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List of Figures

Figure 1. Fig. 2 from Paasschens (1997, Physical Review E, copyright by American Physical
Society). Angular average of the intensity P(r,t) for three dimensions as a function of time t,
at distance r = 2.0l, 2.81, and 4.0l, from left to right. The solid lines are the exact result,
which is very close to the interpolation formula (dashed lines). The dotted lines are the
diffusion result. The intensity has a minimum for r greater than SOMe rc...........cc.coecvvvenee 10

Figure 2. Modified from Figure 7 in Saito et al. (2003, copyright by the Oxford Journals).
Schematic illustration of energy-packet propagation in scattering media based on the
concept of the radiative-transfer theory. MS envelope can be considered as the time trace of
energy density, which is composed of energy packets radiated from the source. Gray curves
show energy-packet paths. The straight solid line between the source and the receiver shows
the direct path. The gray curves around the direct path show multiple energy-packet paths
with small angle scattering, which form the early part of the envelope, while the paths
containing wide-angle scattering form coda excitation. The Markov approximation method
can model multiple paths due to small-angle scattering around the direct path between a
source and a receiver, as shown by the shaded area. The multiple isotropic-scattering model
with momentum-transfer scattering coefficients models energy-packet paths as straight
trajectories composed of isotropic scattering (dashed lines), in order to model the coda
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Figure 3. Figure 8 in Saito et al. (2003, copyright by Seismological Society of America). A
comparison of root-mean-square (RMS) envelopes derived from the new hybrid method
(gray curves) with envelopes synthesized by the finite-difference method (solid curves) for
G I SRR ORI 15

Figure 4. Figure 12 from Sato et al. (2004, copyright by American Geophysical Union). Root-
mean-square (RMS) envelopes of waves for a 2-Hz Ricker wavelet source radiation in 2-D
von Karman-type random media (k = 0.1, € = 0.05, a = 5). The numbers above the curves
indicate the distance from the source. Solid curves and thick-shaded curves show RMS
envelopes based on the hybrid synthesis versus those found through finite-difference
simulations, respectively. Fine-shaded curves indicate +1 standard deviation of finite-
AITFErENCE BNVEIOPES. ...ttt 15

Figure 5. a) semi-log and b) linear plots of the hybrid synthetic envelopes (blue lines) at 2 Hz,
for von Karman-type random media (k = 0.5, € = 0.05, a = 5), where k is the Hurst
number, € and a are the fractional fluctuation and characteristic length of inhomogeneity,
respectively. Estimated total scattering coefficient is 8 X 10-4km-1 for a given random
media. Green solid and red dashed lines represent the analytic solution of the radiative
transfer (RT) equation and the Markov approximation of the parabolic wave equation for
the random media, respectively. The Markov envelope (red dashed lines) shows the peak
delay and envelope broadening with increasing travel distance, but no excitation of coda.
On the other hand, the radiative transfer solution for impulsive radiation (green solid lines)
models the coda excitation, but the direct arrival in the model is too impulsive, because too
little energy has been forward scattered in the portion immediately after the direct arrival.
The Markov and hybrid envelopes show more rapid peak amplitude decay than the RT
envelope and 1/r geometrical spreading due to energy loss from the multiple forward
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Figure 6. a) Scattering coefficient g(y) based on the Born approximation at 2 Hz in a 2-D von
Karman random medium with k =0.1. b) Comparison of the momentum transfer scattering



coefficient gm with the scattering coefficient g(y) (Sato et al., 2004, copyright by American
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Figure 7. Wavenumber and frequency dependence of scattering coefficients in 3-D von Karman
random media characterized by the Hurst number k=0.1 (a and b), k=0.5 (c and d), and
k=1.0 (e and f). gm, g0, and gmare the backward, total, momentum transfer scattering
coefficients, respectively. gS0 is the scattering due to the short-scale component of the
random media (Sat0, 2016).........cciiiieiieie e 23
Figure 8. Example of the model-search using the MCMC sampling to obtain the optimal model
parameters. Black solid line shows the 2-4 Hz RMS envelope and color-scaled image shows
posterior distributions of predicted envelopes. Two inserted plots in each plot show
posterior probability distributions of scattering and intrinsic attenuations, respectively. .... 25
Figure 9. Figure 6 in Pasyanos et al. (2012, copyright by Seismological Society of America).
Waveform envelopes for the two earthquakes and two explosions recorded at Mudanjiang
(MDJ) station in the 2—4 Hz passband. Synthetic envelopes for earthquakes are shown in
green, with dashed and solid lines showing uncorrected and corrected synthetics,
respectively. Synthetic envelopes for a 1-kt explosion at 100-m depth are shown in gray,
while envelopes for the best-fitting explosions are shown in red...........cccccooeviveiiiiicieennn, 26
Figure 10. Estimated characteristic time tM against distance at 2-4 Hz. Solid and dashed lines
represent the best fit and +o. The maximum peak is delayed by ~0.37tM seconds for 3-D
propagation (SPNEriCal WAVEIEL). .........coveiiiiiiiiiie s 27
Figure 11. Map shows the a) scattering and b) intrinsic attenuations estimated at each station
from the Mw 4.6 earthquake on 20 January 2007 shown as a black star. We will solve the
posterior distributions of scattering and intrinsic attenuations using the 2-D Bayesian
tomography technique to simultaneously compute 2-D attenuation models and waveform
ENVEIOPE SNAPES. ..ot nre e re e 27
Figure 12. Example of VVoronoi diagram, which forms a set of irregular cells that partition the
plane. Any point inside a cell is closer to the node of that cell than any other node, so the
shape of the parameterization is defined by the location of nodes (black dots) (wikipedia;
https://en.wikipedia.org/wiki/\oronoi_diagram). .........ccccceeviiiieieeieeie e 29
Figure 13. a) Synthetic model b) ray coverage for a checkerboard test. Stars, triangles and black
lines represent sources, receivers, and rays between the source and receiver, respectively. 32
Figure 14. Results of the checkerboard recovery test using a) 1°x1°, b) 2°x2° and c) 5°x5° grid
spaces, respectively. Dotted and solid lines in d), ), and f) show the profile at 127.5° of
synthetic and recovered models from each Case. .........cccocvevviieerieic i 33
Figure 15. a) Recovered model and b) estimated uncertainty of the checkerboard test using the
trans-dimensional Bayesian tomography. Dotted and solid lines in c) show the profile at
127.5° of synthetic and recovered models. d) A histogram of number of cells in the VVoronoi
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Figure 16. a) and b) show a checkerboard recovery and uncertainty using source-receiver paths
shown in e), respectively. c) and d) show tomography results and corresponding uncertainty
estimates of the inelastic energy 10ss (Qi-1) at 1.4 Hz. ......ccooveviiiiiiiie e 34
Figure 17. a) characteristic time, b) scattering coefficient, ¢) inelastic energy loss at 1 Hz........ 35
Figure 18. 1-Hz narrowband envelopes of a) a M 4.9 earthquake near California and Nevada
border on 1997/11/02 08:51:54 recorded at CMB (red) and SCZ (orange), and b) a M 4.7
earthquake near Ottawa, Canada on 2013/05/17 13:43:22 recorded at WCNY (blue) and
HBVT (green). Colored lines show the predicted synthetics using model parameters in
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Figure 19. An example of observed full-waveform envelopes (thin gray lines) that match the
new synthetic templates (green circles) for 3 September 2017 DPRK nuclear test event.
Blue lines and red crosses represent the noise-corrected synthetics and template amplitudes,
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Figure 20. Source spectrum comparison between a) earthquakes, b) 2006, 2009, 2013 DPRK
tests, ¢) 3 September 2017 event, and d) 12 May 2010 event. Blue diamonds and red
squares represent estimated source spectra using P- and S- template matching, respectively.
We note that the result of the 12 May 2010 event is a single station estimate at NE3C station
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Figure 21. Map showing the North Korean nuclear test site (star) and the seismic stations in the
Dongbei Broadband Network (solid triangle) (Chun et al., 2011, copyright by the

Seismological Society Of AMEIICA). .....cccoveiiiiiiiiiiiiee e 39
Figure 22. Vertical component waveform (left) and the narrowband envelope (right) of the
observed the 2006, 2009, and 2010 events recorded at DBNOS. ............ccccceoeierenirenennnn. 40

Figure 23. (left) The recovered source spectrum of the 2010 May event (blue diamond) along
with the best fit of MM71 source models for the six North Korean nuclear tests (solid line).
(right) The posterior distribution of yield and depth estimates from the Markov-Chain
Monte Carlo inversion (blue dot) using the two assumed depths of 7m and 200m. Green and
red symbols represent the posterior distribution of the estimates assuming the 122m/kt?
scaling and 200m fixed depth, reSPeCtiVelY. ... 40

Figure 24. a) Map view of topography near the North Korean Test Site from SRTM 90-m digital
elevation data (http://srtm.csi.cgiar.org) and b) an associated 3-D spectral-element mesh
(40km x 40km x 20km). We used a 200-m sampling interval in the spectral-element mesh
design, which is equivalent to a ~50-m grid sample size in a finite-difference modeling
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Figure 25. a) SPECFEM3D waveform synthetics observed at 10 km from a source with a 45°
takeoff angle; green waveforms produced by the rough-topography simulation, black by
flat-topography situation. b) The observed vertical-component velocity seismograms at the
Mudanjiang (MDJ) and Ganseong (KSA) stations for the 2009 NK nuclear explosion. The
behavior of the P and pP arrivals in the rough-topography synthetics matches the observed
waveforms well at the MDJ and KSA azimuths. Note that the synthetic waveforms are
down-going and thus have ‘down’ first MOtIONS. .......ccccevieieiiiiiieieriee e 42

Figure 26. Two-dimensional illustration of focusing/defocusing observed in depth phases
generated in mountainous terrain. The elongated lens-like (or dome-like) mountain surface
generates a complicated reflection of the depth phase that can be tracked azimuthally. For
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1.0 SUMMARY

Although one-dimensional (1-D) calibration of coda-based amplitude measurements has been
satisfactory in simple geologic regions, its performance has been limited in regions that exhibit
strong lateral variations in crustal structures (i.e. velocity, thickness, and scattering/absorbing
characteristics). However, all attempts to perform two-dimensional (2-D) calibration have so far
been limited to the application of 2-D attenuation corrections to coda amplitudes, and the
amplitudes are still measured using simple envelope shape functions that assume a 1-D, radially
symmetric Earth.

To accomplish full 2-D calibration capability in the coda methodology, we developed a new
Bayesian calibration technique for the 2-D envelope shape correction. First, we developed a
hybrid envelope template modeling technique by integrating the hybrid scattering formula,
forward- and wide- angle scattering coefficients derived on three-dimensional (3-D) von Karman
media, and the Markov Chain Monte—Carlo (MCMC) sampling method (Metropolis et al., 1953;
Hastings, 1970). The Bayesian interface of the template modeling technique allows us to sample
the posterior distribution of the envelope shape parameters. Then, we developed a new
calibration technique by adopting a trans-dimensional Bayesian tomography algorithm (Bodin et
al., 2009; Bodin et al., 2012) to map the sampled posterior of the shape parameters.

In our new calibration approach, all modeling parameters for the hybrid template are physics-
based and calibrated for laterally varying scattering/absorbing structures. The new hybrid
envelope modeling technique includes both forward- and wide-angle- scattering effects (e.g.,
Saito et al., 2004) in full-waveform ‘envelope templates’ that fit the direct and scattered phases
in local- and regional-distance observations of low-yield explosions. The newly developed
tomographic calibration technique allows us to use optimal envelope shape parameters for the
hybrid template for a given source-receiver geometry and calculate accurate yield estimates from
small local explosions.

Our combined R&D development efforts are producing significantly improved fits to shorter-
length signals from smaller events, as well as more accurate yield estimates. The new processing
technique is also shifting conventional coda-based analysis from a strictly empirical basis to a
physical one. These improvements have been long-term goals of significant interest to U.S.
monitoring agencies.

2.0 INTRODUCTION

Seismic calibration using coda waves (after Mayeda and Walter, 1996) has been successful for
various monitoring applications, particularly when applied to relatively large-magnitude events
recorded at regional to teleseismic distances. Up to now coda yield estimations have relied on 1-
D techniques that are based on a simplistic single-scattering formulation in a homogeneous
medium. However, as the monitoring target extends to smaller and locally recorded events, the
lower SNR and shorter length signals force us to use the earlier part of the coda, including the
direct phase arrival (e.g., Zhang and Wen, 2014). To remedy this problem, the current coda
methodology (Mayeda et al., 2003, Yoo et al., 2011) must be modified to address at least two
major limitations: 1) an over-simplified envelope model; and 2) a 1-D radially symmetric
attenuation and code shape model.

To address the first limitation, we are currently pursuing an Air Force Research Laboratory

funded project (AFRL Contract No FA9453-16-C-0022) to develop an analytic, hybrid template

model that is optimized for short-duration envelopes from tamped local explosions and low-yield
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explosions at regional distances (e.g., Yoo, 2017). This is a unique approach that will
significantly improve upon the long-standing single-scattering methodology and, more
importantly, lower magnitude thresholds and extend the methodology to smaller yield local
explosions.

Despite the great success of the 1-D coda calibrations in the past, the method’s performance has
been limited by oversimplified parameterizations. A previous study comparing 1-D versus 2-D
path corrections on coda and direct S/Lg waves using moderate-sized earthquakes in California
showed that the improvement found for 2-D path corrections for coda was roughly 30% (Mayeda
et al., 2005). We note that this was the average improvement over all events, and we would
expect even more dramatic improvement for critical paths through anomalous regions such as
oceanic crust. This in turn would allow for a more accurate recovery of source spectra for those
regions. For example, in the Yellow Sea/Korean Peninsula (YSKP) region, calibration for a path
crossing the East Sea requires completely different velocity, coda shape, and attenuation
corrections because the path is dominated by oceanic S, propagation, whereas the bulk of the
YSKP is comprised of Lgq continental propagation. In fact, the recent North Korean tests illustrate
this point, where we found partial blockage for paths towards the south because of short (but
significant) propagation through the oceanic crust, which reduced broadband amplitudes by
nearly a factor of 2 to 3 in the Lg coda. This effect was critical for yield estimation and will be
equally critical in other areas of low crustal Q and Lg blockage, such as Iran. Furthermore,
Mayeda et al. (2005) assumed the same 1-D radially symmetric envelope shape and velocity for
the all stations, independent of azimuth or location. Incorporating a 2-D coda shape using our
new envelope model would further reduce the variance beyond the 30% reduction observed in
Mayeda et al. (2005).

3.0 METHODS, ASSUMPTIONS AND PROCEDURES

In this study, we conducted research and development in two stages. The first stage consisted of
developing a hybrid envelope template modeling technique by integrating the hybrid scattering
formula, forward- and wide- angle scattering coefficients derived on 3-D von Karman media,
and the MCMC sampling method (Metropolis et al., 1953; Hastings, 1970). In the second stage,
we developed a new calibration technique by adopting a trans-dimensional Bayesian tomography
algorithm (Bodin et al., 2009; Bodin et al., 2012) to map the sampled posterior of the shape
parameters.

3.1 Hybrid Synthesis of Full-waveform Envelopes

A large focus of research during the first and second quarters was on developing a new forward-
modeling algorithm and deriving modeling parameters that can simulate an entire waveform
envelope from the direct arrival through the coda. The new algorithm is required to correctly
describe the direct wavefront, the envelope broadening caused by multiple forward scattering,
and the late coda caused by multiple wide-angle scattering. The algorithm needs to be fully
analytic and parameterized for a physical model. It must also have a reasonable computational
cost for application to a calibration approach using a massive amount of data and for application
to Bayesian tomography. On the other hand, the algorithm should also have some flexibility in
its formulation to allow for extra calibration of unmodeled effects (e.g., site amplification,
scattering conversion, and phase blockage effect etc.).



We compared previously proposed modeling techniques to determine the most suitable algorithm
for our objective. To summarize, we chose a hybrid formulation originally proposed by Saito et
al. (2003). However, we have replaced the forward-scattering term (from Markov
approximation) and multiple scattering term (from Radiative Transfer Theory; RTT) in the Saito
et al. (2003) formulation with time-domain approximate solutions (Sato et al., 2012; Paasschens,
1997). By using time-domain solutions of the RTT and Markov approximations in our new
hybrid-envelope method, we can keep the computational complexity and cost as low as that used
for the single-backscattering model in the current coda calibration method (Mayeda and Walter,
1996).

Many studies we reviewed were based on 2-D random or Gaussian random media, which are far
from a realistic representation of the Earth’s inhomogeneity. Thus, we analytically derived all
modeling parameters for a 3-D von Karman random media with a non-integer decay power. Our
new forward-modeling algorithm is fully analytic and parameterized for a physical model. It
allows us to simulate the multiple-phase envelope without needing prior calibration for coda-
peak velocity and shape parameters. In the following section, we provide details of our new
hybrid formulation.

The ensemble-averaged envelope computed from full-waveform modeling in random media is
the most complete solution to the problem we are trying to solve. However, due to its high
computational cost, full-waveform based methods have so far been applicable only in 2-D space.
The radiative transfer theory (RTT) developed for describing energy propagation in
inhomogeneous media presents a good alternative to a full-waveform modeling approach. In
particular, a Monte-Carlo simulation based on RTT is a useful research tool that can model a
probabilistic distribution of scattered energy density in space and time. The Monte-Carlo
simulation method has been used for the synthesis of high-frequency seismograms in complex
structures (e.g., Hoshiba, 1994; Yoshimoto, 2000; Sanborn, 2015); however, the computational
cost of the Monte-Carlo simulation is still too high to be applied in our study. We require
compact, analytic solutions to the forward and inverse problems that can incorporate large
numbers of events and stations.

3.1.1 Radiative Transfer Solution for Coda Excitation

Coda excitation is primarily caused by wide-angle multiple scattering due to short-wavelength
spectral components of velocity inhomogeneities. An analytic solution to the conventional
radiative transfer equation (RTE), describing the isotropic impulsive radiation in a homogeneous
random media, can reasonably explain the coda excitation in the multiple scattering regime (e.g.,
Sens-Schonfelder and Welger; 2006; Wegler et al., 2006).

The RTE for a 3-D scattering medium characterized by the isotropic scattering coefficient g,,
and background velocity V;, in which total energy W is spherically and impulsively radiated
from a point source, is given by a convolution integral form (Sato et al., 2012):

E(x,t) = WG(x,t)
+V590 ffff Cx—-x,t—tHE(x—x,t—t")dt'dx'.



Here, the Green’s function is given by:

G(x,t) = H(t)S (t - VL) e~ (0got)

4tVyr? o
eq. 2
where r = |x|.

Using this convolution integral equation (eg. 1), and taking the Fourier transform in space and
the Laplace transform in time of the integral equation, we have

Wé(k,s)
1-— Vogoé(k, s).

E(k s) =

eg. 3

The local energy density G (k, s) can be defined as an analytic form describing the conventional
solution for the impulsive radiation (e.g., Sato et al., 2012, eq. 8.24). Using the inverse Fourier-
Laplace transformation, we can formally derive the space-time distribution of energy density. In
practice, we can numerically evaluate the expression by substituting the inverse Fourier
transform for the inverse Laplace transform (replacing s with - iw) and using a 2-D FFT (e.g.,
Zeng, 1993; Sato et al., 2012, p. 252).

As an alternative to the numerical approach, Paasschens (1997) heuristically proposed an
approximate time-domain solution of the radiative transfer equation for a 3-D isotropic scattering
medium (eq. 1):

E(r,t) = 6( - —)
AnVyr? o .
1 —12/(VAt)? 1/8 r2 \% r
sl AUD ]3 e~ (Vo9 M V0g0t<1 —m> H(t—v),
[47Vot/ (3g0)]2 ot 0
eq. 4
where
T(n+2) xn
M(x) = 8(3x) ™3/ Z Mg +3)x" ~ e*[1+2.026/x
rGn) n!
n=1 4
eq. 5

Figure 1 (from Fig 2 in Paasschens, 1997) shows that the difference between an exact solution of
eg. 1 and its approximation is barely visible on the scale from the direct arrival to coda. The
relative error of the approximation is on the order of ~2% except for the direct arrival
(Paasschens, 1997). Moreover, in our hybrid envelope, we use this time-domain solution to
model coda excitation by replacing the direct term in the first term of eq. 4 with the solution of



Markov approximation. Thus, the small inaccuracy issue near the ballistic peak of the
approximate solution is not an issue in our hybrid formulation.

006 ™ T [ — &act
i --- Approximation
-+ Diffusion

0.04}

Ir? P(r,t)

0.02r

0 0 :i- .2 N 1 N L 1

Figure 1. Fig. 2 from Paasschens (1997, Physical Review E, copyright by American Physical
Society). Angular average of the intensity P(r,t) for three dimensions as a function of time t, at
distance r = 2.01, 2.8l, and 4.0l, from left to right. The solid lines are the exact result, which is
very close to the interpolation formula (dashed lines). The dotted lines are the diffusion result.
The intensity has a minimum for r greater than some rc.

3.1.2 Markov Approximation for the Direct and Early coda

When the wavelength is much smaller than the correlation distance, diffraction and scattering in
the forward direction dominate. In this scattering regime, we may use the parabolic wave
equation, which describes wave propagation in one direction. Assuming a slowly varying
harmonic wave U, propagating in z direction in an inhomogeneous media with fractional
velocity fluctuation (&), the parabolic wave equation is given by

2ikg0,U + A U — 2k3EU =0
eg. 6

where A, = 05 + 95 is the Laplacian operator in the transverse plane and k, = w/V, is

wavenumber. Eq.6 describes the scattering in the forward direction, neglecting backward
scattering.

Next, we define the two-frequency mutual coherence function (TFMCF), I, which is the
correlation of the wave field between two locations on the transverse plane (x/, x’) and two
frequencies (w’, w"") (a rigorous derivation can be found in Sato et al., 2012, Chapter 9):

L, x],z,0, o) =(UX],z o) UKX/], zw0")*).
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eq. 7

Then, the intensity spectral density (ISD) of the wavefield can be written using the inverse
Fourier transform of I, with respect to angular frequency difference, wy = w' — w"":

~

1 *® P " —i(ud(t—vi)
I(Z,t)=§ L(x,;=02z0w0, 0)e o/ dwg,

eqg. 8

where x, ; = x| — x/|. This ISD describes the mean-square (MS) bandpass-filtered envelope
centered at angular frequency w, = (0’ + w"")/2.

Multiplying U to eq. 6 and taking the ensemble average,

! n

. AJ. AJ. 12 17
200,15 + | 7 = 5 | T2 = 2{(ko§" — ko $HU'U™) = 0
kO kO

and then substituting the relation:

(Uehé" = kg &Y™ = =2 [(k§? — k§?A0) — 2k AlrLa)IT,
eq. 10

where function A is defined by the longitudinal integral of the autocorrelation function of random
media, we have the master equation of the TFMCF:

! 14

. A.L AJ_ . 2 "2 1 —
Zlazrz + F - F 1-‘2 + l[(ko - ko )A(O) - 2k0k0 A(Tld)]rz —_ 0
0 0

eg. 11

Eq. 11 can be used to extrapolate the TFMCEF recursively with respect to distance away from the
source once the TFMCEF at a slightly smaller distance is known. The term ‘Markov
approximation’ has its roots in the concept of a Markov process, in which the probability of
future events is dependent only on most recent events (Tatarskii, 1971). The Markov
approximation of the parabolic wave equation is an effective method for synthesizing the
multiple forward-scattering effects caused by long-wavelength spectral components of velocity
inhomogeneities (Shishov, 1974, 3-D Gaussian random media; Fehler et al., 2000, 2-D Gaussian
random media; Saito et al., 2002, numerical solution in 3-D von Karman random media).

The analytic forms for I, and the Markov envelope G,, without a wandering term, at a distance
r, are

1 2e™* [tywgy
4V sin(2eim/4 [ty wq)

FZ (T‘, Hd' Wy, wc) =

11



and
eq. 12

1 © )
GM(r’ t; wc) = Wf FZ(T', gd’ Wg, wc)e—la)d(t—r/Vo)dwd,

eg. 13

where t,, is the characteristic time that controls envelope and peak delay from multiple forward
scattering (Fehler et al., 2000; Sato et al., 2012). t,, is proportional to the square of travel
distance, frequency independent for Gaussian random media, and frequency dependent for a
media having rich short-scale components, such as von Karman random media with k = 0.1.
Fehler et al. (2000) derived the characteristic time for Gaussian random media as a simple

function form, t;; = fg r

. Saito et al. (2002) numerically estimated the characteristic time for

von Karman random medla having non-integer k. Most recently, Sato (2016) derived an analytic
form of the characteristic time for von Karman random media, which we use in our hybrid
method. A later section will contain details about t,, in Sato (2016).

We can easily evaluate eq. 13 using the Discrete Fourier Transform (DFT) for a given t,,.
However, to minimize computational complexity, we instead implemented a time-domain
solution obtained by Shishov (1974):

(t =7/Vo) r
G Lt Z 1 n+1 2 4-t H( _)
m(r 6 we) = 70 V0r22tM (=" n%e Vs
eq. 14
using a series expansion:
So 14 N (—1)"2s0”
sin(sy) So2 — m?n?’
n=1
eq. 15

Eq. 14 can be cast in a simplified form using an elliptic theta function of the fourth kind (see
Sato et al., 2012, p 351):

9,(v,q) =1+ Z:(—l)nqn2 cos 2nv,

n=1
eq. 16
leading to
1 2 _"_Z(t_r/V) r
6100 =gt (05 - 1),
m(n ) = e e 4< ¢ ) v,
eq. 17

12



where 9, is the second derivative of elliptic theta function of the fourth kind with respect to v.
The infinite series sum in the elliptic theta function converses very quickly due to exponential
decay in time. Thus, eq. 17 has a much lower computation cost compared to eq. 13. Moreover,
we only need to compute the Markov envelope once in practice, because the Markov envelope is
scalable by t,,. By using time-domain solutions of RTT and Markov approximation in our hybrid
envelope, we are able to keep the computational complexity and cost the same as the single-
backscattering model in the current coda calibration method (Mayeda and Walter, 1996).

3.1.3 Hybrid Formulation

Figure 2 shows a schematic illustration of energy-packet propagation in a scattering medium
based on the concept of RTT. For smooth random media, small-angle scattering around the
forward direction is dominant. The Markov approximation method, which correctly accounts for
multiple-forward scattering and disregards wide-angle scattering, reliably models propagation
around the direct path. On the other hand, for rough random media, the short-wavelength
components of inhomogeneity efficiently excite wide-angle scattering. In this situation scattered
waves distributed far from the direct path contribute to the excitation of coda waves.

™
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Figure 2. Modified from Figure 7 in Saito et al. (2003, copyright by the Oxford Journals).
Schematic illustration of energy-packet propagation in scattering media based on the concept of
the radiative-transfer theory. MS envelope can be considered as the time trace of energy density,
which is composed of energy packets radiated from the source. Gray curves show energy-packet
paths. The straight solid line between the source and the receiver shows the direct path. The gray
curves around the direct path show multiple energy-packet paths with small angle scattering,
which form the early part of the envelope, while the paths containing wide-angle scattering form
coda excitation. The Markov approximation method can model multiple paths due to small-angle
scattering around the direct path between a source and a receiver, as shown by the shaded area.
The multiple isotropic-scattering model with momentum-transfer scattering coefficients models
energy-packet paths as straight trajectories composed of isotropic scattering (dashed lines), in
order to model the coda excitation.
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The initial pulse in RTT-derived envelopes are too impulsive due to the use of the delta function
propagator in the RTE (see green curves in Figure 5). Ultimately, the RTT solution fails to
explain the envelope near the direct arrival because it neglects the narrow-angle scattering
around the forward direction near the direct arrivals. On the other hand, assumption of the
parabolic wave equation neglects the wide-angle scattering and the coda excitation is not
modeled in the Markov approximation (see red dotted curves in Figure 5).

In order to model the coda excitation due to wide-angle scattering and envelope broadening due
to multiple forward scattering, Saito et al. (2003) first proposed to replace the direct propagation
term of the RTE solution with the solution of the Markov approximation envelope for the direct
propagation:

E(r,t;w.) = WGy, t;w.) + EX(r, t; w,) + EM(1, t; w,)
eg. 18
where E* and E™ are a single- and multiple-scattering energy envelopes, respectively.

The propagator used in the RTE solution (Saito et al., 2003) was still a delta function-type,), and
thus Sato et al. (2004) proposed an improved hybrid method that utilized the Markov
approximation as a propagator in the radiative transfer integral equation:

WGk s)
1- VogoGAM(k, s)

T

(k,s) =

eg. 19

We note that, in a similar fashion as with eq. 3, we can solve eq. 19 using the 2-D FFT
technique.

Figures 3 and 4 show comparisons between the two hybrid envelopes of Saito et al. (2003) and
Sato et al. (2004) in a 2-D von Karman random media (k = 0.1, € = 0.05, a = 5), with an
envelope synthesized using the finite-difference method. The results show that the envelopes
computed with the hybrid methods agree well with envelopes averaged over an ensemble of
finite-difference simulations of the wave equation for a suite of random media. More
interestingly, the simple hybrid method proposed by Saito et al. (2003) explains both the
envelope broadening around the peak and the coda excitation with a far lower computational
cost.
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Figure 3. Figure 8 in Saito et al. (2003, copyright by Seismological Society of America). A
comparison of root-mean-square (RMS) envelopes derived from the new hybrid method (gray
curves) with envelopes synthesized by the finite-difference method (solid curves) for k=0.1.
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Figure 4. Figure 12 from Sato et al. (2004, copyright by American Geophysical Union). Root-
mean-square (RMS) envelopes of waves for a 2-Hz Ricker wavelet source radiation in 2-D von
Karman-type random media (k = 0.1, € = 0.05, a = 5). The numbers above the curves indicate
the distance from the source. Solid curves and thick-shaded curves show RMS envelopes based
on the hybrid synthesis versus those found through finite-difference simulations, respectively.
Fine-shaded curves indicate £1 standard deviation of finite-difference envelopes.

For our template modeling, we chose the hybrid approach proposed by Saito et al. (2003)
because of its computational simplicity. The hybrid method by proposed Sato et al. (2004)
requires computation of the Markov approximation kernel in time and space, as well as a 2-D
Fourier-Laplace transform for the convolution integral equation. It therefore has a much higher
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computational complexity and cost compared to the method in Saito et al. (2003). We can also
accelerate the calculation using an approximate analytic time-domain solution (e.g., RT solution
for Paasschens, 1997; time-domain solution of the Markov approximation for Sato et al., 2012).

Replacing the first term in the 3-D radiative-transfer solution (eq. 4) with the Markov envelope
(eq. 17), and including a scattering energy loss term e~("o9s0t)  we derive a 3-D hybrid envelope:

1 m’ T er V) r
E(rt) = oY at 0 —(Vogsof)H( _ _)
8 = vor? 1ot (0’e " e L=y
1—7r2 Vot 211/8 r2 \% r
+ W[ /ot)] 3 e~ (ogmtIM Vogmt <1 - V2 2) H (t — 7);
[47Vot/(Bgm)]2 ot 0
eg. 20

Based on eq. 20, the bandpass filtered velocity envelope centered at frequency f at a distance r
can be calculated by

A(rt, f5tu 9o, b) = (205 "S(FIP(FE(, t, f5 ta, gode ™ + N2(F)]?
eq. 21
where S, P and N are respectively the source, frequency dependent site effect, and noise spectra,
and b is the intrinsic attenuation factor (b = %) and p, is density. Doubling the energy density

accounts for the boundary condition for energy transfer in a half-space (c.f., Sens-Schonfelder
and Wegler, 2006).

Figure 5 illustrates some results for a 3-D von Karman-type random media. We show envelopes
computed using the hybrid method compared to those computed using the analytic solution of
the radiative transfer equation and the Markov approximation of parabolic wave equation.
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Figure 5. a) semi-log and b) linear plots of the hybrid synthetic envelopes (blue lines) at 2 Hz,
for von Karman-type random media (k = 0.5, ¢ = 0.05, a = 5), where k is the Hurst number, &
and a are the fractional fluctuation and characteristic length of inhomogeneity, respectively.
Estimated total scattering coefficient is 8 x 10~*km™1 for a given random media. Green solid
and red dashed lines represent the analytic solution of the radiative transfer (RT) equation and
the Markov approximation of the parabolic wave equation for the random media, respectively.
The Markov envelope (red dashed lines) shows the peak delay and envelope broadening with
increasing travel distance, but no excitation of coda. On the other hand, the radiative transfer
solution for impulsive radiation (green solid lines) models the coda excitation, but the direct
arrival in the model is too impulsive, because too little energy has been forward scattered in the
portion immediately after the direct arrival. The Markov and hybrid envelopes show more rapid
peak amplitude decay than the RT envelope and 1/r geometrical spreading due to energy loss
from the multiple forward scattering.
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3.2 Envelope Broadening and Scattering in von Karman Random Media

Sonic well-logging data show that velocity inhomogeneities are random and their power spectral
density function (PSDF) decreases with some negative power of wavenumber. Von Karman-type
random media have power-law spectra at large wavenumbers, so they are often used for
describing Earth’s inhomogeneity. The autocorrelation function (ACF) of a von Karman random
media characterized by correlation distance (a) and fractional fluctuation (¢) is given by

R(x) = R(r) = %(g)k K, (2) for k = 0~1,
eq. 22

where I'(k) is the gamma function and K, is the modified Bessel function of the second kind of
order k. For the 3-D case, the PSDF is

8m3/2T'(k + 3/2)&%a®
T'(k)(1+ a2m?)k+3/2’

P(m) = P(m) =

eg. 23

where m is the wavenumber vector and m = |m|. The PSDF obeys a power law for large
wavenumbers (am > 1), where the decay rate is controlled by the Hurst number, k. The von
Karman random media is rich in short wavelength components compared with that of Gaussian-
type random media. The von Karman random media with k = 0.5 is an exponential random
media.

Saito et al. (2002) numerically solved the master equation of TFMCF (eg. 13) for a von Karman
random media having non-integer k. Most recently, Sato (2016) solved the equation fully
analytically by decomposing the random velocity fluctuation into two components: the low-
wavenumber spectral component and the high-wavenumber spectral component.

As a simple mathematical model, Sato (2016) proposed a new stochastic synthesis of the scalar
wavelet envelope in 3-D von Karman-type random media, for the case when the center
wavenumber of the wavelet (k. = w./V,) is higher than the corner wavenumber (a™1) of the
PSDF. The key idea is to split the random medium spectrum into two components using the
center wavenumber as a reference: the long-scale (P ; low-wavenumber spectral) component
produces the peak delay and the envelope broadening by multiple scattering around the forward
direction; the short-scale (Ps; high-wavenumber spectral) component attenuates wave amplitude
by wide-angle scattering:

P(m) = P,(m) + Ps(m).
eq. 24
Sato (2016) took the corner wavenumber of the PSDF of the short-scale component as

a§1 = (k,
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eg. 25

where k.(= w./V;) is the center wavenumber and ¢ is a precise tuning parameter of the order of
one. He defined the parameter v in the following equation:

-1
_“s
V:F:(akc.

eq. 26
From eq. 23, eq. 25 and eq. 26, the PSDF of the short scale component of random media (Ps) is

3 3
82l (k + E) gad  8m2l (k + E) g%a
p _ 2 _ p)
S(m) = 3 — 3
F(k)(1+ a?2m2)**2  T(k)(v? + a?2m2)**2

_ 8m*?I(k +3/2)e%a’
T T(K)((fake)? + a?m?)k+3/2

eq. 27

3.2.1 Envelope Broadening and Peak Delay due to the Long-Scale Component in von Karman
Random Media

The time width of an envelope is well characterized by the characteristic time, t,,. By
decomposing a random medium into two components, Sato (2016) analytically derived the
characteristic time for the long-scale (low-wavenumber spectral) component of 3-D von Karman
type random media (P,):

&

2
a CL (kr E' kC)TOZ’

tu(k, &, ke, o) =

20,
eq. 28
where
CL(k . k,) = %[1 — (Cak )] fork #1 .
InCk, fork =2
eg. 29

As we see from the equations, t,, is proportional to the square of travel distance and frequency
dependent as a function of wavenumber. The frequency dependency increases for rougher media
with lower k. For 3-D von Karman random media, we found that the delay time between the
onset and the peak arrival is ~0.37ty,.
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3.2.2 Attenuation Correction for the Markov Approximation due to the Short-Scale Component
in von Karman Random Media

The Markov envelope with characteristic time t,, simulates the envelope broadening effect by
multiple scattering in a narrow cone around the forward direction, due to the long-scale
component of random media. This approximation ignores attenuation due to wide angle
scattering that is caused by the short-scale component of random media.

Sato (2016) proposed to use the total scattering coefficient derived using the short-scale
component of random media Ps as the lowest correction to the Markov envelope for scattering
attenuation by wide angle. We note that Saito et al. (2003) numerically estimated this effect.

The scattering coefficient defined as the scattering power per unit volume is directly related to
the PSDF of the velocity fractional fluctuation. For the 3-D case, the scattering coefficient for the
angular frequency (w) and scattering angle (i) is given by (Sato et al., 2012, eq. (4.25)):

l/)' W) E4AT— (=) = =2 P (Zk 'Il—)
eg. 30

where kis wavenumber (w/V,). The total scattering coefficient is given by the solid angle
average:

1
90(©) = 7§ 9 )AQ, 0)
1 T
5| s sinyay
0

_ ko ”P(Zk .t/)). p
= . Osm2 siny dy

kg Zko

P(m)mdm
21 J,

eq. 31
The total scattering coefficient of the short-scale component is derived from eq. 27 and eq. 31

22121 (k +1/2) 1 (Gako)' =2
gSO(k; (! kO) - ; F(k) - (1 + 4{—2)k+1/2 ZZ

eq. 32

3.2.3 Scattering Coefficients for the Coda Excitation

Another important quantity in radiative transfer theory is the transport scattering coefficient,
which is also called the momentum transfer scattering coefficient (Morse and Feshbach, 1953).
Even though the scattering is anisotropic, the scattering process can be well described by
isotropic scattering when the multiple scattering process is dominant. The transport scattering
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coefficient is defined by adding an additional factor (1 — cos ) to exclude forward scattering to
the total scattering coefficient eq. 34:

1
gn(@) = 3= $ 90 0)(1 - cos YA, )
= lf g@W; w)(1 — cosyp) siny dy
2 0

4 T

% ["p (Zko sinf) (1 —cosy) sinyp dyp

~ ), 2
1 2kg

= —f P(m)m3dm
am J,

eg. 33

The factor (1 — cosy) also works as a filter that eliminates the long-scale component of the
spectra of the random media (Figure 6). Thus, the transport scattering coefficient can be
interpreted as the effective isotropic scattering in the multiple scattering regime, which is the
average contribution of wide-angle scattering.

Scattering Pattern for K=0.1

Born App. g(v)

a Incident Wave ——g=—— = SV
2.44 km’

(1-cos(y))a(vy)

b Zoomup Forward

Im=0.0027 km""

Momentum Transfer 9(V)
Scattering Coefficient

Figure 6. a) Scattering coefficient g(y) based on the Born approximation at 2 Hz in a 2-D von
Karman random medium with k =0.1. b) Comparison of the momentum transfer scattering
coefficient gm with the scattering coefficient g(y) (Sato et al., 2004, copyright by American
Geophysical Union).

We derived the analytic form of the moment transfer scattering coefficient for a 3-D von Karman
random media having non-integer k from eq. 23 and eq. 33:
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e22m'?T(k + 1/2) 1+ 2a’k2(2k + 1)

gm(k: {; kO) = 1 ’
a  (2k=1)rd) (1 + 4a2k2)**2
eq. 34
and for the exponential random media (k = 0.5),
&2 4a%k?
Im(k,{ ko) = = lln(l +4a’kg) — 1-I-4—azk§l
eg. 35

For comparison, we also derived the total scattering coefficient from eq. 23 and eq. 31 and a
backscattering coefficient (g, = g(¥ = m)).

22T (k + 1/2) 1
(k,, ko) = €?ak? - l
go 0 0 r'(k) (1 + 4a2k2)*+1/2
eg. 36
82T (k + 3/2) e2alkd
Iz (k,{ ko) = 2 20k+3 2
(k) (1 + 4a2k2)k+3/
eq. 37

Figure 7 shows wavenumber and frequency dependence of the scattering coefficients for 3-D
von Karman random media. The wavenumber and frequency dependence of the transport
scattering become stronger for a rough media (e.g., k < 0.5). We note that the scattering
attenuation effect (gs,) in the Markov solution due to the short scaling component of random
media is also important for the rough media.
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Figure 7. Wavenumber and frequency dependence of scattering coefficients in 3-D von Karman
random media characterized by the Hurst number k=0.1 (a and b), k=0.5 (c and d), and k=1.0 (e
and f). g, go, and g,,are the backward, total, momentum transfer scattering coefficients,
respectively. gs, is the scattering due to the short-scale component of the random media (Sato,

2016).
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3.3 Exploring parameter space using Markov Chain Monte Carlo Sampling Method

We have completed the hybrid envelope modeling technique by integrating the hybrid scattering
formula, forward- and wide- angle scattering coefficients derived on 3D von Karman media, and
the MCMC sampling method (Metropolis et al., 1953; Hastings, 1970). Using the modeling
code, we explored the model parameter space of the new forward modeling by matching the
observed envelope recorded at local and regional distances. This step validated the new forward
modeling and examined the sensitivity of each model parameter.

We explored the modeling parameters control on the shape and attenuation of the crustal phases’
envelopes (Pg and Lg). In this new formulation, all modeling parameters that control the forward
and wide-angle scatterings were consistently derived for a 3-D von Karman random media. For
validation purpose, we chose the same dataset we studied using the Lg-coda calibration method
(Yoo et al., 2010). The dataset includes 409 earthquakes recorded at 25 broadband stations in
Korean Peninsula.

In this test, we solved the Pq and Lq templates separately, assuming no scattering conversion.
Also, we only fit a single frequency band, 2-4 Hz, and we directly sampled the source amplitude
rather than sampling the seismic moment and corner frequency in this test. The source estimates
still include the site amplification in the current test as we didn’t sample the site term in the
MCMC model search.

For this test, first we assume that the misfit is distributed normally with zero mean and some
known variance, 2. We then express the log-likelihood function for envelope model,

l(a,g,k,Qy,n,S)

NTXNF
s [ |

202

exp | — [10810 A(T', t, f; acé, k: QO! T]'S) - logloD(r' t' f)]z
V2mo?

eq. 38
where A is a model prediction proposed by parameters a, €, k, Qy, 1, S using eg. 23 and D is the
observed RMS envelope defined as a vector sum of the three component velocity seismogram
(Un,E,2);

1
D(t,f) = [uf + ug +uzl?
eg. 39
For each observation, we proposed a total of 2 million sets of models (1 million for a burn-in
process and another 1 million for a model sampling), sampled 1,000 sets from the 1 million and
obtained a distribution of the predicted envelope models and model parameters. From the set of

predicted model parameters, we computed the distribution of scattering and intrinsic
attenuations,

Qst =17 and Q7" = (Qof M~

eg. 40
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Figure 8 show the 2-4 Hz RMS envelopes at 2-4 Hz and predicted models for a Mw 4.6
earthquake that occurred in the mid-east Korea Peninsula on 20 January 2007. Our new hybrid
model fits the data very well, showing a large improvement on fit compared to the previous coda
model (see Figure 9 from Pasyanos et al., 2012). The simple exponential coda model seems to
work reasonably well for the later arrival of S-coda, but their model fails to predict the entire P-
coda envelopes and earlier part of S-coda as well. The simple exponential coda model is
originally designed for S-coda after roughly twice the travel time of an S-wave.
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Figure 8. Example of the model-search using the MCMC sampling to obtain the optimal model
parameters. Black solid line shows the 2-4 Hz RMS envelope and color-scaled image shows
posterior distributions of predicted envelopes. Two inserted plots in each plot show posterior
probability distributions of scattering and intrinsic attenuations, respectively.
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Figure 9. Figure 6 in Pasyanos et al. (2012, copyright by Seismological Society of America).
Waveform envelopes for the two earthquakes and two explosions recorded at Mudanjiang (MDJ)
station in the 24 Hz passband. Synthetic envelopes for earthquakes are shown in green, with
dashed and solid lines showing uncorrected and corrected synthetics, respectively. Synthetic
envelopes for a 1-kt explosion at 100-m depth are shown in gray, while envelopes for the best-
fitting explosions are shown in red.

Figures 10 shows that estimated characteristic time t,, increases with distance. This parameter
controls envelope broadening and peak delay due to the multiple forward scattering. The
maximum peak arrival is delayed by ~0.37t,, seconds for 3-D propagation (spherical wavelet).

Figure 11 shows a spatial distribution of the estimated scattering and intrinsic attenuation. The
estimated scattering attenuation is smaller almost by order of magnitude than the intrinsic
attenuation which indicated that intrinsic absorption is a dominant contributor to the high
frequency attenuation process in the Korea Peninsula. This observation agrees well with previous
studies using the Multi-Lapse Time Windows Analysis based on the Monte-Carlo simulation
method (Chung et al., 2010).
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Figure 10. Estimated characteristic time t,, against distance at 2-4 Hz. Solid and dashed lines
represent the best fit and +o. The maximum peak is delayed by ~0.37t,, seconds for 3-D
propagation (spherical wavelet).
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Figure 11. Map shows the a) scattering and b) intrinsic attenuations estimated at each station
from the Mw 4.6 earthquake on 20 January 2007 shown as a black star. We will solve the
posterior distributions of scattering and intrinsic attenuations using the 2-D Bayesian
tomography technique to simultaneously compute 2-D attenuation models and waveform
envelope shapes.
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As we found from the test data, the characteristic time, scattering and intrinsic attenuations
coefficients are well separated and constrained by the MCMC approach using the new hybrid
model provides excellent fits to entire envelope for both crustal phases. The posterior probability
distributions of these parameters will be used as input data for the 2-D Bayesian tomography
later.

3.4 Bayesian Tomography for 2-D Coda Calibration

To accomplish full 2-D calibration capability in the coda methodology, we developed a new
calibration technique for the 2-D envelope shape by applying a trans-dimensional hierarchical
Bayesian tomography algorithm (Bodin et al., 2009; Bodin et al., 2012). We adopted the
Bayesian tomography algorithm to map the posterior probability of modeling parameters used
for the hybrid template modeling. The newly developed tomographic calibration technique
allows us to estimate optimal shape parameters for the hybrid template for given source-receiver
geometry and subsequent accurate explosion yields from small local events.

3.4.1 Trans-Dimensional Bayesian Framework

Conventional optimization scheme typically provides a single best-fit model while the fit of
other models may only be slightly worse. For this reason, the optimization scheme does not well
characterize the non-uniqueness and uncertainty of the model in most of cases. Also, the models
often get stuck in local minima.

However, in Bayesian framework, the solution is given by large ensemble of models whose
density is directly proportional to the posterior distribution of the model. This feature makes
uncertainty analysis more simple and straight forward. Also, the sampling-based strategy of the
Bayesian approach allows the model to jump out of the local minima and sample non-unique
models (Khan et al., 2011).

In most seismic tomography problems, Earth models are parameterized with a uniform local grid
whose size is fixed a prior to the inversion. However, the information used for the tomography
distributes unevenly in space due to the irregular source-receiver coverage. This leads to having
an ill-posed condition in regions of poor path coverage. We usually deal with this condition by
imposing regularization of the model parameters such as global smoothing, norm damping, or
simply to coarsen the grid space. Although, the application of regularization often causes
degrading resolution in the well-posed regions along with the ill-posed regions.

Most inverse problems in geophysics treat the number of unknown (e.g., number of grids,
number of layers) as a constant. Trans-dimensional inversion is the name given to the case where
this assumption is relaxed, and the number of unknown is treated as the unknown (Sambridge et
al., 2013). Bodin et al. (2009) first introduced the trans-dimensional parameterization to non-
linear seismic tomography problem by implementing the VVoronoi tessellation (Okabe et al.,
1992) and reversible jump Markov Chain Monte Carlo (rj-MCMC) algorithm (Green, 1995;
Green and Mira, 2001; Sambridge et al., 2006).

28



AVC-VTN-18-G03

Figure 12. Example of VVoronoi diagram, which forms a set of irregular cells that partition the
plane. Any point inside a cell is closer to the node of that cell than any other node, so the shape
of the parameterization is defined by the location of nodes (black dots) (wikipedia;
https://en.wikipedia.org/wiki/\VVoronoi_diagram).

Figure 12 shows examples of the parameterization using the VVoronoi cell. In mathematics, a
Voronoi diagram is a partitioning of a plane into regions based on distance to points, called
Voronoi nuclei, in a specific subset of the plane. These regions surrounded by the planes are
called Voronoi cells. In the trans-dimensional tomography, the number and the location of the
nuclei is unknown. The nuclei is mobile and can be newly created or destroyed so that the sizes
and shapes of VVoronoi cells also can be changed during the inversion.

The rj-MCMC algorithm allows inference on both model parameters and model dimensionality
(Green, 1995). Rj]-MCMC also called ‘birth-death MCMC algorithm and is an extension of the
well-known Metropolis-Hastings algorithm (Matropolis et al., 1953; Hastings, 1970). We
implemented our tomography algorithm using the rj-MCMC software library by Rhys Hawkins
at Australian National University (ANU).

3.4.2 Uncertainty in Data Noise and Hierarchical Bayes

Another difficulty in the seismic tomography problem is how to decide the level of data noise. In
the geophysical inverse problem, how much noise is included in the data determines how much
the inverted mode should fit the data, and finally determines the resolution of final model. It is
very difficult to quantify this data noise in general. Therefore, in many cases, this value is
determined arbitrarily by the users based on their prior knowledge and experience with the
problem. As a result, the resolution of the resulting model is significantly affected by the user's
judgment and intuition.

To address the limitations, Bodin et al. (2012) introduces the Hierarchical Bayesian inversion to
the geophysical inverse problem. Similar to the Trans-dimensional method described above, this
method also allows higher degree of freedom of the problem by treating the data noise as an
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additional unknown term of the problem. Ultimately, it is the strength of this new approach that
minimizes user involvement and ensures that all these decisions are determined by the input data
itself.

3.4.3 Bayesian Mapping for the Scattering/Absorbing Parameters

The new hybrid modeling needs three model parameters, 1) characteristic time for the forward-
scattering (t,,); 2) scattering coefficient for the coda exception (g, = %; Qst = %); 3)
inelastic energy loss for the later coda decay rate (Q; *). We have already implemented an
algorithm that can extract optimal envelope modeling parameters for given waveform data by
applying the Bayesian inversion technique to the hybrid envelope modeling. We completed
developing the new trans-dimensional tomography algorithm and the coding to effectively map
the extracted modeling parameters to 2-D space without distortion. Using the 2-D map of the
envelope modeling parameters, we can find the optimal envelope modeling parameters for any
given source-receiver path. This allows us to model a more accurate waveform template, which

can be used to measure the accurate amplitude and eventually estimate the explosion yield.

Our new hybrid modeling technique is a more advanced method compared to the single back-
scattering model widely applied in previous monitoring applications. However, it is still
oversimplifying the real Earth. The analytic solutions included in the hybrid formula are derived
for the homogeneous random half space. This ignores the stratigraphic characteristics of Earth’s
crust and the effect appears as distance dependence of the model parameters. 3-D mapping is
required to take into account this layered property, but it is not realistic to apply 3-D calibration
over a large area. In the previous 1-D coda calibrations, the distance dependency of the model
parameters has been functionalized using hyperbolic curve fitting (Mayeda et al., 1996; Mayeda
etal., 2003; Yoo et al., 2011).

We follow the method proposed by Takahashi (2007) to correct the distance dependence of the
model parameters. First, we find the linear dependence of the logarithm of modeling parameters
against hypocentral distance,

log, ,tm = Aty + By log, (R
10g10Q§1 = AQS—1 + BQs—llogloR
10g10Qi_1 = AQz_l + BQi—llogloR
eg. 41

where t,;, Qs and Q; * are the modeling parameters for the hybrid envelope modeling, R is the
hypocentral distance, A and B are regression coefficients. Then, we define the logarithmic
deviation of each model parameter from the regression line as,

Alog,  ty = log, ,ty — Ay, — By log, R
Alog, Q5" = log, Q5" — Apz1 — Byilog (R
Alog Qi ' =log, Q7" — Ag;r — Byralog, R
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eq. 42

where Alog, ty, AloglOQs‘l, and AlogloQ{1 are the values for the Bayesian tomographic
mapping. Our current interpretation for these values are the strength of scattering/absorbing due
to the heterogeneities along the source-receiver path (e.g., Pezzo et al., 2016). Thus, the values
are given by,

Mlog, ty =~ Alog, ty™ - drmn
Oglo Mn R Oglo M r
m

1
AloglOQs_ln = Ez Aloglolem - dr™n
m

1

AloglOQi_ln = Ez AloglOQflm ~dr™n
m

eq. 43

where Alog,  ty AlongS‘ln, and AloglOQi‘ln are the values of ray n, and Alog, ty™",

AloglOQS_lm, and AloglOQi_lm are the model parameters assigned to cell m, and dr™" is the
length of ray n across cell m.

3.4.4 Comparison between Conventional and Bayesian Tomography Techniques

We conducted synthetic tests that compared the trans-dimensional Bayesian approach with a
conventional optimization using the Least Square (LSQR) method. We did not develop a
separate LSQR tomography code for the comparison study. Therefore, we used the Fast
Marching Surface Tomography (FMST) Package to simulate the conventional optimization
results and then modified our Bayesian tomography code to solve the velocity structure for given
travel time and ray travel path.

The synthetic data used in the comparison was calculated for a 5°x 5° checkerboard model with a
variation of +0.25 km/s in a homogeneous model with an average velocity of 5 km/s (Figure 13).
We added 1 second standard deviation of Gaussian random noise to the synthetics. We note that
only 1000 ray paths are used for each tomography inversion considering low seismicity in the
study area.
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Figure 13. a) Synthetic model b) ray coverage for a checkerboard test. Stars, triangles and black
lines represent sources, receivers, and rays between the source and receiver, respectively.

Figure 14 shows the results of the conventional optimization for three different model
parameterizations, 1°x1°, 2°x2° and 5°x5°, respectively. The optimal regularization for
smoothing and norm damping were determined by the L-curve test for each case.

First, we need about 1600 model parameters for the case of 1°x1° grid space, which is more than
the 1000 ray paths of data given. Despite our efforts to choose optimal level of regularization, the
highly ill-posed condition lead to serious overfitting of the data. Estimated data noise from the
final model is 0.7s, which is smaller than 1 s used for the synthesis of the data.

In the case of a 5°x5° grid space, on the other hand, we only need about 70 model parameters,
which is much less than the number of data given. However, it is too coarse of a grid to resolve
the given checkerboard model and results in underfitting. Estimated data noise from the final
model is 3.8s, which is much larger than 1 s used for synthesizing the data

In the case of 2°x2° grid space we need 400 model parameters, and we obtained the most
satisfactory recovery result. The data noise estimated from this model is approximately 1s, which
is almost identical to the value used in the actual synthetics. Even in this case, there are still
distorted results in regions with poor ray coverage. All the cases failed to recover the sharp
discontinuity of the checkerboard synthetic model.

The trans-dimensional Bayesian tomography provided a much more accurate checkerboard
recovery result compared to the conventional method (Figure 15). Estimated average of number
of model parameters is about 220, and estimated data noise by the hierarchical algorithm is about
1.07 s, which is very close to 1 s used in synthetic data.

The Bayesian inversion method provided reasonable recovery even in regions with poor ray
coverage. In addition, the discontinuity of the checkerboard synthetic model is very well
recovered. Note that model uncertainty can be directly calculated from the posterior distribution
of the model parameters, which is very important information for interpreting the model and
applying the model for other applications.
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Figure 14. Results of the checkerboard recovery test using a) 1°x1°, b) 2°x2°, and c) 5°x5° grid
spaces, respectively. Dotted and solid lines in d), ), and f) show the profile at 127.5° of synthetic
and recovered models from each case.
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Figure 15. a) Recovered model and b) estimated uncertainty of the checkerboard test using the
trans-dimensional Bayesian tomography. Dotted and solid lines in ¢) show the profile at 127.5°
of synthetic and recovered models. d) A histogram of number of cells in the VVoronoi tessellation.
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4.0 RESULTS AND DISCUSSION

4.1 Application to North East Asia and North America

As a preliminary study, we have applied the developed Bayesian tomography code to data
obtained from the Korean Peninsula (AFRL contract FA9453-16-C-0022) and North America
(AFRL contract FA9453-16-C-0023). Due to the low seismicity of the Korean Peninsula, the
amount of data that has been collected and processed so far is not enough to obtain the high
resolution of calibration for the envelope shape parameters (Figure 16). We found strong
scattering and high intrinsic attenuation in the Japan area and weaker scattering and lower
intrinsic attenuation in the Korean Peninsula and Northeast China. We also found some good
spatial correlation of the intrinsic attenuation to the direct Lg Q result from the direct wave
tomography inversion. However, the data included in the current test do not have many paths
crossing the East Sea (Sea of Japan), thus the inversion of this region is very poor. If we add
more data for the remaining research period of FA9453-16-C-0022, we expect the final results to
be improved significantly by end of the project.
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Figure 16. a) and b) show a checkerboard recovery and uncertainty using source-receiver paths
shown in e), respectively. c) and d) show tomography results and corresponding uncertainty
estimates of the inelastic energy loss (Q; ') at 1.4 Hz.
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We also started to apply the trans-dimensional Bayesian tomography to the North America
region. We were able to collect and process sufficient data for the North America region. Figure
17 shows a distribution of the hybrid modeling parameters for the North America region. We can
identify the vast difference between the West and the East, and the predicted envelop model
expresses the actual data well (Figure 18).

At the end of the program, the developed Bayesian tomography code will be applied to the two
AFRL funded projects and will contribute significantly to predict more accurate seismic
amplitudes and explosion yield estimates with rigorous uncertainty estimates.
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Figure 17. a) characteristic time, b) scattering coefficient, ¢) inelastic energy loss at 1 Hz.
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Figure 18. 1-Hz narrowband envelopes of a) a M 4.9 earthquake near California and Nevada
border on 1997/11/02 08:51:54 recorded at CMB (red) and SCZ (orange), and b) a M 4.7
earthquake near Ottawa, Canada on 2013/05/17 13:43:22 recorded at WCNY (blue) and HBVT
(green). Colored lines show the predicted synthetics using model parameters in Figure 6.

4.2 Full-Waveform Envelope Templates for Discrimination and Yield Estimation

A new hybrid envelope modeling method with the Bayesian sampling method developed under
this contract became a major step in AFRL funded research projects. We have developed a new
discrimination and yield estimation method known as full-waveform envelope template matching
to improve predicted envelope fits over the entire waveform and account for direct-wave and
early coda complexity. We accomplished this by including a multiple forward-scattering
approximation in the envelope modeling of the early coda. The new hybrid envelope templates
are designed to fit local and regional full waveforms and produce low-variance amplitude
estimates, which improve yield estimation and discrimination between earthquakes and
explosions.

To demonstrate the new technique, we applied our full-waveform envelope template-matching
method to the six known North Korean (DPRK) underground nuclear tests. We successfully
discriminated the event types and estimated the yield for all six nuclear tests. We also applied the
same technique to the 2015 Tianjin explosions in China, and another suspected low-yield
explosion at the DPRK test site on 12 May 2010. Our results show that the new full-waveform
envelope template-matching method significantly improves upon longstanding single-scattering
coda prediction techniques. More importantly, the new method which is possible using the
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hybrid envelope modeling method with the Bayesian sampling method allows monitoring
seismologists to extend coda-based techniques to lower magnitude thresholds (mp < 4 ) and low-
yield local explosions.

4.2.1 Application to the North Korean Nuclear Tests

Figure 19 shows waveform envelopes and matched hybrid synthetics for the 3 September 2017
DPRK nuclear test recorded at two Korea Meteorological Administration (KMA) seismic
stations: Mudanjiang (MDJ) and Inchon (INCN). The new hybrid model fits the crustal Pg and
its coda very well for broad range of frequency bands. We measured the template amplitudes
from the template matching and corrected for path attenuation, site amplification and the coda
transfer function obtained from the 2D calibration (see the third status report for details) and
estimated the source spectra.

a) nk20170903_KS_SEHB (347.881 km) b) nk20170903_IC_MDJ (366.615 km)

Figure 19. An example of observed full-waveform envelopes (thin gray lines) that match the
new synthetic templates (green circles) for 3 September 2017 DPRK nuclear test event. Blue
lines and red crosses represent the noise-corrected synthetics and template amplitudes,
respectively.

Figure 20 show the estimated source spectra of crustal earthquakes, DPRK nuclear tests, and
another suspected low-yield explosion at the DPRK test site on 12 May 2010. The crustal
earthquakes show very comparable source spectra from both P- and S-template matching and we
were able to fit the spectra with Brune source model (Brune, 1970). For the nuclear tests, on the
other hand, source spectra from P-template matching are scientifically differ from source spectra
from S-template matching. The explosion source model (MM71; Mueller and Murphy, 1971)
provides better fit to the P-source spectra than the Brune model. Assuming a granite near the
source region and depth of burial is scaled to yield (an empirical model described in Stevens and
Day, 1985), we estimated yields for all six nuclear tests, 0.67 kt at 106.8 m for 2006 test, 3.25 kt
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at 180.7 m for 2009 test, 9.36 kt at 257.1 m for 2013 test, 6.64 kt at 229.3 m for January 2016
test, 11.64 kt at 276.m for September 2016 test and 154.89 kt at 655.2 m for September 2017

test. We note that depth is a dependent variable, not an estimate in our result. The yield estimates

will be higher for deeper depth.
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Figure 20. Source spectrum comparison between a) earthquakes, b) 2006, 2009, 2013 DPRK
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4.2.2 Yield estimation of the suspected low yield event on May 12 2010

We analyzed the suspected low-yield nuclear event on 12 May 2010 recorded on the Dongbei
Broadband Network (DBN; Chun et al., 2011). The data was provided by Professor Paul
Richards (Columbia University) and also included the 2006 and 2009 North Korea Nuclear
Tests.
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Figure 21. Map showing the North Korean nuclear test site (star) and the seismic stations in the
Dongbei Broadband Network (solid triangle) (Chun et al., 2011, copyright by the Seismological
Society of America).

The locations of the stations in the network are shown in Figure 21 represented by black
triangles. The nearest station to the North Korean nuclear test center is about 1.34 degrees. For
now, this is the closest distance we can obtain.

Compared to 2006 and 2009 events, both P and S amplitudes of the 2010 event are very small
and most of coda signals are below the noise level (Figure 22). Only direct waves and some
portion of early coda signals appear to be available for further analysis.

We applied the measured amplitudes to the preliminarily amplitude attenuation models and
reconstructed its source spectrum. Then, we applied the MM71 explosion source model to
estimate the yield and depth of burial (Mueller and Murphy, 1971). Due to the very small size
compared to other nuclear tests, the corner frequency will be beyond the limit of the calibration
band. This lack of high frequency source spectrum made it difficult to predict the yield and depth
simultaneously using the explosion model. Therefore, we estimated the yields according to two
assumptions listed below to calculate the two depths used in the MCMC inversion (Figure 23).

First, assuming the explosion depth follows the 122m/kt® scaling (e.g., Stevens and Day, 1985),
the explosion yield is equivalent to about 200kg of TNT at 7m below ground. However, if we
assume the depth to 200 m deep, the yield estimate is as high as 700 kg TNT. Even assuming we
have similar depths to other DPRK nuclear tests, yield estimates do not appear to be higher than
1 ton. Our finding is in good agreement with the conclusions reached by Ford and Walter (2014)
through analysis of the IMS networks around the North Korean nuclear test site.
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Figure 22. Vertical component waveform (left) and the narrowband envelope (right) of the
observed the 2006, 2009, and 2010 events recorded at DBNOS.
Our hybrid envelope model not only has superior data representation for such a short coda signal,
but also can be applied to data with a very low signal-to-noise ratio by parameterizing the noise
in the model. We were able to make template amplitude measurements at four stations in the

DBN for the 2010 event.
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Figure 23. (left) The recovered source spectrum of the 2010 May event (blue diamond) along
with the best fit of MM71 source models for the six North Korean nuclear tests (solid line).
(right) The posterior distribution of yield and depth estimates from the Markov-Chain Monte
Carlo inversion (blue dot) using the two assumed depths of 7m and 200m. Green and red
symbols represent the posterior distribution of the estimates assuming the 122m/kt® scaling and
200m fixed depth, respectively.
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4.3 3-D Full-waveform Simulations for the North Korean Nuclear Tests

In other work we are using 3-D spectral element methods (SEM) to simulate the effects of varied
depths-of-burial for explosions detonated in mountainous terrain. The goal behind the modeling
efforts is to look for the imprint of topography on far-field seismic observations, which could
eventually lead to improved estimates of seismic explosion yield. The five nuclear explosions
detonated in North Korea (NK) provided an excellent test bed for this exercise.

In Figure 24a we show a map view of the surface topography over the test site. The red square
indicates the surface area where we extracted a Shuttle Radar Topography Mission (SRTM) 90-
m digital elevation map that we used to generate a 3-D spectral-element mesh with 200-m
sampling. We note that SEM meshes do not require the fine-scale grid sampling needed by
finite-difference codes; e.g., a 200-m meshing interval in SPECFEM3D (open source SEM code
at https://geodynamics.org/cig/software/specfem3d/) can simulate the same wavefields as a 50-m grid
interval in finite-difference modeling. The 3-D mesh we input to SPECFEM3D covered a 40-km
x 40-km x 20-km region (inset view shown in the upper left corner of Figure 24b). Figure 24b
also shows a close-up oblique view of the mesh topography with Mt. Mantap and the North
Portal indicated with arrows.

. I / Mt Mantap (2,205m)

North Portal
(~1,30m) S

128°48' 129°00" 912"

Figure 24. a) Map view of topography near the North Korean Test Site from SRTM 90-m digital
elevation data (http://srtm.csi.cgiar.org) and b) an associated 3-D spectral-element mesh (40km x
40km x 20km). We used a 200-m sampling interval in the spectral-element mesh design, which
is equivalent to a ~50-m grid sample size in a finite-difference modeling approach.

For this demonstration we chose a simple velocity model to isolate the effect of mountainous
topography on the simulated waveforms. We generated a homogeneous velocity model with
values of 5190 m/s, 3000 m/s and 2500 kg/m? for the P velocity, S velocity and density,
respectively. These fast wave speeds correspond to the presumed granitic geology around the test
site (e.g., Ford et al., 2009; Rodgers et al., 2010).

Figures 25 and 26 illustrate how regional observations in mountainous terrain could be exploited
for depth estimation, with waveform data from the 2009 DPRK nuclear test. Figure 25a shows a
comparison of the SPECFEM3D flat- and rough-topography synthetics from the model in Figure
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24b at regular azimuthal intervals and a 10-km observation distance. The flat-topography
waveforms are plotted in black, and the rough-topography results in green. There are clear
differences in the rough-topography waveforms as a function of azimuth, particularly in the P
and pP arrival packets (denoted and highlighted inside a gray-shaded annulus).

Figure 25b shows the vertical-component seismograms from the 2009 NK explosion observed at
stations MDJ and KSA, which recorded the event at azimuths and distances of 7° (371 km) and
191° (307 km), respectively. Because the depth-phase time delay (pP-P) is nearly invariant to
range, it is meaningful to compare synthetics at 10 km to observations at 300+ km. There is a
remarkable match between the rough-topography synthetics and the station observations at their
corresponding azimuths. Compared to the initial P phase, the depth phase pP at station MDJ is
enhanced while pP at station KSA is significantly weaker. As expected, this depth-phase
enhancement does not occur in the flat-topography synthetics, but is present in the synthetics that
simulate the topography at the NK test site.

a) & MDI(7°) b)

prP

MDJ
(371km/7°

1 sec

P

prP
KSA
(307km/191°)

Figure 25. a) SPECFEM3D waveform synthetics observed at 10 km from a source with a 45°
takeoff angle; green waveforms produced by the rough-topography simulation, black by flat-
topography situation. b) The observed vertical-component velocity seismograms at the
Mudanjiang (MDJ) and Ganseong (KSA) stations for the 2009 NK nuclear explosion. The
behavior of the P and pP arrivals in the rough-topography synthetics matches the observed
waveforms well at the MDJ and KSA azimuths. Note that the synthetic waveforms are down-
going and thus have ‘down’ first motions.

KSA(1910) 180°

Figure 26 provides a theoretical explanation for why the 3-D rough-topography synthetics match
the observations in this case. Depth phases at observations on the north side of the mountain
exhibit larger amplitudes and phase delays with respect to the direct P arrivals, compared to the
weaker (or nonexistent) depth phases to the south. This might imply the depth phases to the north
experience a focusing effect from curved/asymmetric free surface of Mt Mantap (i.e., analogous
to the foci of a hyperbola).
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In future efforts we will analyze synthetic waveforms to identify waveform phenomena that are
diagnostic of source depth. Rough free-surface topography will make the waveforms more
complex, but could potentially produce useful constraints on source depth — provided the effects
of the topography can be observed and interpreted in data.

. Defocusing:
Low-amplitude depth phase
P

/m/ o e
Figure 26. Two-dimensional illustration of focusing/defocusing observed in depth phases
generated in mountainous terrain. The elongated lens-like (or dome-like) mountain surface
generates a complicated reflection of the depth phase that can be tracked azimuthally. For the

example shown in Figure 3, station MDJ is to the north (enhanced pP) and station KSA is to the
south (low-amplitude pP).

Focusing:
Enhanced depth phase

5.0 CONCLUSIONS

We developed a new Bayesian calibration technique for the 2-D envelope shape correction to
accomplish full 2-D calibration capability in the coda methodology and to improve yield
estimation for small underground explosions.

The joint R&D efforts under this U.S. Department of State’s V-FUND and other AFRL contracts
allowed us to implement two significant and innovative upgrades to the conventional coda
methodology, 1) a new hybrid waveform envelope modeling technique and 2) a 2-D calibration
approach that includes both the envelope shape and amplitude attenuation.

The full-waveform measurement approach based on the new hybrid modeling technique allows
accurate amplitude measurements and subsequent yield estimates from small local explosions.
The full 2-D calibration approach based on the Trans-Dimensional Bayesian Tomography
algorithm extends the traditional coda calibration to have full 2-D capability to improve
complex, broad area calibrations (e.g., Iran)

Our combined R&D development efforts are producing significantly improved fits to shorter-
length signals from smaller events, as well as more accurate yield estimates. The new processing
technique is also shifting conventional coda-based analysis from a strictly empirical basis to a
physical one. These improvements have been long-term goals of significant interest to U.S.
monitoring agencies.
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