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Multiple Scattering and Energy Transfer of Seismic Waves-- 
Separation of Scattering Effect from Intrinsic Attenuation 

II. Application of the Theory to Hindu Kush Region 

R U - S H A N  W u  I a n d  KEIITI AKI  2 

Abstract--In order to separate the scattering effect from intrinsic attenuation, we need a multiple 
scattering model for seismic wave propagation in random heterogeneous media. In paper I (Wu, 1985), 
radiative transfer theory is applied to seismic wave propagation and the energy density distribution (or the 
average intensity) in space for a point source is formulated in the frequency domain. It is possible to 
separate the scattering effect and the absorption based on the measured energy density distribution curves. 
In this paper, the data from digital recordings in the Hindu Kush .region are used as an example of 
application of the theory. We also discuss two approximate solutions of coda envelope in the time domain: 
the single scattering approximation and the diffusion approximation and discuss the relation with the 
frequency domain solution. We point out that in only two cases can the apparent attenuation be expressed 
as an exponential decay form. One is the dark medium case, i.e., when B o ,~ 0.5, where B 0 = q,/(q, + *la) is 
the seismic albedo, r/s is the scattering coefficient, r/a is the absorption coefficient. In this case the absorption 
is dominant, the apparent attenuation b can be approximated by the coherent wave attenuation 
b = r/, + r/~. The other case is the diffuse scattering regime, i.e., when B 0 ~ 0.5 (bright medium) and R >> L,, 
t ,> L, where R and t are the propagation distance and lapse time, L s and z, are the scattering lengths 
(mean free path) and scattering time (mean free time), respectively. However, in this case the envelope 
decays with a rate close to the intrinsic attenuation, while the intensity decreases with distance with a 
coefficient b ~ do(q ~ + r/s) ~ d~rb, where do and d, are the diffusion multipliers (0 < d 0, d, < 1). 

For the Hindu Kush region, by comparing the theory with data from two digital stations of 53 events 
distributed up to depths of 350 km, we find that the scattering is not the dominant factor for the measured 
apparent attenuation of S waves in the frequency range 2-20 Hz. From the observation on high frequency 
( f >  20 Hz) seismograms, we suggest the existence of a strong-scattering surface layer with fine scale 
heterogeneities in the crust, at least for this region. 

Key words: Separation of scattering and absorption, multiple scattering, coda envelopes, crustal 
heterogeneities. 

1. Introduction 

I n  p a p e r  I ( W u ,  1985) we d e r i v e d  t he  n o r m a l i z e d  e n e r g y  d i s t r i b u t i o n  o f  seis- 

m i c  w a v e s  in  a r a n d o m l y  i n h o m o g e n e o u s  m e d i u m  fo r  a n  i s o t r o p i c  p o i n t  s o u r c e  w i t h  
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unit energy 

fo' f tI/  47zr2E(r) = t i e e d  r exp( --tle&r ) -4- tier f(r Bo) expt - ~ - )  ~ = 4ur2(Ea + Ec), 
x 

(1.1) 

where r is the distance between the source and the observation point, E(r) is the 
average energy density which is proportional to the intensity at the observation 
point, 

tie ~- t ia Of- tis ( 1 . 2 )  

is the extinction coefficient of the medium, tia and tis are the absorption and scatter- 
ing coefficients of the medium respectively, and 

B 0 -  - (1.3) 
tie tis "]- tia' 

is the seismic albedo of the medium, Pa and f(~, Bo) are defined as 

2d0~( 1 - rig) 
Pa = Bo(dg + Bo - 1)' (1.4) 

where do is the diffuse multiplier determined by 

Bo, [1 +do)  
m / 7 , !  = !, (1.5) 

\ ,  -ao/  

and 

/ x  \2 -1  j 
f ( ~ , B o ) = I ( 1 - B o ~  tanh , ~ ) 2 + ~ B o ~ j j  �9 (1.6) 

The first term in (1.1) is the diffuse term 4~r2Ea, contributed from the multiple 
scattering, the second term is the coherent term 4~tr2E,., representing the coherent 
part of the energy density. In the derivation, we assumed the isotropic scattering 
pattern, which was the approximation of Rayleigh or resonance scattering (when 
the scale of the scatterers is much smaller than or nearly equal to the wavelength). 
The random medium was also assumed to be statistically uniform and isotropic. 

The diffuse term in (1.1) can also be written as 

4~r2Ea = qePar exp[( -- tia + dstis) r] (1.7) 

where ds = [do - ( 1 - Bo)]/Bo is another multiplier and dstis gives the effective con- 
tribution of the scattering to the apparent attenuation of the diffusive energy. In 
paper I, the values of do and ds are tabulated in Table 1 and plotted in Figure 2. 
There are errors in copying these values. Therefore, we relist the values in Table 1 
and replot them in Figure 1 of this paper. In addition we also list the Pa values in 
Table 1. 
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Table 1 

The diffuse multiplier do, d s and P d 

B 0 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0.95 0.99 

d o .9999 .9974 .9856 .9575 .9073 .8286 .7104 .5254 .3795 .1725 

d s .9996 .9913 .9640 .9150 .8455 .7551 .6380 .4727 .3468 .1641 

Pa .009 .12 .37 .73 1.15 1.59 2.05 2.52 2.76 2.95 
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Figure t 
The diffuse multiplier d o and d s as function of B o (the medium seismic albedo). (Corrected version of 

Figure 2 in Paper I, Wu, 1985.) 

In  Figure 2, the normal ized energy dis t r ibut ions 4 g r 2 E ( r )  are plotted against  the 

numerical  ext inct ion distance 

De = r /L~  = tler , (1.8) 

where Le = 1/qe is the extinction length of the medium.  Note  that, 1/47rr is the 

geometric spreading. If  there is no scattering and  absorp t ion  (homogeneous  media), 

4~r2E(r )  should be a straight line having value equal to 1. For  a purely absorbing  

medium,  B o = 0, the energy decreases following a straight line in the semi-logari thmic 

coordinate.  However,  due to the scattering process, the energy dis t r ibut ion curve 
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Figure 2 
Normalized energy density-distance curves 4~r2E(r) in the semi-logarithmic scale. D r = r/L~ is the 
numerical distance, r is the distance, L e = 1/tie is the extinction length and t/e is the extinction coefficient. 
Bo = q,/qe = qs/(qs + qa) is the seismic albedo, qs is the scattering coefficient and qa is the absorption 

coefficient. 

deviates from a straight line and becomes B0-dependent. Therefore it is possible to 

use the shape of energy distribution curve to obtain the seismic albedo B0 of the 
medium and then to separate the scattering effect 'from the intrinsic attenuation 
(absorption) (for detailed discussions see paper I). Note from (1.1) and Figure 2 that 
in general the intensity-distance curve is not in the simple exponential form as in the 
case of  anelastic attenuation. Only in two cases the curve can be approximated by 
exponential forms. One is the case o f B  0 ,~ 0.5, i.e., r/o ~> t/$ (the dark medium regime). 
The intrinsic attenuation is dominant and the coherent scattering approximation can 

be used. Therefore, 

b ~qa  +r/s, (1.9) 

where b is the apparent attenuation coefficient. The other case is when B0 ~> 0.5 and 
the numerical distance De = qer is large, that is the case of  long-range diffusion 
approximation (the diffuse scattering regime). The diffuse term is dominant and the 
apparent attenuation coefficient is 

b = dor/r = do(q,, + rt,). ( 1.1 O) 
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In terms of seismic Q, the effective Q (i.e., the apparent Q) in this case is (~- J = 

b/k  = do(tie~k), where k is the wavenumber of the wave field. 
In this paper we apply the theory to the Hindu Kush data and obtain the esti- 

mated range of B o for that region. In order to check the results, we also derive the 
approximate solutions in time domain for a general scattering pattern using the 
diffusion approximation. The comparison between the measured coda envelopes and 
the approximate time-domain solutions for both the single scattering approximation 
and diffusion approximation further confirms our results. The meaning of the results 
and the tectonic implications are briefly discussed. 

2. Scattering and Intrinsic Attenuation in Hindu Kush Region 

In this section we calculate the energy density distribution with travel distances 
for small earthquakes in the Hindu Kush region. The data used are from digital 
recordings from two stations (PEN and CHS) in that area. Between 11 June and 13 
July, 1977, 11 smoked paper recorders and 4 digital event detector recorders were 
operated around the Hindu Kush Mountains of Northeastern Afghanistan. The 
organization and operation of the field work, as well as the seismicity and tectonics 
of that region, are described by ROECKER (1981), CHATELAIN et al. (1980) and 
ROECKER et al. (1982). In Figure 3 the earthquakes are shown in groups at 50 km 
depth intervals. The numbered events were recorded digitally on magnetic tapes. 
These events were used by ROECKER et al. (1982) to calculate the coda Q and S wave 
Q in that region using Aki's single station methods. We use some of them in this 
paper to calculate the energy distribution along the travel path. 

The digital event recorders were of the event detector type. When the received 
signal exceeded the pre-set level, the recorders were triggered to record the event on 
magnetic tapes. The buffer of the instruments also allowed us to extend the record for 
one more second proceeding the triggering signal. Each digital station had four 
seismometers, three components with high gain and a low-gain vertical component. 
The natural period of the seismometers was 4 seconds. The preamplifier had a gain 
of 20 db or 40 db (low gain or high gain). The amplifier had a gain of 52 db or 58 db, 
with a 3 pole, low-pass, antialiasing filter having a corner frequency of 32 Hz. The 
response of the whole system is shown in Figure 4. After amplification, the signal was 
digitized at 128 samples per second, multiplexed, and then recorded if the recorder 
was triggered. The events recorded usually were greater than magnitude 3 (with the 
exception of a few close earthquakes) due to the pre-set trigger level. 

Because there are only a few stations, it is difficult to get the energy density- 
distance relation from a single event. We therefore use a single station method. 
Different events at different distances from the station are used to get the intensity- 
distance relation. The seismograms are Fourier-transformed to get the spectral den- 
sity of the energy density E(r). In order to have a common source factor for all the 
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Figure 3 
Map view of  all the Hindu Kush seismicity on smoked paper stations, divided into 50 km depth intervals. 
Locations of  events recorded on the digital recorders are denoted by numbers (from ROI3CKER e t  aL, 

[982). The two stations used in this study, PEN and CHS are also marked on the map. 

events, we use the coda spectral density o f  these events as the reference levels. From 
observations, it is generally acknowledged that the coda level, when its travel time is 
greater than twice the S wave travel time, has a very stable relation with the source 
energy and does not vary with the locations o f  the events. This can be explained by 
the theory of  coda generation in which the coda waves are assumed to be formed by 
the backscattered S waves from the heterogeneities in the local region o f  the litho- 
sphere (AKI, 1969; AKI and CHOUET, 1975). A received signal can be considered as 
a product o f  three factors: 

received signal = source factor x path factor x station factor. (2.1) 
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Figure 4 
The overall response of the digital recorder (from ROECKER, 1981). 

Because the coda energy at a specified time interval is assumed to be the sum of 
backscattered wave energy from the heterogeneities in all the directions, the path 
factor has been averaged over all the directions, which is mucl 3 more stable than the 
path factor of the direct path. 

In the calculations, we took the reference coda travel time as to = 70 sec. How- 
ever, for the very close events, some seismograms are shorter than 70 sec, while for 
the distant events, 70 sec is smaller than twice the S wave travel times. We need to do 
extrapolations. The guideline for choosing coda time tc is to have it greater than twice 
the S travel time and as close as possible to 70 sec. In order to convert a coda level 
at tc to the reference level at to = 70 sec, we use the empirical averaged-coda-envelope- 
decay for each frequency obtained by ROECKER et al. (1982) for this region. When 
T > 2ts, where t~ is the S travel time, the coda envelope decay can be fitted by 

P(o9 ] t) = P0(r ~ exp(-bi t ) ,  (2.2) 

where Po(co 1 t) is the coda power spectral density at frequency co, at time t, Po(e~) is 
a constant, b t is the coda attenuation rate and 

b, =/~b, (2.3) 

where b is the coda attenuation coefficient and fl is the S wave velocity. Note that the 
coda attenuation coefficient b (or attenuation rate bt) is an apparent attenuation 
coefficient (or apparent attenuation rate), while the scattering coefficient qs and the 
absorption coefficient r/Q (or the absorption rate ~ = fl~/~) are the intrinsic parameters 
of the medium. The relation between b and q~, r/S depends on the coda model. Po(co) 
is also model-dependent. However, for our purpose it is not necessary to specify 
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P0(co) and b or b,, we need only use the empirical relation (2.2) which is not model- 
dependent. Suppose we measure the coda power P(~o I tc) at time to, the correction for 
reducing P(co I to) to P(o~ I to), where to is the common reference time, is then 

P(~o ]to) = P(~o [tc) (t~'] 2 e x p [ - b , ( t o -  to)]. (2.4) 
\t0J 

In Figure 5, the solid line is the averaged attenuation-frequency relation obtained by 
ROECKER et aL (1982), the dotted line is the smoothed version being used for 
calculations. 

We choose two stations PEN and CHS (Figure 3) because there were many close 
events for both stations to confine the energy-distance curves. In Tables 2 and 3 the 
events used for calculations are listed in the order of  distances. The events were 
located using the arrival times on smoked paper records. 

To calculate the spectral density, we first Fourier transform the whole seis- 
mogram and then take the average of the power spectral densities over the specified 
bandwidths. We normalize the spectral density by the coda reference level Po(~O) 
which is related to the source energy Eo. The uncertainty of  Eo can only move a E(r) 
curve (as in Figure 7) up or down, and will not affect the shape of the E(r) curve. In 
order to compare with previous results obtained using the filtering method by other 
authors, we take the frequencies as octave and with bandwidths of 2/3 of  the central 

frequencies. Table 4 lists the 14 central frequencies and their corresponding coda Q 

Frequency depedence of the attenuation b t 

0.1 

i ....... ~) i00 

~REqENCY (HZ) 

Figure 5 
The averaged coda attenuation rate b t =//b, where fl is the shear wave velocity, b is the attenuation 
coefficient. The solid line is obtained by ROECKER et al (1982) for the shallow events, and the dotted line 

is the smoothed curve used in this paper. 
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Table 2 

Events used in the calculations for PEN in the order o f  distances (31 events) 

57 

Reference 
Point No. Event Distance Depth P travel S travel coda time 
in curve no. (km) (km) Magnitude time (see) time (sec) time (see) 

Record 
length 
t~ (see) 

1 A42 11.12 8.68 2.1 7.29 11.83 
A51 12,10 8,32 2.2 7.54 12,26 31.5 

2 A69 21.52 17.57 2.3 7.54 12,52 31.5 
A18 22.03 1.49 2.4 9.55 15.62 20.5 

3 A70 37.76 17.04 3.6 10.10 17.03 34.1 
A31 39.15 2.5 3.1 11.67 19.42 41.7 

4 A64 63.09 38.0 2.7 11.42 19.79 40.4 
A23 65.15 1.87 2.5 15.04 25.38 42.0 

5 A67 80.75 3,74 3.6 16.86 28.66 60.7 

6 A20 100.16 77.98 3.7 15.94 27.87 
A34 104.68 4.57 3.9 19.81 33.91 73.8 
A35 107.97 9.65 3.3 19.67 33.76 
A74 108.33 5.57 3~8 20.16 34.56 

7 A08 124.88 16.27 4,5 21.06 36.39 
A68 175.74 24.21 42.61 

8 A04 1 7 8 . 5 2  106.25 3.5 24.78 43,42 78.7 
A39 179.28 100.0 3.6 24.9 43.56 

9 AI6 1 9 6 . 4 2  102.36 3.9 27.16 47.47 84.0 
A75 1 9 7 . 9 5  103.88 3.7 27.36 47.83 

44 
34 
40 
18 
38 
40 
38 
36 
60 

54 
82 
68 
80 

158 
60 
70 
64 
70 
64 

10 A06 2 3 4 . 5 3  103.31 4.7 31.95 55.72 105.9 134 
A15 2 4 7 . 3 5  118.48 4.2 33.41 58.51 107.5 158 

l l  A03 2 5 9 . 4 9  136.57 3.5 34.71 61.ll 62 
A50 2 9 5 . 8 3  174.84 4.1 34.46 61.07 90 
A10 2 7 1 . 4 0  221.59 4.6 35.57 63.1 109.4 258 

12 A05* 278.65 218.87 4.6 36.52 64.75 234 
A07 279.0 219.25 4.1 36.56 64.82 100.5 76 
A73 2 8 3 . 6 5  192,49 4.3 37.22 65.96 90 

13 A02 3 1 0 . 9 7  232.49 4.1 40.23 71.32 102,1 78 
14 A13* 329.59 230.79 4.7 42.47 75.29 246 

A09* 339.32 264.91 4.9 43.36 77.06 302 

I5 A25 4 7 2 . 3 9  340.70 5.3 58.59 104.48 132.2 96 

*High gain records were clipped, only low gain vertical component has been used. 

values. We use a 32 second window for the S wave Fourier transforms. Figure 6 
shows some examples of the seismograms at station PEN for different hypocentral 
distances. In the figure, "start"  marks the starting position of  the S wave window. We 
can see that the 32 second window includes most of the S wave energy. For  each event 
the first record is the low gain vertical (Z) component, the rest are high gain Z, E-W, 
and N - S  components, respectively. We use a 1 second cosine taper for both edges of 
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Table 3 

Events used in the calculations for CHS in the order of distances (22 events) 

Point No. Event Distance Depth P travel S travel 
in curve no. (km) (km) Magnitude time (sec) time (sec) 

Record 
length 
(sec) 

1 A46 8.47 2.04 2.5 1.55 2.63 
2 A24 47.77 1.42 2.4 12.85 21.48 

A08 59.54 16.27 4.5 12.98 22.09 

A04 181.43 106.25 3.5 27.08 42.69 
A28 184.08 98.55 4.3 25.55 44.64 
A39 184.42 100.00 3.6 28.59 44.74 
A29 189.83 105.32 4.0 26.9 46.03 

A06 206.22 103.31 4.7 28.42 49.64 
AI4 211.85 104.40 3.9 29.54 50.88 

4 A34 220.58 4.57 3.9 34.71 60.37 
A15 221.85 118.48 4.2 30.33 53.19 
A74 226.84 5.57 3.8 35.41 61.63 
A16 230.02 102.26 3.9 31.4 54.74 
A66 235.26 143.71 3.3 31.33 56.0 

5 A50 266.53 174.84 4.1 34.67 60.89 
A73 273.54 192.49 4.3 35.65 61.65 
A12 296.55 214.61 4.0 38.17 65.84 

6 AI0 297.63 221.59 4.6 37.62 65.62 
A05 298.40 218.87 4.6 39.10 65.58 

A02 306.54 232.49 4.1 39. I 1 66.00 
7 A09 323.59 264.91 4.9 41.3 70.13 
8 All 352.37 157.19 4.7 46.24 78.24 

the S window. For  the reference coda spectrum, we use an  8 second H a m m i n g  window 

for Four ier  transforms. " C o d a "  marks  the start ing posi t ion of the coda window. 

Figure 7 shows the obta ined  4nr2E(r) curves from the s tat ion PEN.  In  total, 31 

events are used and the events are grouped according to their distances. F rom left to 

right, the curves are of  Z,  E W  and N S  components .  In  the upper  part,  they are for 

f =  0.25, 0.5 and 1 Hz; in the middle, f =  1.5-8 Hz; in the bot tom,  f =  12~15 Hz. 

Except at low frequency ( f  < 1 Hz), the curves can almost  be fitted with straight lines. 

We have calculated the apparen t  a t tenuat ions,  which are the slopes of  decrease of the 

E(r) curves in the semi-logarithmic coordinate,  for the E W  components  at different 

frequencies and list the values in Table  5. 

Because of the fluctuations of the measured curves and the insensitivity to albedo 

when B 0 < 0.5, we cannot  determine exactly the values of  B 0 for each frequency. 

However,  we can get some constra ints  on the B0 values from the compar i son  between 

the measured and  theoretical curves. 
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Table 4 

The central frequencies used and the corresponding apparent attenuation values o f  coda waves 

Coda b t Coda b, Coda b Coda b 
Band Central Coda Qc Coda Qc (observed) (smoothed) (observed) (smoothed) 
no. frequency (observed) (smoothed) (sec - l )  (sec l) ( k i n - i )  (kin 1) 

a 0.25 24.0 24.0 6.5 • 10 -2  6.5 X 10 - 2  1.86 x 10 -2  1.86 x 10 -2  
b 0.5 47.9 44.2 6.6 7.10 1.89 2.03 
c 1 83.2 81.0 7.6 7.76 2.17 2.22 
d 1.5 89.1 115.4 10.6 8.17 3.03 2.33 
e 2 107.2 148.3 11.7 8.47 3.34 2.42 
f 3 125.9 211.3 15.0 8.92 4.29 2.55 
g 4 190.5 271.6 13.2 9.26 3.77 2.64 
h 6 281.8 386.8 13.4 9.75 3.83 2.78 
i 8 446.7 497.2 11.3 10.11 3.23 2.89 
j 12 707.9 708.2 10.7 10.65 3.06 3.04 
k 16 933.3 910.2 10.8 11.04 3.09 3.16 
l 24 1174.9 1296.6 12.8 11.63 3.66 3.32 
m 32 1698.2 1666.6 11.8 12.06 3.37 3.45 
n 45 2238.7 2244.0 12.6 12.60 3.60 3.60 

Figure 8 shows the fit o f  the data to the theory for f =  1.5 Hz and 2 Hz. It can be 
seen that the data fit better to curves of  B 0 = 0.5q9.7. For higher frequencies the 
fitting leads to B0 -< 0.5. This means that intrinsic attenuation dominates above 2 Hz 
in this region. More careful studies are needed for the case of  low frequency 
( f <  2 Hz). From Figure 7 we see that the curves at the top ( f =  0.25, 0.5 and 1 Hz) 

Table 5 

Measured apparent attenuations b (from Figure 7)and the corresponding apparent quality factors () of  total 
S-waves for the E W  components of  station PEN. I f  we would assume a constant Qi (=2500) (intrinsic Q) 
medium, the would-be values of  seismic albedo B o (from equation LIO) are listed in the table. 

We see the estimated B o >> 0.S for f <- 12 Hz which contradicts the observations (Figures 7, 8 and 11). 
Therefore, Qi must be frequency-dependent 

b 
(measured) Q qa = ~ / f l Q ~ l  L a (km) 

f ( 1 0 _ 2 k m _ , )  = 2~f  (for Q, =2500)  (for Q, = 2500) q,/b ~o do Le (km) 
r 

0.5 1.00 89 0.036 • 10 -2  2778 0.036 0.96 0.4 40 
1 1.38 130 0.072 1389 0.052 0.95 0.4 29 
2 1.50 239 0.144 964 0.096 0.90 0.5 33 
3 1.60 337 0.215 465 0.134 0.87 0.5 31 
6 2.03 530 0.431 232 0.212 0.79 0.7 34 

12 2.50 862 0.862 116 0.345 0.66 0.8 31 
24 2.73 1578 1.72 58 0.63 0.37 0.99 36 
45 3.00 2693 3.23 31 1.08 0 1 33 
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Energy distribution curves 4nr2E(r) obtained from the data at station PEN. From left to right: Z, EW 
and NS components. From top to bottom: f = 0.25-1 Hz, f = 1.5-8 Hz, and f =  12-45 Hz. 

have the shape that grows with distance in the beginning, reaches a maximum at 
certain distance and decreases thereafter. This shape is characteristic for the case of  
Bo > 0.5, i.e., the case of  scattering dominance. However,  these curves are more 
fluctuating, which may be caused by interference, and are therefore less reliable. If we 
assume a multiple scattering model for the low frequency curves, then B o and t b can 
be estimated from the curves, from which % and t/s can be calculated. We list the 
estimated parameters for those low frequencies in Table 6. As can be seen, for those 
frequencies the medium have much higher albedo (B0 -> 0.9). We must point out that 
these estimates should be considered as speculative at this stage. More data are 
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Figure 8 
The comparison between the observed 4~r2E(r) for f =  1.5 and 2 Hz ( E W  components) at station PEN 
in Hindu Kush  and the theoretical predictions of  different B0's. The curve of B 0 = 0.9 is the prediction 

from the constant  Qi (=2500)  model, which does not match with the observation. 

needed to confirm the estimate. A possible contamination of  the low-frequency 

curves is the effect of  surface waves and resonance by surface structures. This kind of  

contamination is more severe at low frequencies. 

To compare, we calculate also the 47zr2E(r) curves for the direct S curves. The 
direct S wave power spectra are evaluated by Fourier transforming the S arrivals 
using a 4 second Hamming  window. Figure 9 shows the results for f =  0.25, 0.5 and 
1 Hz. These curves are of  regular shape and can be fit with straight lines. That  is 
because for the narrow S wave window, the multiply scattered waves, which have 

Table 6 

The est imated parameters  f o r  the cases o f  low frequency,  assuming a multiple scattering model, Here 
L,, = 1/(rl, , + qs), L~. = l/rl s and  L,, = I/q,, 

f L~ (km) B o G (km) L a (km) Q, ( = k L a )  

0.25 28.6 0.99 28.8 2860 1283 
0.5 40 0.95 42.1 800 7t8 
I 45 0.9 50 450 807 
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Figure 9 
The energy density curves 4nr2E(r) for direct S waves (EW components) at f =  0.25, 0.5 and 1 Hz for 
station PEN. The curves are calculated using a 4 see Hamming window for the direct S arrivals. 

Compare to Figure 7. No arch shape appears here. 

longer travel times, are not included. However, the interpretation is not unique. In 
the case of contamination, the surface waves and resonance waves will be also 
excluded from the direct S window. 

Figure 10 gives the summary of  the measured apparent attenuation derived from 
the slopes of the 4nr2E(r) curves for both the total S and direct S waves (for station 
PEN). In the figure the coda attenuation for shallow depth ( 100 km) and intermediate 

depth (400 km) (from ROECKER et al., 1982) are also given. Here the depths 100 km 
and 400 km refer to the approximate maximum sampling depths by the coda waves. 

From the above calculations and analysis we point out here that the constant 
(frequency-independent) intrinsic (anelastic) Q model of the crust and upper mantle 
does not hold for high frequency ( f  > 1 Hz) seismic waves. If  the apparent attenuation 
measured (Table 4) for the highest frequency is assumed to be basically the intrinsic 
attenuation, the corresponding Oi = k/n, is about 2500 (Table 5 f o r f  = 45 Hz, see also 
DAINTY, 1981). The contribution of Qi to the attenuations at different frequencies 
predicted by the constant Qi model is plotted in Figure 10 as the dotted line. Knowing 
the predicted intrinsic attenuations, we estimate using (1.10) the albedo B0's from the 
measured apparent attenuation b's at different frequencies and list in Table 5. It 
predicts that for up to 3 Hz, Bo > 0.9. We know that our data do not fit this prediction 
(see Figure 8). In other words, the constant Qi model leads to the dominance 
of scattering attenuation for frequency lower than 10 Hz (see Table 5); while our 
results show that the anelastic attenuation is the dominant factor f o r f  > 2 Hz. From 
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Figure l0 
Apparent attenuations derived from the slopes of the energy density for both the total S curves (Figure 
7) and the direct S at station PEN, together with the coda attenuations for shallow depth 100 km and 
for intermediate depth (400 kin). Here the depths refer to the approximate maximum sampling depth by 
the coda waves. 

�9 for EW component, total S (32 sec window). • : for Z component, total S (32 see window). A: 
Z component, direct S (4 sec window). Note: for f-< 1 Hz, the apparent attenuations of total S are 
calculated by using only the part of the curves for r > 200 kin. 

+:  The estimated intrinsic attenuation for f <  1 Hz, if we adopt the multiple scattering 
model for 4~r2E(r) curves in Figure 7 (see Table 6). - - . -  Coda attenuation for shallow sampling 
depth (<100km). - . . . .  Coda attenuation for intermediate sampling depth (<400km). 
. . . . .  Attenuation due to constant Q~. 

Figure 10 we can also see that the measured attenuation for the total S and direct S 
are not very different, which further proves the dominance of intrinsic attenuation. 

For  low frequencies ( f  < 1 Hz), the intensity-distance curves for total S and for 
direct S are quite different (compare Figures 7 and 9). The apparent attenuation of 
total S is calculated by using only the part of the curve for r > 200 km, since the 
shorter range curve cannot be fit into a straight line. There is a possibility of multiple- 
scattering dominance for these frequencies. The inferred intrinsic attenuation by our 
multiple-scattering model is also shown in Figure 10 and listed in Table 6. 

Note also that the measured attenuations of total S and direct S at f >  10 Hz 
coincide with the coda attenuation for shallow depth. It implies that at this frequency 
range ( f >  10 Hz) the shallow depth (the crust) is mainly responsible for the ob- 
served attenuation. 

Figure l 1 shows the 4nr2E(r) curves obtained from station CHS. The events used 
are listed in Table 3. The general conclusions drawn from the analysis of the results 
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Figure 11 
The energy density curves 4nr2E(r) for station CHS. From left to right: Z component and EW 

component. From top to bottom: f =  0.25-1 Hz, f =  1.5-8 Hz, and f = 12~45 Hz. 

of station PEN hold true also for CHS. However, since there is no data point between 

50 km and 200 km, the information is less diagnostic than that from PEN, 

In order to confirm our conclusions about the dominance of the intrinsic attenu- 

ation f o r f  > 2 Hz, we seek more evidences from coda envelope decay in time domain 

in the next section. 

3. Diffusion Approximation in Time Domain, the Constraint of Seismogram 
Envelope on the Scattering Strength 

Another approach for studying the scattering and attenuation of seismic waves 
is to formulate the problem of energy transfer in the time domain and compare 

the envelopes of  seismograms with the theoretical predictions. However, from the 
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author's knowledge, the complete solution for energy transfer in time domain is not 
available at present. Nevertheless, there are approximate solutions for weak scattering 
and strong scattering. In the weak scattering case, when the propagation distance is 
smaller than the scattering mean free path, the single scattering approximation can be 
used. AKI and CHOUET (1975) developed a single backscattering model. SATO (1977) 
derived the formulation for single isotropic scattering. In the case of strong scattering, 
when the scattering coefficient is much greater than the absorption coefficient 
(B0 >> 0.5), and the propagation distance is much greater that the scattering mean free 
path, the diffusion approximation can be used to approximate the envelope variation 
in time domain. In the following, we discuss the diffusion approximation and seek the 
constraint of the observed envelopes on the medium scattering properties. 

When the scattering mean free path (i.e., the scattering length) is much shorter 
than the absorption length in the medium, the energy transfer can be approximated 
by a diffusion equation (see MORSE and FESHBACH, 1953, 2.4) 

O 
~t P(r, t) ~ dVe p(r,  t) - ~aP(r, t) + q( t), (3.1) 

where P(r, t) is the power at distance r and time t; ~a is the absorption rate 

~a = ?]aft, ( 3 . 2 )  

where ?]a is the absorption coefficient and/~ is the wave velocity; q(t) is the source; and 
d is the diffusivity 

B d = (3.3) 
37]a' 

where ?]a is the effective extinction coefficient for the diffusion process. In the case of 
isotropic scattering ?]a = ?]e" For nonisotropic scattering, in the case of discrete ran- 
dom media 

?]a = naa + n~.,, (3.4) 

where n is the number density of the scatterers, a a is the absorption cross-section of 
the scatterers, a,. is defined by 

= ~ aa(•)( 1 - cos 0) df~, (3.5) O" m 
.)4 

where aa(~) is the differential scattering cross-section (see paper I), 0 is the scattering 
angle. ~r m is called the "momentum transfer cross-section" by MORSE and FESHBACH 
(1953, p. 188). The solution of (3.1) for a point impulsive source is (MORSE and 
FESHBACH, 1953) 

0, t < 0  
P(r, t) = 1 (3.6) 

(4r~ dt) 3/2 exp[-(r2/4 dt) - ?]~flt], t > O. 
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ISHIMARU (1978) formulated the problem using the equations for the two-frequency 
mutual coherency function and derived the two-frequency equation of transfer. 
Under the diffusion approximation, a solution similar to (3.6) was obtained. In the 
following we will discuss the case of am >> aa, therefore (3.4) can be approximated by 

qd = r/s( 1 -- ,]), (3.7) 

where t b is the scattering coefficient, and y is the mean scattering angle cosine 

1 s O.d(~,~) COS 0 df~ 
]7 O's 

1 f D(~) cos 0 d~, (3.8) 
47z .]4~z 

where D(~) is the scattering directivity. 
Note that the quantity 

q" D(O, (p) cos 0 sin 0 dO, (3.9) 

where 0, ~b constitute the spherical coordinates with the polar axis in the incident 
direction, is the net scattering power flux in the incident direction. This part of the 
scattered power will join the incident power flow, and does not contribute to the 
diffusion process. In the case of isotropic scattering, '7 = 0, the net scattering power 
flow in the incident direction is zero, so that qd = t/$. In the case of strong backscat- 
tering, - 1 < ~? < 0, so that ~d > ~s, and vice versa,  for the case of strong forward 
scattering, 0 < ~ < 1, ~/d < qs" 

From (Y6), we know there is a peak in the power flow curve, which is 

tm = x / 9 d 2  + 4qaflr2d - 3d  
4qaf ld ' (3.10) 

or approximately at the maximum of the exponent of the exponential term; i.e., at 

where 

and 

'm=" 

= to 2 -  1 - B o 

to = r /fl,  

(3.11) 

(3.12) 

z. = 1/(r/~fl), zs = 1/(r/sfl), (3.13) 
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are the absorption time and the scattering mean free time (or simply the scattering 
time), respectively. (Similar formulas were obtained by DAINTY and TOKSOZ (1981) 
for the case of isotropic scattering.) Therefore, the arrival time of the peak of the 
power flow is proportional to the square root of the ratio between the ab_sorption 
time and the scattering mean free time. For strong forward scattering x/l - ~? < 1, the 
power peak will arrive earlier than the case of isotropic scattering. In the case of 
strong backscattering, x/1 - ~ > 1, and the peak will arrive later. 

Note that under the diffusion approximation (Y6), the apparent attenuation rate 
(the apparent slope of decrease of In P(r, t) vs. t) is approaching the absorption rate 
(a when 4 d t  ,>r2; while in the exact solution in the frequency domain (1.1), the 
apparent attenuation coefficient (the apparent slope of decrease of In E(r) vs. r) 
approaches d0r/e or q~ + d,t/5, for very large distances. The multiplier do or d~. varies 
depending on B0. Only in the case ofB 0 ~ 0 does the apparent attenuation coefficient 
approach r/(, for large distances. This demonstrates the different asymptotic behaviors 
of the coda envelope decay and the intensity-distance curve. 

From the peak time we can derive the ratio qa/q,, after correcting for t 3/2, while 
measuring apparent attenuation rate will approximately determine q,. Therefore, the 
shape of the envelope provides all the parameters of diffusion scattering. 

Now we will show the inconsistency of the constant Qi model with the observed 
coda envelopes. By assuming a constant Qi model, we would have B o >-0.79 for 
f < 6 Hz from Table 5. Therefore, the diffusion approximation could be applied to 
the wave energy transfer for frequencies below 6 Hz. Based on the estimated scatter- 
ing parameters in Table 5, we list in Table 7 the predicted arrival times of peak power 
by the constant Qg model for different frequencies. Except for the strong forward 
scattering case, the peak arrival times have a large delay reaching several times the 
direct travel time. This contradicts the observations on earthquake seismograms or 
explosion-source seismograms on the earth. The travel time fluctuations for local 
earthquakes are usually less than 1(~20% and the direct S waves can be easily 
recognized for these frequencies in general. The observed seismograms are not of 

Table 7 

The predicted arrival time o f  the peak power tm by the diffusion approximation based on the assumed constant 
Qi (= 2500) model and the estimated parameters in Table 6, S wave velocity is assumed 3.5 km/sec, t o = r/13. 

Absorption Mean time 
f time time Albedo 

(Hz) r~ (sec) z,, (sec) B o ~ = --0.5 

Arrival time of peak power 

tin~to 

0 0.5 

0,5 793.7 33. I 0.96 5.20 4.24 3.0 
l 396.8 20.9 0.95 4.62 3.77 2,67 
2 198,4 22.0 0.90 3. ! 8 2.60 I, 84 
3 132.9 19,9 0.87 2.74 2.24 1.58 
6 66,3 17.6 0.79 2.06 1.68 1.19 
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diffusion type in the frequency range 1-10 Hz. Figure 12 shows the diffusion type 
envelope curves according to (3.6) at f =  2 Hz for different scattering patterns. Since 
we neglected the t -3/2 term in deriving (3.11), the peak times in Figure 12 are different 
from the predictions in Table 8. However, the envelopes exhibit the typical diffusion 
characteristics. These diffusion type envelopes have been observed on the moonquake 
seismograms and on the seismograms of model experiments in laboratories. The 
diffusion type seismograms of moonquakes are due to the existence of  a high Qi, 
strong scattering layer below the moon's surface (LATHAM et al., 1971; DAINTY et 

al., 1974; DAINTY and TOKSOZ, 1981). For model experiments in the laboratory 
(DAINTY et al., 1974), the diffusion type seismogram is due to the strong scattering 
from grooves and the high Qi of the plate. 

In order to compare with the theory, we select one event A15 (depth 118 km), 
which is at a distance of  roundly 200 km from station CHS. From Figure 4 of  paper 
Ii we know that the diffuse term will dominate when the travel distance exceeds twice 
the extinction distance for B0 = 0.9. Therefore, the seismograms for this event should 
be of the diffusion type, if the parameters in Table 7 would be true, i.e., if the constant 

f = 2 hz, Qi = 2 5 0 0  

Bo= 0.9 

~: 0.5 
\ forward scattering 

~'=0 
isotropie scattering 

7'=-0.5 backscattering 

50 to iO0 150 200 Z50 
t (sec) 

Figure 12 
The seismogram envelopes of S waves predicted by the diffusion approximation for the case off  = 2 Hz, 
B 0 = 0.9, Q~ = 2500. ~ is the mean scattering angle cosine defined by (3.8) and t o = r/~ is the travel time 

of the direct S wave. 
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Qi model would be true. In Figure 13 we plot the envelope decay curves of event 
A15. The power decay curves are calculated by the moving window spectral analysis 
with an 8 second Hamming window and at a 5 second interval. On the 'left are the 
vertical components, right, the E W  components. These envelope curves are typical 
for the events in this region (see ROECKER et al., 1982). They are not of diffusion 
type except for some very high frequency components ( f >  20 Hz; we will discuss 
this later). In fact these curves fit the single isotropic model fairly well. The energy 
density E(r, t) of the isotropically, singly scattered body waves at time t and at 
hypocentral distance r from a point source can be expressed as (SATo, 1977) 

E(r, t) mr ~Wo (~ ) 
- 4~r2 K , (3.14) 

where ts is the direct wave (here S wave) travel time, n, the number density and as 
the scattering cross-section of the scatterers. Wo is the source factor, and 

1 ln[-r + 1] (3.15) 

The time function K(t/ts) is a pure geometric spreading factor for the single 
isotropic scattering model, which is plotted in Figure 14 for the distance of event 
A15 to CHS (r = 221.85 km). Figure 15 shows the power decay curves after making 
the corresponding geometric spreading correction, i.e., dividing the curves in Figure 
13 by K(t/ts). We can see that, after this geometric correction, the power decay 
curves are fairly linear, which is of exponential decay due to attenuation. 

To compare with Figure 12, we need to examine the case of strong forward 
scattering more carefully. The curve of ~7 = 0.5 is calculated by assuming the same 
scattering coefficient as the isotropic scattering case (f = 0). Because more energy is 
concentrated in the forward direction, the effective scattering coefficient for diffu- 
sion r/a becomes smaller than r/s (see (3.7)). In our case we estimated r/s from the 
apparent attenuation measurement in the frequency domain (Section 2). Since we 
calculated the power spectral densities for the total S waves, the net scattering 
power flux (3.9) is included in the window, so that the forward scattering power flux 
does not contribute to the apparent attenuation. Therefore, the estimated scattering 
coefficient is closer to r/d than to r/s, if we consider the apparent attenuation is 
mainly due to the scattering loss. By this consideration, the curve for strong forward 
scattering in Figure 12 should have a shape close to the isotropic case with an r/d 
closer to the isotropic qs. Secondly, if the peak of the power flow is near the direct 
arrival time, a more elaborate diffusion formula should be applied (ISHIMARU, 
1978), which will incorporate the direct travel time into the formulation. At any 
rate, if the apparent attenuation obtained in Section 2 is taken as mainly from 
scattering loss, the envelope curve should be similar k to a diffusion type curve of 
isotropic scattering. 
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Figure 13 
The envelope decay curves of A15 (r = 247 km, depth = 118 km) for station PEN. From left to right: Z 

component and E W  component. From top to bottom: f = 0.25, 0.5 Hz; f = 1 8 Hz; f = 14~5 Hz. 
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o f  c o d a  e n v e l o p e  

10 

\ 

i \\ 
% 

0,1 

N Lm ~ 8111 

Figure 14 
The theoretical envelope decay curve for the single isotropic scattering in a lossless medium according to 
SATO (1977). The envelope decay is a pure geometric spreading effect. The distance between the source 

and sensor is taken as 247km (as the case of AI5 to PEN)_ 

From the above comparison and analysis, combining with the result obtained in 
Section 2, we conclude that, in the frequency range ~ 2 0  Hz, the scattering is not the 
dominant factor of  the measured apparent attenuation. In other words, the scatter- 
ing coefficient is smaller than the absorption coefficient at these frequencies in the 
lithosphere of this region. 

More careful study is also needed for the case of frequencies higher than 20 Hz. 
From the band-passed seismograms we notice that at these high frequencies the 
seismograms become spindle-shaped, as pointed out by Tsujura and Aki (see AK~, 
1980b). These are of  diffusion type. For  some stations, the P and S phase can no 
longer be clearly separated, which also means strong scattering and conversion. 
Since the attenuation coefficients are high at these frequencies, the scattering co- 
efficients also must be high. This strong scattering for high frequencies may be 
caused by the near surface fine scale heterogeneities. Regarding Figures 13 and 15, 
we can find that the decay curves for f =  32 and 45 Hz have flat tops for short 
distances (r < 50 km), different from other frequency bands. On the contrary, in the 
space domain the E(r) curves do not show anomaly for those high frequencies. That  
implies the small thickness of  the fine-scale heterogeneous layer, which could be the 
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The coda decay curves at station PEN for A 15 after the geometric correction. The corrections were done 
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frequency range can be approximated by the single scattering theory. 
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highly heterogeneous layer in the upper crust. Recently, FLATTI~ and Wu (1988) has 
discovered a strong scattering layer in the crust by angular decoherence measure- 
ments of phase and log-amplitude fluctuations at NORSAR. The layer is found 
extending down to 15 km from the surface with fine scale (tens of meters) 
heterogeneities. TOKSOZ et al. (1987, 1988) has found a highly attenuating surface 
layer (1-2 km thick) using R g  wave (the fundamental mode of Rayleigh wave) 
attenuation measurements, though the attenuation mechanism is not clear. From our 
observation on the high frequency seismograms, this high attenuation may come 
from the strong scattering caused by fine scale heterogeneities. 

The time domain analysis has the advantage of easy comparison with the data, 
because each seismogram is one experiment, unlike the energy density distribution 
curve in frequency domain, which needs many events covering a distance range. 
However, in order to perform a more complete analysis, we need to develop a more 
accurate theory and model in time domain. Besides, the shape of the envelope is also 
sensitive to the slip direction of the earthquake source, which makes the analysis 
more complicated. Nonetheless the combinations of time domain and frequency 
domain analysis will make the analysis more informative and reliable. 

4. Conclusion and  Discussion 

First we summarize our theoretical analysis of the space-domain and time- 
domain behaviors of scattering attenuation. The full space-domain solution has been 
given in paper I (Wu, 1985). There is no full time-domain solution available at 
present. Seismic albedo B0 is an important parameter to characterize different regimes 
of scattering attenuation. The general behavior of scattering attenuation in time- 
domain or space-domain is complicated and cannot be described by a simple expo- 
nential decay term. However, in two extreme cases, the dark medium regime and the 
diffuse scattering regime, the decay can be approximated by an exponential function 
(see Table 8). When B0 "~ 0.5 (dark medium regime), i.e., qa ~> ~/~, the absorption is the 
dominant factor. Pa is very small (see Table 1), therefore the diffuse term in (1.1) is 
negligible (see also Figure 4 in paper I). The intensity attenuation E(r) (namely the 
attenuation of total S) can be approximately described by the coherent term only, 
which we call the "coherent wave attenuation approximation." The apparent attenu- 
ation coefficient b approaches the extinction coefficient ~]e = ~a-1-/ ' ]s  ( f o r  B 0 = 0 . 5 ,  

b ~ 0.Sqe). Physically this is understandable. Because of the strong absorption, the 
multiple scattered waves will be very weak due to their longer traveling distances. 
Therefore the received energy will be mainly the direct arrival which suffers both the 
absorption and the scattering loss. By the same reasoning, we expect the same ap- 
proximation can be applied to the envelope decay too. The apparent attenuation rate 

1 I 
b, ~ rlafl + qsfl = - -  + - ,  

"Ca Ts 

where za is the absorption time and % the scattering mean free time. 
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Table 8 

Two different regimes of scattering attenuation and their time-domain and space-domain behaviors 

75 

Time domain Space domain 
(envelope decay) (intensity decrease) 
e(r, t) E(r) 

dark medium regime 1 1 
Bo,~ 0.5 b, ~ - -  + -  b ,~r/s +r/~ =r/~ 
(absorption dominance) -ca -cs 
(coherent term is dominant) (coherent wave attenuation approximation) 

bright medium weak scattering no no 
regime regime simple simple 
B o ,> 0.5 R -< L, form form 
(scattering dominance) t -< -c~ 

diffuse scattering 
regime 

1 
R ,> L s b t ~ -- b ~ do(r/~ + r/s) 

-c a 

Here B o is the seismic albedo, R is the propagation distance and t is the lapse time; b is the apparent 
attenuation coefficient, b t is the apparent attenuation rate; qe = r/s + ~/~ is the extinction coefficient, where 
qs and qa are the scattering and absorption coefficient respectively; L s = l/r L is the scattering length, 
"cs = Ls/fl is the scattering time; L a = 1/~/~ is the absorption length, and z a = La/fl is absorption time; d o and 
d s are the diffuse multipliers defined in (1.1) and (1.7). 

W h e n  Bo >~ 0.5 (br ight  medium regime),  the s i tua t ion  is qui te  different.  F o r  shor t  

d is tance  (R  <- L~.) or  shor t  lapse t ime (t <- z~), the diffuse te rm is c o m p a r a b l e  with the 

coheren t  term,  there is no simple fo rm to descr ibe  the envelope or  intensi ty  behavior .  

In  fact, in this range the intensity,  af ter  geometr ic  spreading  correct ion,  m a y  increase 

wi th  d is tance  (see F igure  2). However ,  when R ~ Ls or  t >> % the diffuse te rm be- 

comes dominan t .  Tha t  is the diffuse scat ter ing regime. Aga in  the intensi ty decrease 

can be a p p r o x i m a t e d  by an exponent ia l  term with  the a p p a r e n t  a t t enua t ion  co- 

efficient b ~ do0/a + q~) ~ d~qs, where do and  ds are the diffuse mul t ip l iers  (see Table  

1). In  this case, the a p p a r e n t  a t t enua t ion  b is p r o p o r t i o n a l  to the scat ter ing coefficient 

(or  the ext inc t ion  coefficient). On  the o ther  hand ,  the t ime d o m a i n  behav io r  is qui te  

different. The  envelope decay ra te  b t app roaches  the intr insic  a t t enua t ion  rate.  There-  

fore, if  the wave scat ter ing is in the diffuse scat ter ing regime, the t ime -doma in  and  

space -domain  measurements  will reveal  different  pa rame te r s  o f  the medium.  

In the fol lowing we summar ize  and discuss the results  f rom the H i n d u  K u s h  data .  

F r o m  calcula t ions  and  compar i sons  in the f requency d o m a i n  and  the analysis  in t ime 

domain ,  we conc lude  tha t  scat ter ing is not  the d o m i n a n t  fac tor  for the measu red  

a p p a r e n t  a t t enua t ion  o f  S waves  or  coda  waves in the f requency range  2-20  Hz  in 

this region.  The  a p p a r e n t  a t t enua t ion  o f  to ta l  S can be wri t ten  into a form 

b = 1.38 • 1 0 - 2 f  ~ In  terms o f  equiva lent  a p p a r e n t  Q, Q = 130f ~ F r o m  the 

a lbedo  cons t ra in t  B o -< 0.5, we can infer the intr insic  Qua l i ty  fac tor  Qi =-- 200 ~ 400 
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for f =  2 Hz, and Qi ~ 1500 for f =  20 Hz. For low frequency ( f <  1 Hz), there is a 
possibility of scattering dominance. The estimated Qi therefrom is about 1300 for 
f = 0.25 Hz and 700 ~ 800 fo r f  = 0.5-I Hz (Table 6). However, this interpretation of 
the low frequency data using the multiple scattering model is not conclusive because 
of the possible contamination by surface waves or resonance waves due to the near 
surface structure. For high frequencies ( f  > 20 Hz), the seismogram envelopes in time 
domain show spindle shapes, while the intensity-distance curves show no observable 
anomaly, indicating that strong scattering may exist in a thin layer (probably the 
surface layer) with fine scale (a few tens of meters) heterogeneities. The absorption 
dominances inferred from this study is in contrast to the results of TOKS~3Z et al. ( 1987, 
1988) using the strong motion data from Eastern North America (ENA). Their study 
showed that f o r f  = 1 Hz and 5 Hz, scattering is the dominant factor in the observed 
apparent attenuation with an estimated seismic albedo Bo ~ 0.8-0.9 for that region. 
The difference between the two studies may be attributed to the following two reasons: 

1. The different distributions of  heterogeneities along the horizontal and vertical 
directions. The strong motion data of ENA are all from shallow earthquakes (less than 
6 kin). TOKSOZ et al. (1987, 1988) fitted the attenuation curves of pseudo velocity to 
the theoretical curves of E(r). They found that the best fit was in the distance range 
10-100 kin. For distance greater than 100 kin, the wave interaction with the Moho 
might have complicated the attenuation curve. For the propagation distance less than 
100 km, most of the path is confined in the crust. The crust is believed to be more 
heterogeneous than the mantle. Therefore, crustal paths are favorable to the multiple 
scattering process. On the other hand, the earthquakes used in this study are dis- 
tributed to rather large depths, up to 300 km (see Figure 3), and probably along a 
subducted continental crust (see Figure 16). These steep propagation paths undergo 
much less multiple scattering effects than the nearly horizontal paths in the study using 
strong motion data from ENA. The modeling theory ofWu (1985) assumes a uniform 
background velocity structure and a uniform distribution of heterogeneities. For a 
short propagation distance in the crust such as the case in the study by TOKSOZ et al., 
the theory can give approximate predictions. For large steep propagation paths the 
influence of vertical velocity structure and nonuniform distribution of heterogeneities 
may need to be taken into account. Further elaboration of theory and more studies 
using other sets of data are needed. 

2. The regional difference of  seismic albedo in the lithosphere. The different results 
of the two studies may reflect the real difference of seismic albedo of the lithosphere 
in the two regions. From surface wave (with period of 5-100 sec) inversion, HWANG 
and M~TCHELL (1987) found that the lithosphere of the Himalayas has a much lower 
Q than the ENA. The coda Q measurements showed similar results. From our 
theoretical analysis, we know that the coda Qc cannot be too different from the 
intrinsic Qi. That is because in the diffuse scattering regime, the apparent attenuation 
is close to the intrinsic attenuation, and, if not in the diffuse scattering regime, the 
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envelope will not have an exponentially decay form unless absorption is dominant 
(B0 < 0.5). The numerical experiments done by FRANKEL and CLAYTON (1986) have 
shown the similarity between the coda Q and the intrinsic Q. The coda Q of the New 
England area has been measured by PULL1 (1984). For short lapse time (t~ < 100 sec), 
Q,, can be expressed in the form Qc ~ 140f T M  in the frequency range of 0.75-10 Hz. 
For the Hindu Kush region, ROECHER et al. (1982) obtained a result of the form 
Q, ~ 77f~ 0 for short lapse time (tc < 60 sec). Therefore, the crust or lithosphere in the 
Hindu Kush region has likely lower intrinsic Q than the region of ENA does. The 
results of 3-D velocity inversion by ROECKER (1981) also supports this assertion. 
Figure 16 shows the P and S velocity profiles along the azimuths of 69~ We can see 
that low velocity anomalies are associated with the assumed subducted-continental- 
lithosphere (ROEcKER, 1981). Usually low velocity is associated wi[h low intrinsic Q. 
Therefore the lithosphere in the Hindu Kush region is very likely low in intrinsic Q. 
From Figure 7 we see that the linearity of 47rr2E(r) curves extend to the deepest events. 
This in turn supports the concept of subduction of a low Q continental lithosphere. 

The agreement of Q,. with the Q values of direct S and total S in this study and 
in the study of ROECKER et al. (1982) provide further evidence for the low albedo 
(i.e., absorption dominance) in the Hindu Kush region. The result in this region is in 
contrast to the result of high albedo in Eastern North America (ENA) derived by 
ToKsOz et al. (1987, 1988). Further effort in both elaboration of the theory and 
application of the theory to more data of different regions are needed before drawing 
firm conclusions about the estimated seismic albedos. 

Finally, let us discuss the limitation of our scattering model of the lithosphere and 
its possible influence to the main conclusion we drew in this paper. 

a) The finiteness of  the observation time window. In the formulation, the energy 
density E(r) is a quantity representing the integrated intensity over an infinite time 
period, while our observation time window is finite. However, our time window 
encloses most of the energy of a seismogram as can be seen from Figure 6. Because 
of the low albedo Bo, the later arrived waves have much lower level of energy. 
Therefore, the finite time window will not affect the main conclusion. 

b) Free surface influence. The free .surface has three effects. First it reflects the 
scattering waves. In this way, the half space can be thought as an infinite space 
composed of two mirrored half-spaces. Therefore, the theory of infinite random 
medium can be applied to the case of a half-space random medium. 

Second, the surface can generate surface waves, which may form the false 
"scattered energy". However, in our case most events were deep events which did 
not excite surface waves. Even for a few relatively shallow events (such as A18, 
A31, A23, A67, A34, A74, etc. for PEN), we observed that the surface waves for 
f > 2 Hz were not well-developed. This may be due to the existence of the highly 
attenuating surface layer discussed above. Since the short-period surface waves had 
their main energy confined in this surface layer, they were highly attenuated and did 
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Figure 16 
Contour plot of the vertical variations in velocity inferred from 3-D inversions, along with the seismicity 
in the region. The North-South cross-section is made along 69~ Locations of earthquakes occurring 
between 68~ and 70~ are indicated by closer circles. Percent changes in P and S wave velocities are 

shown in the upper and lower parts of the figure, respectively (from ROECKER, 1981). 
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not contribute much to the total energy. In fact from Figure 7 we can see that these 
shallow events have lower-than-the-average energy levels. This may be caused by the 
attenuation of body waves by the surface layer, since a large part of the body wave 
path for a shallow event could be in this layer. At any rate, the surface wave problem 
Will not affect the conclusion of small Bo, because it would have the opposite effect. 

Finally, the rough surface can generate scattered surface waves, which has a 
smaller geometric spreading factor than the body waves. Again, this factor has the 
opposite effect too and therefore will not influence our conclusion. 

c) Nonisotropic scattering pattern. Our formulation usesthe assumption of 
isotropic scattering, which is a reasonable approximation to Rayleigh or resonance 
scattering (i.e., when the wavelength is smaller or nearly equal to the scale of the 
heterogeneities). When the scale length of the heterogeneities is much larger than the 
wavelength, the scattering becomes highly anisotropic. However, for scattering 
attenuation the large scale heterogeneities are much less effective than the hetero- 
geneities with scale comparable to the wavelength (Wu and AKI, 1985a). Since the 
lithosphere is likely to have multi-scaled heterogeneities (Wu and AKI, 1985b), the 
main contribution to the scattering attenuation will come from the resonance 
scattering by the heterogeneities with scales comparable to the wavelength. There- 
fore, the isotropic scattering may be a reasonable approximation for our problem. 

d) Nonuniform background medium and the nonuniform distribution of the scatter- 
ers. The nonuniform background medium, especially the velocity increase with depth 
and the Moho discontinuity, can produce different geometric spreading than the 
uniform medium, i.e., the Green's function is different from the case of uniform 
background medium. It is not clear that how strong the influence of the nonuniform 
background medium to the energy density distribution is. The nonuniform distribu- 
tion of scatterers with depth may have significant influence to the E(r) distribution, 
as discussed earlier in this section. The source distributions along different directions 
may generate different E(r) curves. Therefore, extending the method to the case of 
nonuniform background medium and nonuniform scatterer distribution is impelling 
to the further study of this problem. 
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