb = 4.387 + 0.81 log W (NTS) mb = 4.174 + 0.9 log W 

9 Oct. 2006 
mbNEIC  4.3 
nobs = 11 

0.5 0.8 1.4 

25 May 2009 
mbNEIC  4.7 
nobs = 53 

1.7 2.4 3.8 

12. Feb.  2013 
mbNEIC  5.1 
nobs = 296 

5.8 7.6 10.7 

6 Jan. 2016 
mbNEIC  5.1 
nobs = 306 

5.8 7.6 10.7 

9 Sept. 2016 
mbNEIC 5.3 
nobs = 608 

10.7 13.4 17.8 

3 Sept. 2017 
mbNEIC  6.3 
nobs = 941 

230 230 230 

 


