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Review	  of	  NK	  nuclear	  explosions 

Event	   Size	  

9	  October	  2006	   1kt,	  DOB	  ~	  310-‐590m	  

25	  may	  2009	   2-‐4	  kt,	  DOB	  ~	  310-‐590	  m	  

12	  February	  2013	   6-‐9	  kt,	  DOB	  ~	  200-‐550	  m	  

6	  January	  2016	   7-‐9	  kt	  
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SALSA3D Crustal Model (Courtesy of LANL) 

S-‐wave	  velocity	  at	  (le_)	  the	  surface	  and	  (right)	  3.2	  km	  depth	  from	  the	  SALSA3D	  
model	  used	  in	  the	  3D	  simula9ons	  of	  the	  May	  25	  2009	  North	  Korea	  nuclear	  test	  
(star).	  Two	  sta9ons	  (INCN,	  TJN)	  in	  South	  Korea	  have	  instrument-‐corrected	  
records	  available.	  
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Source Description 
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We	  model	  the	  2009	  North	  Korea	  nuclear	  test	  as	  an	  isotropic	  point	  source	  
(mxx=myy=mzz	  and	  mxy=myz=mxz=0,	  P(t)=exp(50	  t+0.15))	  located	  at	  41.2914o	  N,	  
129.0831o	  E	  and	  600	  m	  depth	  with	  a	  moment	  magnitude	  of	  4.05	  (moment	  1.4e15	  
Nm)	  (Padon	  and	  Pabian,	  2014).	  	  



AWP-‐ODC	  Numerical	  Method	  

•  Solves 3D velocity-stress wave equations with 
explicit staggered-grid FD scheme 

•  4th order accuracy in space and 2nd order in time 

•  Staggered-grid split-node (SGSN) algorithm for 
dynamic fault rupture modeling 

•  Perfectly Matched Layer (PML) absorbing 
boundary conditions 

•  A zero-stress boundary condition applied at top of 
model to simulate the free surface 

•  Anelastic attenuation incorporated by coarse-
grained approach, as standard linear solid, stress 
relaxation – Q(f) 

Computa9onal	  requirements	  increase	  as	  f4	  	  !!!	  

	  UNCLASSIFIED	  



3/20/16	   	  UNCLASSIFIED	   1	  

AWP-ODC Multi GPU Performance 

We	  use	  the	  Oak	  Ridge	  Na?onal	  Laboratory	  (ORNL)	  Supercomputer	  
Titan	  for	  the	  computa?ons,	  funded	  by	  US	  DOE.	  350	  s	  of	  0-‐4	  Hz	  wave	  
propaga?on	  in	  a	  ~500	  km	  x	  700	  km	  x	  80	  km	  model	  @	  dx=100m	  (24	  
billion	  grid	  points)	  takes	  ~1h	  45	  mins	  using	  2,500	  GPUs.	  
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Frequency-‐dependent	  Anelas9c	  Adenua9on	  Q(f)	  =	  Qofγ	  

Coarse-‐grain	  Q(f)	  memory	  variable	  implementa9on	  in	  fourth-‐order	  scalable	  FD	  code	  
AWP-‐ODC,	  based	  on	  Day	  (1998)	  and	  Day	  and	  Bradley	  (2001).	  

Withers,	  K.	  B.,	  K.	  B.	  Olsen,	  S.	  M.	  Day	  (2015).	  Memory-‐efficient	  simula9on	  of	  frequency	  
	  dependent	  Q,	  Bull.	  Seismol.	  Soc.	  Am.,	  v.	  105,	  p.	  3129-‐3142,	  First	  published	  on	  
	  November	  3,	  2015,	  doi:10.1785/0120150020.	  
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Low	  Q	  (15)	  Layered	  Model	  Comparison	  	  
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Published	  Q(f)	  for	  Korean	  Peninsula	  

Figure 5. The quality factors at 1 Hz (Q0) and their frequency power-law dependence terms (η) inverted from the earthquake records:
(a) Pn, (b) Pg, (c) Sn, and (d) Lg. The quality factors at 1 Hz are low on ray paths to southern Korea, while those on the other paths are
estimated to be relatively high.

Regional Source Scaling of the 9 October 2006 Underground Nuclear Explosion in North Korea 2527

QPg(f)	  ~	  [200-‐350]	  f0.2-‐0.5

Hong,	  T.-‐K.	  and	  J.	  Rhie	  (2009).	  
	  Regional	  Source	  
	  Scaling	  of	  the	  9	  
	  October	  2006	  
	  Underground	  
	  Nuclear	  Explosion	  in	  
	  North	  Korea,	  Bull.	  
	  Seis.	  Soc.	  Am.	  99,	  4,	  
	  2523-‐2540.	  

However,	  not	  clear	  how	  QPg,	  
QPn,	  QSn,	  and	  QLg	  translates	  to	  
Qs	  and	  Qp,	  used	  in	  FD	  
modeling.	  
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N-‐S	  Velocity	  Snapshot	  (55s)	   Q(f)=350	  f0.3 	   	   	  	  
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N-‐S	  Velocity	  Snapshot	  (110s)	   Q(f)=350	  f0.3 	   	   	  	  
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N-‐S	  Velocity	  Snapshot	  (165s)	   Q(f)=350	  f0.3 	   	   	  	  
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N-‐S	  Velocity	  Snapshot	  (220s)	   Q(f)=350	  f0.3 	   	   	  	  
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INCN Waveforms Q(f)=350	  f0.3	  	  SALSA3D 

The	  poor	  fit	  indicates	  that	  
several	  features	  of	  the	  model	  
are	  off:	  1)	  ini9al	  arrivals	  are	  too	  
strong,	  2)	  the	  Rayleigh	  Wave	  is	  
too	  energe9c,	  and	  3)	  the	  
amount	  of	  scadering	  between	  
the	  P	  wave	  and	  surface	  waves	  
is	  insufficient.	  	  
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TJN Waveforms Q(f)=350	  f0.3	  	  	  SALSA3D 

Same	  story	  for	  TJN	  
Distance (km)

D
is

ta
nc

e 
(k

m
)

Vs SALSA3D (z=3.3 km)

 

 

INCN

TJN

200 300 400 500 600 700 800

−200

−100

0

100

200

300

400

500

600

700

2200

2400

2600

2800

3000

3200

3400

3600

3800

4000

4200

4400

10−1 100
10−2

100

102

R
a

d
ia

l 
(µ

m
/s

)

10−1 100
10−2

100

102

T
ra

n
s
v
e

rs
e

 (µ
m

/s
)

10−1 100
10−2

100

102

V
e

rt
ic

a
l 
(µ

m
/s

)

Frequency (Hz)

80 100 120 140 160 180 200 220 240 260 280
−5

0

5

R
ad

ia
l (
µ

m
/s

)

80 100 120 140 160 180 200 220 240 260 280
−5

0

5

Tr
an

s 
(µ

m
/s

)

80 100 120 140 160 180 200 220 240 260 280
−5

0

5

Ve
rti

ca
l (
µ

m
/s

)

Time (s)

80 100 120 140 160 180 200 220 240 260 280
−5

0

5

H
H

R
.9

9 
(µ

m
/s

)

TJN    Qs = Qp = 350 f0.3 No Heterogeneities

80 100 120 140 160 180 200 220 240 260 280
−5

0

5

H
H

T.
99

 (µ
m

/s
)

80 100 120 140 160 180 200 220 240 260 280
−5

0

5

H
H

Z.
99

 (µ
m

/s
)



3/16/16	   	  UNCLASSIFIED	   17	  

TJN Waveforms Q(f)=550	  f0.3	  	  	  	  	  SALSA3D

Increasing	  Qs	  =	  Qp	  to	  550	  
worsens	  the	  fit.	  	  
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In	  3D,	  a	  fractal	  distribu9on	  
has	  a	  high	  wave-‐number	  
decay	  of	  the	  power	  spectrum	  
P(k)	  as:	  

where	  ν	  is	  the	  Hurst	  number,	  
E	  is	  the	  Euclidian	  dimension,	  
and	  σ	  is	  the	  standard	  
devia9on	  w/r	  to	  the	  mean	  

P (k) =
�2(2

p
⇡a)E�(⌫ + E/2)

�(⌫)(1 + k2a2)⌫+E/2
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Introducing Small-scale Heterogeneities 
16 W. H. Savran and K. B. Olsen

a.) b.)

Correlation Length

Hurst Exponent = 0.09

c.)

Figure 1. a) Apal1 Vp sonic log (gray) with long-period median filter (black), and 1.5 m smoothed log (red).

b) De-trended fluctuation profile (blue) generated by subtracting the long-period median filter (black) from

the red and gray logs in a), and used to estimate variograms. The fluctuation profile (blue) becomes shorter

due to edge effects from the median filter. We show logs in terms of slowness, because all data analysis

is performed in the slowness domain. c) Variogram estimate from the fluctuation profile (blue) shown in

b). The dashed green line is the logarithmic regression used to estimate the Hurst exponent. We estimate

the correlation length to be between 40 and 90 m, and ⌫=0.09. Notice the much larger variance associated

with the classical estimate of (Matheron 1963) as opposed with the moving-window estimate of (Li & Lake

1994).

February 23, 2016 22:8 Geophysical Journal International ggw050

501

506

511

516

521

526

531

536

541

546

551

556

563

568

573

578

583

588

593

598

603

608

613

618

Small-scale crustal heterogeneity 5

33.75°

−118.7°                −118.5°            −118.25°             −118°            −117.75˚

34°

34.25°

0 7.5 15
km apal1Manhattan Beach

Santa Ana 
Mountains

Santa Monica 
Mountains

San Gabriel 
Mountains

Northridge

Long Beach

Pasadena

Santa Monica

Anaheim
Downey

Figure 3. Map showing 35 deep borehole locations within the Los Angeles basin that are used for the inversion. Borehole apal1 is highlighted.

Figure 4. Results shown for the parameter spaced analysed by our inversion
routine. Here, we bin all accepted von Karman pairs and normalize by the
total number of boreholes. A value of 1.0 indicates that a particular (ν, az)
pair satisfies the acceptance criteria for every sonic log. Likewise, a value
of 0.0 has failed to accept the criterion at every borehole. The von Karman
parameters that agree between more than approximately 90 per cent of the
borehole sonic logs are defined by (ν, az) pairs below the solid line.

dense enough network of sonic log measurements, one could also
compute horizontal statistics of depth-averaged sections of adjacent
boreholes allowing for a much higher resolution lateral study than
available from the Vs30 data similar to the analysis by Wu et al.
(1994).

The final inversion result for the 35 boreholes is shown in Fig. 4,
which indicates the percentage of boreholes that can be modelled
by a given von Karman parameter pair within a mean-squared resid-
ual of 0.01. We find that parameters ranging from ν = (0.0 − 0.2)
and az = (15 m − 150 m) represent the variability to an agree-
ment greater than approximately 90 per cent of all 35 Los Angeles
Basin sonic logs. Fig. 4 shows a trade-off between ν and az mean-
ing that while large az are acceptable with low ν and vice-versa,
large ν fail to represent the Los Angeles sonic logs even at az =
45 m. On the other hand, at ν = 0.0, large correlation lengths can
provide seemingly reasonable fits to the data. This is because the
semi-variance at the nugget (or first lag distance) is approximately

Figure 5. Selected variograms plotted for different combinations of von
Karman parameters. The shaded grey region represents the range spanned
by all data variograms. We show the variograms representing 100 per cent
acceptance as well as the variogram representing the average von Karman
parameters for Los Angeles basin. Finally, we show the stacked data vari-
ogram computed from an average of each borehole variogram in black. Note
the model with ν = 0.0 and az = 500 m lies within the data variogram range
in Los Angeles basin.

equal to the total variance in the sonic logs making the transition
from correlated to uncorrelated behaviour hard to distinguish in
these variogram estimates. For example, in Fig. 5 we show that a
model with ν = 0.0 and az = 500 m represents the statistics of the
sonic logs, where the grey region represents the range of all Los
Angeles basin sonic log variograms. This highlights the interdepen-
dence between az and ν in estimates of semi-variance. Also, we
show variograms for several combinations of ν and az that could
represent reasonable values for Los Angeles Basin. Recent work by
Nakata & Beroza (2015) shows that near Long Beach in Los Ange-
les basin vertical correlation lengths are on the order of 100 m with
an anisotropy factor, ax/az of approximately 5. Based on a boot-
strapped analysis of the average values calculated for each borehole,
we find average values of ν = 0.064 (0.058, 0.069) ± 0.01 (0.006,
0.012) and az = 54 (51.1, 57.6) m ± 5.9 (1.79, 9.53) m, where the

Deep	  boreholes	  
from	  the	  Los	  Angeles	  
basin	  suggests	  Hurst	  
Numbers	  H~0.1,	  
correla9on	  length	  
a~150	  m,	  (Savran	  
and	  Olsen,	  GJI	  2016)	   Other	  studies	  report	  

a	  along	  ver9cal	  up	  to	  5-‐10	  
km,	  with	  a	  horizontal-‐
ver9cal	  anisotropy	  of	  ~5	  	  
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Introducing Small-scale Heterogeneities 
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N-‐S	  Velocity	  Snapshots	  (55	  s)	   	   	  
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N-‐S	  Velocity	  Snapshots	  (110	  s)	   	   	  
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N-‐S	  Velocity	  Snapshots	  (165	  s)	   	   	  
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N-‐S	  Velocity	  Snapshots	  (220	  s)	   	   	  
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Results at INCN 
Op9mal	  
parameters	  a_er	  
~25	  trial-‐and-‐
error	  simula9ons:	  

H~0.1	  
CLH~5,000m	  
CLV~1,000m	  
σ=10%	  (top	  
7.5-‐10km)	  
Q(f)=Qofγ	  

Qo~200-‐300	  
γ~0.3-‐0.5 
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Profiles	  of	  Synthe9cs,	  From	  Source	  to	  INCN	   	   	  

SALSA3D	  +	  CL1000m,	  H0.1,	  σ10%,	  
heterogenei9es	  only	  in	  upper	  10km	  
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Optimal Result at TJN 

Op9mal	  parameters	  
a_er	  ~25	  trial-‐and-‐
error	  simula9ons:	  

H~0.1	  
CLH~5,000m	  
CLV~1,000m	  
σ=10%	  (top	  7.5-‐10km)	  
Q(f)=Qofγ	  

Qo~200-‐300	  
γ~0.3-‐0.5 
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Profiles	  of	  Synthe9cs	   	   	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  SALSA3D	   	   	  SALSA3D	  +	  CL1000m,	  H0.1,	  	  
	   	   	   	  	  	  	  	  	  	  	  	  σ10%,	  upper	  10km	  
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Depth-dependency of Heterogeneities 
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	  	  	  	  	  	  	  	  	  	  	  	  	  	  Heterogenei9es	  0-‐80	  km 	  	  	  	  	  	  	  	  	  	  Heterogenei9es	  0-‐7.5	  km
If	  small-‐scale	  
heterogenei9es	  
are	  added	  to	  
the	  en9re	  
model	  column,	  
scadering	  wipes	  
out	  the	  ini9al	  P	  
waves,	  in	  
disagreement	  
with	  data.	  Thus,	  
the	  bulk	  of	  the	  
scadering	  
appears	  to	  be	  
limited	  to	  the	  
top	  7.5-‐10	  km	  
of	  the	  crust	  



•  We	  have	  run	  ~25	  3D	  FD	  simula9ons	  of	  0-‐4Hz	  regional	  wave	  propaga9onwith	  Q(f)	  for	  the	  
2009	  North	  Korea	  nuclear	  explosion	  and	  compared	  to	  instrument-‐corrected	  records	  at	  INCN	  
and	  TJN	  (500	  km+)	  in	  South	  Korea	  using	  2,500	  GPUs	  on	  the	  ORNL	  Titan	  Supercomputer	  

•  Synthe9cs	  in	  the	  LANL	  SALSA3D	  velocity	  model	  contain	  ini9al	  P	  and	  surface	  waves	  with	  too	  
large	  amplitudes	  and	  too	  weak	  coda	  in	  between	  

•  The	  addi9on	  of	  sta9s9cal	  distribu9ons	  of	  small-‐scale	  heterogenei9es	  to	  SALSA3D	  improves	  
the	  fit	  at	  the	  2	  sta9ons,	  with	  correla9on	  lengths	  of	  ~1000m,	  H=0.1,	  σ=10%	  

•  The	  best	  fits	  are	  obtained	  from	  scadering	  limited	  to	  the	  top	  7.5-‐10	  km	  of	  the	  crust.	  Deeper	  
scadering	  tends	  to	  weaken	  the	  ini9al	  P	  wave	  amplitudes	  too	  much	  

•  Op9mal	  Q(f)=Qofγ	  with	  Qo=Qs=Qp	  ~200-‐300	  and	  γ=0.3-‐0.5,	  apparently	  with	  lower	  Qo	  and	  
higher	  γ	  toward	  INCN,	  and	  higher	  Qo	  and	  lower	  γ	  toward	  TJN	  

•  Results	  demonstrate	  (for	  the	  first	  9me)	  that	  state-‐of-‐the-‐art	  high-‐frequency	  3D	  wave	  
propaga9on	  simula9ons	  can	  reproduce	  the	  full	  records	  for	  sta9ons	  500km+	  from	  the	  source,	  
including	  the	  S/Love	  waves	  and	  coda	  on	  the	  transverse	  component,	  generated	  by	  P-‐S	  wave	  
scadering	  in	  the	  upper	  crust	  

•  Surface	  topography	  was	  not	  needed	  to	  obtain	  the	  sa9sfactory	  regional	  fits	  
•  In	  light	  of	  conclusions,	  this	  pilot	  project	  was	  very	  much	  worthwhile	  funding	  

	  UNCLASSIFIED	  

Summary	  and	  Conclusions 



•  In	  order	  to	  examine	  whether	  state-‐of-‐the-‐art	  3D	  finite-‐
difference	  simula9ons	  can	  reproduce	  instrument-‐corrected	  
records	  from	  nuclear	  explosions	  at	  regional	  distances	  (500	  km
+)	  using	  highly	  scalable	  codes	  on	  the	  fastest	  supercomputers	  

•  The	  successful	  predic9on	  of	  the	  full	  regional-‐distance	  wave	  
forms	  will	  significantly	  improve	  the	  ability	  to	  detect,	  verify	  
and	  characterize	  nuclear	  explosions,	  important	  objec9ves	  of	  
Arms	  Control	  	  

	  UNCLASSIFIED	  

Why	  conduct	  the	  project? 



•  Dr.	  Kim	  Olsen	  (PI,	  SDSU)	  generated	  all	  sta9s9cal	  distribu9ons	  
of	  small-‐scale	  heterogenei9es	  in	  the	  crust	  on	  the	  ORNL	  Titan	  
supercomputer,	  and	  carried	  out	  all	  3D	  regional	  simula9ons,	  
the	  post	  processing	  and	  waveform	  comparisons	  

•  Milestones	  met	  (examine	  whether	  regional	  waveforms	  for	  
shallow	  explosions	  could	  be	  reproduced,	  and	  iden9fica9on	  of	  
associated	  crustal	  scadering	  and	  frequency-‐dependent	  
adenua9on	  parameters).	  

•  Good	  collabora9on	  with	  LANL	  on	  3D	  model	  and	  waveform	  
records	  

	  UNCLASSIFIED	  

How	  Did	  the	  PI	  execute	  the	  project? 



•  To	  my	  knowledge,	  this	  is	  the	  first	  9me	  that	  the	  full	  high-‐
frequency	  wave	  forms	  recorded	  from	  nuclear	  explosions	  at	  
regional	  distances	  have	  been	  reproduced	  for	  9ming,	  
amplitudes	  and	  coda	  dura9on	  using	  state-‐of-‐the-‐art	  
determinis9c	  simula9ons	  on	  GPU-‐enabled	  supercomputers	  

•  Simula9ons	  include	  physics-‐based	  Q(f)	  and	  crustal	  scadering,	  
which	  are	  shown	  to	  be	  essen9al	  components	  needed	  to	  
reproduce	  the	  high-‐frequency	  waveforms	  	  

	  UNCLASSIFIED	  

What	  is	  new	  and	  innova9ve	  about	  the	  project? 



•  The	  encouraging	  results	  on	  modeling	  shallow	  explosions	  at	  
regional	  scale	  will	  be	  used	  to	  generate	  averages	  of	  simula9on	  
ensembles	  of	  the	  sta9s9cal	  distribu9ons	  of	  small-‐scale	  
heterogenei9es,	  in	  order	  to	  address	  the	  varia9on	  in	  the	  high-‐
frequency	  synthe9c	  9me	  histories	  (nonuniqueness)	  

•  Tests	  with	  depth-‐dependent	  strength	  of	  heterogenei9es	  

•  Addi9onal	  North	  Korea	  nuclear	  explosions	  will	  be	  modeled	  
•  The	  effect	  of	  the	  water	  column	  and	  con9nental	  shelf	  in	  the	  Sea	  of	  

Japan	  will	  be	  studied,	  w/r	  to	  Lg	  blockage/leakage	  
•  Valida9on	  of	  simula9ons	  for	  Japanese	  records	  

•  Next	  steps	  will	  be	  supported	  by	  a	  pending	  award	  from	  ARFL	  	  
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What	  are	  the	  likely	  next	  steps	  in	  the	  project	  development? 



•  Dr.	  Kim	  Olsen	  (PI,	  SDSU)	  carried	  out	  the	  simula9ons	  

•  The	  SALSA3D	  crustal	  model	  and	  instrument-‐corrected	  data	  
for	  TJN	  and	  INCN	  were	  provided	  by	  LANL	  (S.	  Phillips	  and	  M.	  
Begnaud)	  

•  The	  computa9onal	  resources	  were	  provided	  by	  ORNL	  at	  the	  
Titan	  supercomputer	  

•  Financial	  Support	  provided	  by	  US	  State	  Dept	  
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0-4 Hz) using a parallel 3D visco-elastic staggered-grid 
finite difference method. Using shallow underground 
nuclear explosive sources (UNEs) and associated recorded 
data we will determine the parameterization of Q(f) and 
statistical distributions of small-scale heterogeneities 
(Hurst number, strength, correlation length) that can 
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((le;)	  Ver2cal	  
cross-‐sec2on	  and	  
(right)	  horizontal	  
slice	  at	  z=0	  of	  an	  
S-‐wave	  model,	  for	  
Hurst=0	  and	  5%	  σ)	  



Effects	  of	  Surface	  Topography	  

The	  simula9ons	  revealed	  that	  scadering	  due	  to	  irregular	  
topography	  is	  significant	  only	  near	  the	  sta9on	  and	  thus	  
the	  topographic	  scadering	  effects	  do	  not	  accumulate	  
as	  seismic	  waves	  propagate	  over	  long	  distances	  (~12%	  
in	  SW	  Japan).	  

•  Takemura,	  S.,	  T.	  Furumura,	  and	  T.	  Maeda	  (2015).	  
	  Scadering	  of	  high-‐frequency	  seismic	  waves	  caused	  
	  by	  irregular	  surface	  topography	  and	  small-‐scale	  
	  velocity	  inhomogeneity,	  Geophys.	  Jour.	  Int.	  201,	  
	  459-‐474.	  
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Example	  of	  Q(f)	  
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Results at INCN 
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