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Radiative transfer 
theory for S-S scattering  
with envelopes	

Hoshiba and 
     Aoki (2015)	

This study: 
Extraploation of wavefields as a boundary value problem	

Without pre-deteminating source location and time, the  
  wavefield in the future is estimated ONLY from early 
  records for EEW.	The previous presentation by Dr. M. Hoshiba	

Importance of their spatial derivative (velocity & direction)	
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Representation theorem with Green’s functiion G for scalar waves	
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Wavefields observed on the surface S 

Reflection seismic data： Nearly vertical incident wave on the surface 
 　 Use of the Green’s function with the mirror-point source at R’ 

G = 0 on S

Wavefield U estimated at a 
target (future) point r  
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(e.g., Kirchhoff migration)	

Without dense coverage U on S, however, low resultant resolution 

Wavefield extrapolation (no P-S conversions)： 
    Similar to the migration in exploration seismology	

input data: U on S 

Imaging a point scatterer by 
 2D scalar wave synthetics	

d 
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 ・line source near the surface 
 ・a single scatterer  
 ・homogeneous medium	

λ=1.0 diameter=1.0 
In addition of source d, 
the scatterer is also taken 
 as the secondary source c.	

d c 

Each time-reversed record	
Each record is “propagated” towards  
 the model space with an appropriate 
 Green’s function, then summed over 
 all the records.	

U(r,t ) = − 1
4π

dt∫ ∂G(r,t | r0,t0)
∂n

U(r0,t0)dr0S∫∫

（Numerical example of wavefield extrapolation）	

300 sec 

With uniformly distributed stations, good results are obtained 
 not only for synthetics but also actual seismic data, but 

▽	▽	 ▽	▽	▽	▽	▽	 ▽	 ▽	▽	▽	

What if stations are sparsely distributed (as actual cases)?	

Worse situations 
for EEW, 
considering their 
insufficient station 
distributions. 

▽	▽	▽	 ▽	▽	▽	▽	▽	▽	▽	▽	▽	▽	▽	▽	

Degraded even 
 　　for synthetics 
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G = 0 on S                     (reflection seismology) 
is NOT valid for horizontally 
propagating waves in EEW. 

∂U ∂n
In EEW, we may measure not only wavefields U but also their   
  propagation velocity & direction on the surface  
  as input data. 

From Dirichlet to Neumann boundary conditions	

Propagation direction:  f-k    
 (frequency-wavenumber) analysis 	

Stack seismograms with 
  a given slowness vector	
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a (Gaussian) beam	

Shooting a ray in the direction 
corresponding to the peak 
iestimated in the k (or sx-sy) 
domain	

sx = sinθ / c

Taira and Yomogida (2007)	

Spread of a peak in data:  
Shooting not a ray but	

€ 

:  auto - correlation
P(kx,ky,ω) :  f - k Power Spectrum

!
k =ω  

!
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Extrapolation from sparsely distributed stations only with 
 limited angles： estimated errors in propagation direction	

Improved 
spatial 
resolution 

Dense network	 Sparse, Kirchhoff	 Limited angles only	

Comparison of Kirchhoff vs Neumann extrapolations	

Resolution improved even with sparse stations 
　(Should be more effective with noisy data in practice of EEW) 

Target  body
	

E
xpanding  

w
ave front	
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So far, O.K. with 
 (a)  theory 
 (b)  synthetics for simple background media	

But the earth is highly heterogeneous,,,,	

Since we express a wave propagating over the surface 
with                      , we may need to consider ONLY	

large variations of apparent velocity in observation.	
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Variations in apparent velocity from region to region	
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（both events are shallow, around 10 km in depth) 
Central plain in Hokkaido	 Nagano Pref. (central Japan)	

7.1 km/s 	 5.4 km/s	

The apparent velocity in each region must be known in advance  
     although there exit complex internal heterogeneous structures. 

Difference in apparent velocity by focal depth	
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Hidake Mountains 
 22 August 2012	

Off Sakhalin Island　　 
  14 August 2012	

          M7.3  
depth: 490km	

       M5.2 
depth 50 km	

100km	
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SW coast　depth 10 km	

Eastern coast　 
50 km	

Northern coast　 
270 km	

Events around Hokkaido	

7.0 km/s 	

7.5 km/s 	

13.2 km/s 	

The other way around,  
focal depth may be 
estimated by apparent 
velocity.	

Relation between velocity c & focal depth d in four regions	
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For our extrapolation, an appropriate velocity in Green’s 
 function is important on a case-by-case basis.	

Nagano	
Hokkaido	

c = 0.021d +6.47

200	

Ibaraki	

Wakayama	

c = 0.060d +6.07

Focal depth（km）	

Apparent velocity also varying with epicentral distance, particularly 
for deep events:  

Hokkaido SW coast, depth 10 km 	 North coast　270 km	
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Effects of incident angles and Pn (under the Moho)	

6.8 km/s 	 > 50 km/s 	 ~ 15 km/s 	7.1 km/s 	

Letter 159

Fig. 4. Velocity structure model based on the model SNA (Grand and Helmberger, 1984) and ray paths 
of three major P-related phases (P, Pm, and Pn in this study.

- 0.067, MrƒÓ=0.016, and MƒÆƒÓ=0.087, in units of 

1020N•Em. The total seismic moment is 2.9•~1019 

N•Em, and the slip is nearly pure right-lateral with 

a strike of 233 deg or N53E. The focal depth cannot 

be well resolved for shallow earthquakes such as the 

present event. From the aftershock distribution (e.g., 

D.P.R.I. R.C.E.P., 1995), coseismic fault motions 

appear to have extended from the surface to a depth 

of 10 to 15 km. We set the point source at the depth 

of 5 km to represent the centroid of fault slips. 

In order to understand the effects of the crust-

upper mantle structure and the radiation pattern, 

we make synthetic seismograms at various epi-

central distances in each azimuth of Fig. 3. Figure 5 

shows two examples of synthetic vertical velocity 

seismograms with an impulsive source-time function 

in azimuths of (a) SHK and (b) MAJO, respectively. 

They are bandpassed between 0.1 and 3 Hz. Each 

trace is aligned with the reduced travel time of 

the P-wave velocity at the uppermost mantle 

(8.11 km/s). Figure 5 clearly shows that the early 

part of the P wave consists mainly of three distinct 

phases in the epicentral distance over 150 km: a first 

small phase, followed by a minor one and a third 

major phase. The slowness of the first phase is

(8.11 km/s)-1, suggesting that it is a kind of head 
wave  propagating  just beneath the Moho, as denoted 
by Pn in Fig. 4. Our model has a slight jump in 
velocity in the middle of the crust, as shown in Fig. 
4, resulting in a weaker head-wave type phase 
propagating beneath this interface, similar to Pn. 
The second phase in Fig. 5 corresponds to this type 
of head wave, as represented by Pm in Fig. 4. These 
head-wave type phases have more low frequencies 
than direct phases, which are not suitable to estimate 
detailed rupture processes (e.g., Aki and Richards, 
1980; Helmberger, 1983). 

The final large phase in the P-wave part is the 
direct P wave. For our purposes, we concentrate 
ourselves on this phase. In other words, we select 
seismograms in which the direct P wave can be 
clearly identified. In the epicentral distance of less 
than 200 km, the above three phases arrive nearly 
simultaneously so that the waveform is quite 
complex, even for the impulsive source-time func-
tion. The radiation pattern, due to the double-
couple source mechanism, is also important to find 
such suitable stations. In the azimuth of SHK (Fig. 
5(a)), for example, the direct P wave is relatively 
clear because it is in a direction close to the maximum
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Δ < ~120 km: P 
   > ~150 km : Pn	

Moho	

nearly vertical propagation	

0 

Apparent velocity vs. epicentral distance (each focal depth)	
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<remark> 
 This range is covered  
 in the previous slide.	

Nearly constant velocity for events shallower than 50 km	
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Epicentral distance（km）	

10 km	

Distance dependency of head wave-type Pn is complex,  
but our estimates agree  c∝  1 rα  (α ≈ 0.7 ~ 0.8)

(an empirical relation of Utsu (1999)	

We also need a quick estimation of  
　　　　propagation direction:  

S St0

U(r,t)
(a) conventional (b) Neumann

U(r,t)(Dirichlet)
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f-k (frequency-wavenumber) analysis 	

sx = sinθ / c
Can we estimate the propagation 
direction with a limited distribution and 
density of current stations for EEW?	

∂U ∂n

at 22:09 on 11 March 201122:09  
Hida district M3.4  depth 3km 	

4.5 sec	

Example of propagation direction and velocity in an early 
   stage of event occurrence (central Japan)	

Early portion of five reocords	
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f-k analysis gives a clear peak!	

50km	

Propagation direction 
          - 240°	

Apparent velocity  
         6.1km/s	
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Figure 24: (Left) Observation points of waveforms in Fig.a23 in blue and the
epicenter of an event in red. (Right) f − k spectra of 0.3 to 5 Hz in the two
dimensional slowness domain.

Figure 25: Same as Fig.a24 except for the observation points in green in the
left.
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Figure 24: (Left) Observation points of waveforms in Fig.a23 in blue and the
epicenter of an event in red. (Right) f − k spectra of 0.3 to 5 Hz in the two
dimensional slowness domain.

Figure 25: Same as Fig.a24 except for the observation points in green in the
left.
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D	

Each array can estimate its 
corresponding direction 
quickly.	

0.3~5 Hz	

Figure 26: Same as Fig.a24 except for the observation points in yellow in the
left.

Figure 27: Same as Fig.a24 except for the observation points in orange in the
left.
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Figure 26: Same as Fig.a24 except for the observation points in yellow in the
left.

Figure 27: Same as Fig.a24 except for the observation points in orange in the
left.
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If we combine these f-k analyses together, 	

Figure 28: Same as Fig.a24 except for the observation points in purple in the
left.

The location of the spectral peak indicates the direction of the epicenter from

every observation point group. For example, while the position of the peak

in Figure 24 is southwest, its actual direction of the epicenter is indeed in the

southwest as viewed from the observation point group, so that the direction

of the epicenter is well estimated in this case.

In the other four figures (Figs.a25 to 28), different groups or arrays of

stations were selected, then the directions and velocities are slightly different

from each other. When all the above five results are combined, seismic waves

propagating in the manner of concentric circles from the epicenter can be

imaged. Moreover, the analysis with the observation point group of these

five patterns shown above was conducted by the time window of only about

5 seconds (e.g., Fig.a23), which means the present f − k analysis may be

practical as a new warning system.
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Figure 28: Same as Fig.a24 except for the observation points in purple in the
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In the other four figures (Figs.a25 to 28), different groups or arrays of

stations were selected, then the directions and velocities are slightly different

from each other. When all the above five results are combined, seismic waves
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Figure 26: Same as Fig.a24 except for the observation points in yellow in the
left.
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left.
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epicenter of an event in red. (Right) f − k spectra of 0.3 to 5 Hz in the two
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A	
B	

C	

D	

E	 The overall expanding 
wavefront can be imaged, 
so that we may even 
estimate the epicenter!	

f-k analyses with various groups of stations as arrays	

0 

Summary

Since apparent velocity and propagation direction are estimated with a 
dense network, spatial derivatives of waveforms should be introduced.

Direct extrapolation of the early observed wavefields (records) 

(1)  Resolution and stability improved even with non-uniform and 
     sparse distribution of stations 
 

(2) Green’s function propagating on a surface with reasonable         
    velocity required, depending on regional, focal depth and distance 
 

With the current Hi-net/JMA network in Japan 
(3) Velocity and propagation direction can be well estimated by f-k  
    array analysis, including the image of a spreading wave fronts 
    near an epicenter ( < 100km with the use of 0.3-5Hz records) 

Not presented due to the limited time:  Future perspectives 
(4) site-correction to enhance correlations among records 

(5) anisotropic behaviors of “a zone of abnormal seismic intensity” 

 P-wave data alone can only estimate P- but not S-wavefields.	

Roses in the garden 

Luxembourgers at our house 
in Sapporo, Japan 

Cups-saucer of  
 Villeroy & Boch  


