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ΠΕΡΙΛΗΨΗ 

YπoλoγΙoθη~ε η τιμή του Qc- a των ουρών των σεlσμι~ών 

χυμότων απ τη χρονική εξασθένηση φιλτραρισμένων 

οεισμογραμμότων με 8όση το μοντέλο απλής διασπορός. 

Αναλύσαμε γιό το o~oπό αυτό σεισμι~ό δεδομένα απ'την 

r.EPlOXn Ashio της επαρχΙας Tochigi στην ~ενΤΡΙKή ΙαπωνΙα, 

όπου η σεισμικότητα εΙναι υψηλή. 

Ο, τιμές τσυ QC- a σε μικρό χρσνικό διαστήματα. περΙπου 

10 οεvτερόλεrnα, μετό την ανόδυση των εγκαρσΙων κύματων, πσυ 

δΙνουν την τιμή τσυ Qc- a στσν αβαθή φλσιό, 8ρέθηκαν να 

μικραΙνουν σε σχέση με την συχνότητα από 2.5x10- z ατα 4ΗΖ 

οε δ.ΟχΙ0- 4 στα 64ΗΖ. 

Οι τιμές του Qc- a στσν αβαθή φλοιό κοι γιό συχνότητες 

χότω από 24ΗΖ εΙναι περΙπου τρεις φσρές μεγαλύτερες απ-ότι η 

τιμή που υπολογΙο,ηκε Υιό χρονικό διαοτήματα μέχρι 100 
δευτερόλεπτα και αντιστσιχεΙ στον φλσιό και ένα μερος τσυ 

πόνω μανδύα. 

Γενικό η διαφορό των τιμών οε χαμηλές συχνότητες εΙναι 

μεγάλες αλλό υπόρχει τόαη σύγκλησης στα 64ΗΖ. 

Η τιμή του εκθέτη n στη σχέση Qc-'~fn παΙρνει την τιμή 

-0.95 Υιό τους σεισμούς της ομόδας C "αl την τιμή -0.78 Υιό 

τους σειαμούς της ομάδας D. 

ABSTRACT 

Coda attenuation Qc- a has been evaluated from the 
tempora1 decay of band-pass f11tered se1smograms based ση 

the s1ngle !?catter1ng model. 'νlβ analysed seismic data 
abtained at Ashio, Toch1gi prefecture 1η central Japan, 
where seism1c act1vity 1s very h1gh 1η the crust. Qc- a 

evaluated from short lapse, t1me s1~11er than 10s, wh1ch 
samp1e the sha110w crust, decreases 1η frequency from 
2.5χΙ0-Ζ at 4ΗΖ to 6.0χΙ0-Α at 64ΗΖ. Qc- a ο! the sha1low 
crust for frequencies smal1er than 24ΗΖ 1s about three t1mes 
larger than Qc-' evaluated from coda of lapse t1me υρ to 
100s. wh1ch corresponds to the crust and a port1on of upper 
:mant1e. Difference 1s large' 1η the low frequency, but both 
converge at 64ΗΖ. The power of frequency is -0.98 and -0.78 
for the shallow crust and the crust plus a portion of upper 
mantle, respect1ve1y. 
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lNTRODUCTION 

In high ~requency seismology (f)1Hz), .the measurment of 
attenuation is difficult to accomplish mainly due to the 
sensitivity of seismic waves in this frequency band, to the 
earth structure (Chang and von Seggern 1980, Pulli, 1984). 
Tbe statistical·treatment of the heterogeneities of the 
earth medium may be tbe case to avoid the above 
difficulties. 

Aki (1969) suggested tbat the coda waves are the result 
of backscattering frcm nu~erOU5 r~ndomly distributed 
heterogeneities in tbe crust and the upper mantle. Such 
heterogeneities can be considered as cracks, faults folds, 
denSity and velocity anomalies in the earth medium, ect. 

Two extreme models have been proposed by Aki and Chouet 
(1975) to explain the characteristics of the coda waves. 
One is the single back scattering model. in which coda waves 
are conSidered as superposition of backscattered wavelets 
from discrete scatterers. This model assumes that scattering 
is a weak process, The second, the diffusion model, assumes 
that the seismic energy transfer as a diffusion (strong 
scattering) process. This model is based on the diffusion 
theory of Wesley (1965), Dainty and Toksoz (1981) have 
argued that diffusion model may be not appropriate for 
earthquakes, since the observed diffusion rise times are 
much shorter than that tbe theory predicts. Sato (1977) 
proposed the single isotropic scattering model for 
explaining the asymptotic behavior of coda waves at 
different stations. He considered coda waves only as 
scattered body waves and elastic energy is radiated 
spherically in the infinite elastic and isotropic medium. 

In this study we applied the metbod of Sato (1977) to 
high quality data, obtained at Ashio station, to determine 
Qc-> in this region. especially in the shallow crust, and 
also in the crust plus a portion of the upper mantle. So far 
no precise measurment of Qc-' in the shallow crust has been 
succeeded. because it is necessary to install seismometers 
in the vicinity of the earthquake sources and also few 
observations have been reported for high frequency above 
30Hz. Fortunately. in the Ashio region we succeeded to 
obtain sucb data. We believe that this analysis useful for 
understanting the physical di~ference between the shallow 
crust and a deeper region. 

KETHOD 

On the base of the single isotropic model, Sato (1977) 
derived the coda energy density at frequency f as follows: 

Es(r,f.t)=[No(f)Wo(f)/(4nr2)JKCQ)exp(-Qc-'2nft) (1) 

where r is the hypocentral distance and t is the lapse time 
measured from origin timej Q=t/t~ Where t e the S-wave travel 
time; No is the effective scattering coefficientj Wo is the 
total S-wave energy spherically rediated from the source. It 
means that coda wave consist of scattered waves from 
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ellipsoid shells. The function K<o) is given by 

K(o)=<1/o)ln( <0+1)/(0-1») (2) 

which asymptotically behaves (Sato 1977> as 

for t»t", (3) 

From <I) and (3) we get 

<4 ) 

Relation (4) corresponds to Aki and Chouet's (1975) single 
back scattering model. 

Energy density of coda waves is proportional to the root 
mean square coda amplitude A<r,f,t) of the band pass 
filtered seismogram at a center frequency f and therefore 
from <4) we get 

ACr,f,t) <5> 

Taking the logarithm of (5) 

log<At)=C<f)-Qc-1 <f)<nfloge)t (6) 

Applying this relation to the observed data, we directly 
evaluate the linear gradient of log<At) against lapse time, 
which is equal to Qc-1rrfloge. 

DATA AND ANALYSIS 

Ashio station <36.63 cN, 139.46 DE, altitude 755m) is 
located on the Western border of Tochigi prefecture, 
central, Japan, as shown by a solid triangle in Fig. 1. The 
Ashio region is known by its high seismicity in the crust 
and is located on the volcanic front. 

Most of the seismic events we analysed belong to the 
shallow seismicity <group C in fig. I). and other several 
events <group D) belong to the subducting Pasific plate, 
which were analysed for the comparison with Ak1(1980)'s 
results. Location and parameters of the events used in this 
study are reported by the NRCDP bulletin and are listed in 
Table I. For an event which has no parameters, the origin 
time is calCUlated using the S-P time difference. The local 
~~gnitude of the earthquakes range between 1.0 to 3.2. 
Earthquakes .occuring near Ashio station mostly have a 
magni tude less than 3.0, and no earthquake whi th 
magnitudelarger than 5.0 occurred in the area for decades 
<Sekiya, 1973). The horizontal and vertical <E-W) 
distribution of hypocenters of the earthquakes used in this 
ane-Iysis are sbown in Fig. 1 Cal, <b), respectively. 

The horizontal <N-S) component seismograph the 
recordings of which we used in the present study used is a 
mOVing coil type of natural frequency 1Hz. The frequency 
response is flat in velocity up to 300Hz. The recordings 
were band'-pass filtered with an electric circuit serially 
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Fig. 1. Epicenter distribution of earthquakes used in 
this analysis, (b) vertical (E-~) cross section of 
hypocenters. Solid triangle shows tbe location of Asbio 
station (ASO). A solid box in tbe upper rigbt figure 
sbows Asbio area. 
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Fig. 2. Frequency response of band-pass filters used 
in tbe analysis. 
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Table I
 

Event. rltcorCleCl .t .... hlo .t.ttoo .nd thtlr plr41D8 t.or.
 
routi ne lly deterllllneCl by th" NACDP netwQrk. ........ .•.....•........•....••.....•...•...•.••.................
~ 

No. Oatil Orlgl n LIt. Long. Depth ~9n. 

Time IONI 10EI ~ ..____ ft ______________________ ~ ________________________ ~ _____________ 

1 87 1029 \3:24:35.4 36.67 IH.n 7.0 1. g 
2 87 1030 07: 33: 38.6 36.63 139.54 9.9 I .9 
3 87 11\2 OL26: 29.1 36.63 139.46 8.5 1 .5 
4* 87 1115 16:38:30.6 36.21 139.79 54.1 2.8 
5­ 81 1121 02:46:11.4 36.13 139.32 93. 6 3.2 
'* 81 11 25 21: 21: 16.5 35.91 139.56 60.9 2.8 
1 87 1127 00:l7:06.2 36,66 1B.lJ 10.3 I .9 
8 87 1129 20'19:00.9 36.49 139.64 10.9 1.8 
g* 81 1129 23:11:36.6 36.16 139.85 41.8 2.7 

10 87 1202 22:15:22.6 36.62 lJ9.49 9.9 1.9 
1l 81 1203 10:17:32.1 36.62 1l9.49 \0.8 2. 2 
12 87 1206 05:01:27.1 
13 87 1210 07:11:38.0 36.63 139.47 7.3 I .6 
H· 87 1210 07;5\:33.8 36.20 140.0, 49.0 2.6 
15 87 1212 01 : 37; 1 7.6 36.58 lJ9.31 9.5 2.2 
\6 87 1214 19:28,15.8 36 .62 139.44 6.7 I .7 
17 87 1216 06:15:14.4 36.56 139.l7 8.9 2.2 
18 87 1231 12: 15: 51.8 36.62 139.45 7.6 1.6 
1 9 88 0101 19:14:10.2 36.62 139.l7 5.3 1.0 
20 sa 0106 14: l7: 32.2 
2' 88 0107 04:39:16.0 36.59 139.34 7.9 1.8 
22 88 0109 08: 45:53.1 36.62 139.50 11.7 2.7 
21 88 0110 23:.32:00.0 36.58 lH.40 7.9 1.7 
24 88 0\ 14 09:39:23.4 36.60 139.40 10.1 2.2 
25 68 0114 11>34:44.6 36.60 139.40 7.0 2.2 
26 88 01 1 4 1 I : 36: \ 5.3 36.60 139.38 10.6 2.8 
27 66 1114 11:l7:52.3 36.60 139.40 6.7 2 _3 
26 88 0114 , 1 : 42.32.1 36.6\ 139.40 9.3 1_9 
29 88 0114 11:54:12.0 36.50 1)g.53 5.0 I . 7 
30 68 0114 13:24:08.2 36.59 139.40 5.7 1 .3 
31 86 0\ \5 18:29:06.6 36.61 139.38 10.8 2. 4 
32 86 0115 18:52:45.9 36.61 139.38 10.2 1.9 
33 88 OilS 20:38:27.3 36.60 1J9. 40 10.3 2.1 
34 88 0115 23:37:22.5 J6.60 139.38 10.0 1 .8 
35 66 0116 01 : 35 : 16. 9 36.59 139.48 10. \ 1.6 
36 88 0112 00:16:06.3 36. 61 119.49 8.5 1 .7 
31 68 0123 02:30:06.8 36.6\ 139.43 7. 4 2.0 
36 88 0124 03:25:41.0 36.61 139.44 5.6 \ . 6 
39 88 0126 01 :01 ;08.3 36.62 lJ9.44 6.8 1.8 
40 86 0126 02:39;19.5 36.62 139.43 10. I 2.0 
41 88 0126 14:34:35.5 35.60 139.44 3.2 1.8 
42 88 0\27 15:53:03.4 36.66 139.49 3.9 2.1 
43 88 0128 04: 11 ; 50.6 36.60 139.39 9.4 2.2 
H 88 0131 16:26:11.5 36.57 139.38 6.2 2.0 
45 88 0131 19:39;57.7 36.71 139.42 8.9 2. I 
46 88 0201 15:52:22.1 36.6\ 139.44 22.1 1.6 
47 88 0201 21 :59:55.6 36.63 1]9.45 6.1 1.6 
4a 6& 0219 03:48:07.4 36.57 lH.34 8.7 2.0 
49 68 0221 22:26:06.2 36.55 139.37 7.5 1.8 
50 B8 0223 04: 46; 19.0 36.68 139.35 9.1 2.1 
51 8& 0223 06;05:36.1 36.68 139.34 10.1 2.1 
52 88 0227 19;06:07.3 
53 88 0228 00; H :00.3 36.68 139.60 15.0 1.9 
54 88 0228 23: 36: 11.1 
55 88 0)03 22:04:01.1 
56 66 0306 13:41:33.2 
57 66 0312 01:31:11.9 36.63 139.51 6.7 I .9 
58 68 0312 16: 13 : 13.3 36.58 139.22 1 l. 1 2.6 
59 88 Oll3 08:00: 45.6 36.63 lH.30 10.9 2. I 
60 88 0314 11:21:12.7 36.62 139.46 9.1 \.6 
61 88 0315 04:08:55.5 36. H 139.48 7 _7 1.6 
62 88 03\5 06: H: 15.5 36. H \H.49 7.6 2.2 
63 86 0316 04:23:11.5 36.63 139.30 12.5 2.6 
64* 88 0317 18:59:14.6 36.25 139.77 56.4 2.6 
65 88 03\ 9 16: 18: 36. 7 36.65 139.34 10.0 2 _I 
66 88 0320 16:41;23.8 
67 66 0321 16:13:22.0 

0314 10: 33:06.9 36.14 139.82 48.3 2.8
 

Eventa wi th a.ted 6k belen,. to ,.~oup o.
 

_~ 68*________88 ~ ___________________________________________ A ___ ~ ______ 
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composed of an octove-width band-pass filter (BPF), 
root mean square (RKS) amplifier and a logarithmic amplifier 
(LOG). The electric circuit was designed for the coda decay 
analysis by Sato (1986). The BPF-RMS-LOG output was recorded 
Dn paper with chart speed of 10mm/s. Fig. (2) shows overall 
frequency response of the BPF-RY~-LOG circuit. 
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Fig. 3. Example of band-pass filtered RMS amplitude 
versus lapse time at each frequency band. 

Fig. (3) shows an example of the BPF-RHS-LOG output 
versus lapse time, t, in sec. The starting point for the 
analysis was chosen after 2ts • as the model restricts us for 
the generation of coda waves. The end point is visu~lly 

chosen before the amplitude of the signal becomes equal to 
the noise level. RMS amplitudes for in each band are 
measured across the time series every 0.5 or 1.0s, in order 
to smooth out irregularities in amplitUde. Measurments of 
coda decay amplitude before a sharp reflection phase 
following direct S-waves around up to lOs allowed us to 
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---------------------------------------------------------------------------------

optnin the Qc-~ at very shnllow part of the crust. This 
reflection phase <refer~d as X in fig 3.) was studied by 
JHzue et a1., (1982). For lepse time up to 100s we were able 
to measure Qc-' for a larger and deeper zone. The lapse 
time is related to the sampled region responsible for the 
generation of coda waves. Scatterers are considered to be 
distributed o~ the surface of an ellipsoid. According to 
our model, coda waves at lapse time up to lOs sample n 
sphere of radius of about 18km, assuming an S-wave velocity 
of 3.5km/s. The greater epicentral distance and lepee time, 
the larger the corresponding sampled region. We applied 
relation (6) to the data and obtained the Qc-' values by 
the leo~t square method. 

RESULTS AND DISCUSSION 

Coda Qc- a values for the shallow crust beneath the 
Ashio station were determined at five frequency bands for 
group C. From very short lapse time up to around lOs, Qc-' 
has been found to decrease almost monotonically from 
2.5x10-z~3.6xl0-3 at 4Hz to 6.0x10-~Z2.0x10-4 at 64Hz (left 
~olum of Table 11) . 

•...................- _ - _~.~ ~ _~ ..•..•••.. 
______ ~~!!!~~_£!~!! ___________ ~ __________~E~!~_E!~!_~e e!!_~~~l! ____________ 

(H.- t.-' 0.) (2t., t..l00.) Petp events 
Freq. 

Croup C Group C Croup 0 

--------.-----------------------------------------------------------------------­
-3 -3 PI 

4H~ LSxl0' 2 3.6010 (1') .... 10· l 3.9010.3 (53) 3.hl0 ~ 5.1010'· 
~~ 

-3 
eH. I.lxlO

·2 3.60'0. 3 
II 3 I 3.".10'3 l.hl0- 1 (61) 2.lx10 1 ... ,0-· l11 

~ 

-3
 
16Hz
 ....10

-3 1.'xl0·3 
112l 1.5.,0-3 . 6.0xlO'· (62 ) l.lxlO ~ l.h10'· (1) 

~ 

32Hz 2.1810. 3 1.0x10
.. 

(61 ) 9.0x10'4 2.0x10·· (6 t) 1.5xl0-. .! 1.2xl0-4 PI.! .! 

" 3.3xl0'· I1J6.0x10-. 2. Ox, 0-. (101 6.0.,0'· 2.0xI0- 4 (SJI 3.2x10-. .!'.Az .! 

NUDer 1~ ~ech paren~e.l • ..ana tb. n~r of eventl. 

Because of the restriction of the models for the 
generation of coda waves and because of the presence of the 
reflection phase, it mea'ns from lapse time 2t~ an before 
the reflection phase, the number of the examined events were 
reduced to 10-13. Kosuge <personal communication. 1988) also 
obtained such a high value of Qc- 1 for events with very 
short epicentral distance i.e. 1.3km, in western NaganQ 
area, Japan. Taking into account all the coda duration, the 
sampled area becomes larger and deeper. Thus we were able to 
obtain Qc- 1 for the crust plUS a portion of the upper 
mantle fro~ group C. In this case the mean values of Qc-~ 

have been found lower and decreasing from 8.4x10-3~3.9x10-3 

at 4Hz to 6.0x10-4 Z2.0x10-4 at 64Hz (middle column of Table 
II). Finally a group of more distant and deeper events 
were analysed separately. Those events are shown in Fig. (1) 
as group D. In this case Qc- z values agree well with the 
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values obtained by Aki(1980) for the Kanto area in the 
lithosphere, Unfortunatly we can not compare our results at 
the high frequency band of 64Hz, since there are not 
analysed data at this high frequency band. ]n Table ]] the 
IDean values and standard deviation of Qc- 1 are shown for 
each frequency band, The results from all the three groups 
are shown in Fig. (4) on Aki-s conjecture diagram (Aki, 
]9BO) in order to compare them with Q-1 of S and coda waves 
in the lithosphere at several different regions in the 
world, 

10"''' 'i i i iili lit Ie l' i i til r i i 1\ j' Ii .. f Ii 

'0-1 

Q~' 

'0-) 

......""'-... ,., '. 

? 
;' 
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/
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",f 

I, 
10..... 1 J' I, , s ,'\' 'I! , J!,l t t! I , , I! It I' It 1 "ll 

10'2 '0" , 10 101 

FREQ,(Hz) 

Fig. 4. Observed relation of Qc- 1 of Sand codn waves 
frequency obtained at several parts of the world 
(added to Figure 12 of Sato ]984), Open circles 
correspond to Qc- 1 in the shallow crust, solid ODe 
correspond to Qc- 1 in the crust plus a portioD of 
upper mantle (both belong to group C). Circles with 
asterisk correspond to Qc-' of group D.The dotted line 
was predicted theoreticaly predicted by Sato (]984), 

The upper open circles correspond to the Qc- 1 in the 
shallow crust l lower solid circles correspond to the deeper 
zone for earthquakes of group C. Circled asterisks 
correspond to the Qc- 1 obtained from the set of the deeper 
and more distant events <group D) which are located beneath 
the Kanto plain area. The dotted line represents the 
theoretical curve predicted by Sato (]984). 

Looking at Fig. (4) we can see that Qc- 1 values tend to 
converge at high frequencies <64Hz) and diverge at low 
frequencies, This convergence was reported first by Aki 
(]9BO) after reviewving results from Japan, California, 
Hawai, Central and Eastern US and Kamtchatka, Several 
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researchers suggest that if the weak scattering holds then 
Qe-' at shallow depths could be the average Qe-' at the same 
depth <Aki, 1980. Roecker, et al., 1982). 

The clear frequency-dependent behavior of Qe-' has been 
found here, as sever~l researchers have reported (Aki and 
Chouet, 1975, Rautian and Khalturin, 1978, Rovelli. 1981, 
Del Pezzo et al., 1983, Van Eck, 1988). The data fit to a 
power law of th~ form Qe-·'l;:f~. In our case n=-O.78 for the 
crust plus the portion of the upper mantle and n=-0.98 
(4-32Hz) or n=-1.3 <4-64Hz) for the shallow crust. 

~e may think several reasons for higher Qc-' in the 
shallow crust. High seismicity in the area means a large 
amount of cracks in the shallow crust, which may increases 
the absorption. The second, scattering is much stronger in 
the shallow crust than those in the deeper portion. It makes 
bigger amplitude in early coda than the latter p~rt of coda. 
This 1s higher Qe-' in the shallow crust. The third 
possibility is that if we consider a clustering of cracks, 
then the fractal dimension becomes smaller and therefore 
the multiple scattering effects are predominant in the early 
coda (Sato, 1988).This will make coda decay more steeper, 
that is higher Qc-' where Qe-' is an indicator of anomaly 
in steepness of coda decay. 

To understand what exact what does Qc-' mean and how 
to separate from intrinsic attenuation is a task to be 
investigated more in the future, as other problems related 
to the study of such promissing subject, like coda wave 
attenuation are. 
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