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Experiments show that waves propagating through the earth’s crust experience
frequency-dependent attenuation. Three regimes have been identified with specific
attenuation properties: the low-, mid-, and high-frequency regimes with attenuation
in general increasing with frequency. This paper shows how the observed behavior can
be explained via theory for waves in random media. It considers multiple scattering
of waves propagating in non-lossy one-dimensional random media with short- and/or
long-range correlations. Using stochastic homogenization theory it is possible to show
that pulse propagation is described by effective fractional damping exponents. The
damping exponents are related to the Hurst parameters of the random media which
are characteristic parameters of the correlation properties of the fluctuations of the
random media. This description is the link in between the random medium prop-
erties and the observed damping behavior. In particular a simple binary medium is
shown to reproduce well the experimental attenuation properties in the low-, mid-,
and high-frequency regimes.

Keywords: acoustic waves, attenuation and dispersion, random media, self-similar
processes

1. Introduction

When a wave propagates through the earth’s crust it is scrambled by scattering
associated with the microstructure. In fact this scrambling may appear as an at-
tenuation of the wave front as energy of the wave front is transformed into small
scale coda waves. This transformation depends on the “roughness” of the medium
fluctuations and it has been characterized as “apparent attenuation”. In compli-
cated sections of the earth’s crust we cannot hope to identify perfectly the medium
parameters at each point, however, by looking at well data outcrops for instance
we may be able to describe the statistics of the microstructure. This is the point of
view taken in this paper, we model the medium as being random and then we ask
the question how can we describe the apparent attenuation. That is we model the
medium fluctuations, the microstructure, as being random, in fact, a realization of
a stochastic process. A main point is that by doing so we describe wave propaga-
tion in a wide class of media, because, as it turns out only the covariance of the
medium fluctuations is important in order to characterize the apparent attenuation
phenomenon. We will here consider wave propagation in the context of a specific
medium model, a piecewise constant medium, but hasten to add that the results
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are general in the sense of characterizing the apparent attenuation phenomenon in
all media whose covariance has similar properties as the ones we discuss below for
our example medium.

Experimental observations show that the attenuation coefficient Q~! defined
through the transmission coefficient by

T(w. 9 = exp ( ~ Lo (w)2)
o
has a frequency dependence of the form
QHw) ~ |wl, (1)

where a € (—1,1) is a parameter that is characteristic of the medium and obtained
through a fitting of measured data. In particular, it is reported for body waves an
exponent « =~ 0.4 for very low frequencies < 1073Hz [22], a € (—0.4,0) in the range
(1073,1)Hz [8, 30], and a ~ —1 for higher frequencies > 1Hz [8, 10]. We will return
to this picture in Section 3.7. In this paper we show how such a picture can be
explained in terms of scattering by a multiscale medium with short- and long-range
correlation properties and show that such a medium can produce these types of
behaviors. In particular we propose a simple binary random medium model (i.e.
a medium made of two materials) that can reproduce simultaneously the three
frequency-dependent power laws observed experimentally in the low-, mid- and
high-frequency bands.

2. Acoustic Wave Propagation in One-Dimensional Random Media

2.1. Acoustic Wave Equations

We present here a stochastic model for the acoustic wave equations in the presence
of random fluctuations of the medium with short- or long-range correlations. The
one-dimensional acoustic wave equations are given by

ou Op
1 9p Ou
Kot oz 0 ®)

where t is the time variable, z the one-dimensional space variable, p is the pressure
field, and u is the velocity field. For simplicity we assume that the density of
the medium p is a constant equal to pg. The bulk modulus of the medium K is
assumed to be randomly varying in the region z € [0, L] and we consider the weakly
heterogeneous regime [14], in which the fluctuations of the bulk modulus are small
and rapid (compared to the propagation distance):

1 {[go(1+u(z)), z€[0,L],

K%)’ z € (—00,0) U (L,00), (4)

p(z) = po forall z. (5)

The effective impedance and speed of sound are (o = /Kopo and ¢y = /Ko/po,
respectively. The random process v is assumed to be stationary and to have mean
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zero. Its covariance function is denoted by

¢(z) = E[v()v(Z' + 2)], (6)

where E stands for the expectation with respect to the distribution of the random
medium. The function ¢(z) is bounded, even, and maximal at zero (¢(0) is the
variance of the fluctuations). Its local regularity or smoothness at zero and its
asymptotic behavior at infinity characterize the short- and long-range correlations
of the random medium, as we discuss in the next subsection. As we will see below
the properties of the covariance function are the ones that give the “apparent”
attenuation properties of the scattering due to the microstructure.

2.2. Random Medium Properties

Wave propagation in random media is usually studied when the process ¥ modeling
the medium fluctuations has mizing properties [14]. Mixing means that the random
values (2’ + z) and v(2’) taken at two points separated by the distance z become
rapidly uncorrelated when z — co. More precisely we say that the random process
v is mixing if its covariance function ¢(z) decays fast enough at infinity so that it
is integrable:

/OO |p(2)|dz < 0. (7)
0

The mixing property of the medium may be thought of as characterizing the large
scale features of the medium. The local behavior or regularity is also important.
Regarding the local or small-scale behavior it is usually assumed that the covariance
function is Lipschitz continuous, ie, there is a constant K so that for all z

6(z + Az) — ¢(2)| < K|Az].

In the case of a piecewise constant medium Lipschitz continuity of the process cor-
responds to that there is at most one jump within a small interval (no accumulation
of jumps). In the context of the random process v we say here that it is regular
(Lipschitz continuous) if its covariance function satisfies:

) (8)

+ 0(
where dy /5 > 0 and {. > 0 is a length.
We remark that if in fact the process v is stationary and differentiable, so that
we have a smooth random medium, then
2
) (©)

However, here we shall consider media with jumps and thus non-smooth random
media.

These are the usual assumptions for random media, under which the theory
is well established. The O’Doherty-Anstey theory then describes the propagating
pulse in these regimes. The effective equation for the wave front has been obtained
by several authors [5, 6, 9, 14, 23, 24, 32]. The pulse propagation is characterized

z

le

z

le

|z|<<le

o(z) =" 6(0)(1-dip

|z| <L z

o(2) 4

¢(o)<1 +o(
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by a random time shift and a deterministic spreading. The random time shift is de-
scribed in terms of a standard Brownian motion, while the deterministic spreading
is described by a pseudo-differential operator.

Wave propagation in multiscale and rough media, with short- or long-range fluc-
tuations, has recently attracted a lot of attention, as more and more data collected
in real environments confirm that this situation can be encountered in many differ-
ent contexts, such as in geophysics [11, 29] or in laser beam propagation through
the atmosphere [12, 15, 31].

Qualitatively, the long-range correlation property means that the random process
has long memory (in contrast with a mixing process). This means that the corre-
lation degree between the random values v(z' + z) and v(z’) taken at two points
separated by the distance z decays only slowly when z — oo, or equivalently that
the covariance function has a slow decay at infinity. More precisely we say that
the random process v has the H'-long-range correlation property if its covariance
function satisfies:

2|0 2H'—2

o(2) "2 p(0)rm , (10)

z
le
where g > 0 and H' € (1/2,1). The parameter H' is sometimes referred to as
the Hurst exponent. Here /. is the critical length scale beyond which the power
law behavior (10) is valid. Note that the covariance function is not integrable since
2H' — 2 € (—1,0), which means that a random process with the H'-long-range
correlation property is not mixing.

Qualitatively the short-range correlation property means that the random pro-
cess is rough at small scales. This means that the correlation degree between the
random values v(z' 4+ z) and v(2’) taken at two points separated by the distance z
has a sharp decay at zero. It corresponds to the fact that the covariance function
decays faster than an affine function at zero. More precisely we say that the ran-
dom process v has the H-short-range correlation property if its covariance function

satisfies:
2H+O(|2)), (11)

where dg > 0 and H € (0,1/2). Here /. is the critical length scale below which the
power law behavior (11) is valid. Additional technical hypotheses on the differen-
tiability of ¢ are necessary for the mathematical proof (see Appendix B [17]). We
simply mention here that these technical hypotheses are satisfied by the models
presented in the next subsection.

|2 <Le

6(=) = 0(0) (1~ du

Z
le

2.3. Binary Random Medium Models with Short- and/or Long-range
Correlation Properties

In this section we present the random processes v that model the random medium
fluctuations as function of position z € (0,L). Indeed we are interested in char-
acterizing the apparent attenuation and the central quantity that characterizes
this phenomenon is the covariance of this random process, therefore we here dis-
cuss this medium covariance in detail. The random process modeling the medium
fluctuations that we will be considering corresponds to a binary medium which
means that the process v is stepwise constant and takes values +o over intervals
with random lengths. In fact how these lengths are modeled statistically is what
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is important and is what will differentiate the three regimes. We again remind the
reader that we use a specific model for the medium fluctuations to illustrate but
that the results that we will present below are general and valid in fact for all
media that the share the same correlation properties as the ones we are about to
present.

Binary medium with mixing and regular properties. Here we construct
a process corresponding to a binary medium so that the process v takes values
+o over intervals with random lengths. We denote by (I;);>0 the lengths of these
intervals and by (n;);>0 the values taken by the process over each elementary
interval. The process v(z) is defined by

v(z) = ny, where N, =sup{n >0, L, < z}, (12)

with Lo = 0 and L,41 = L, + [,. The random variables n; are independent and
identically distributed (i.i.d.) with the distribution

P(m = 0) = 3. (13)

The random variables [; are i.i.d. with the exponential distribution whose proba-
bility density function (pdf) is

1

()= e (= ) los(e). (14)

Note that it is very easy to simulate the random variable [y, since —¢.InU has
the pdf (14) if U is uniformly distributed over [0, 1]. The random process v(z) is a
stationary jump Markov process and its covariance function is

o) = e (- B, (15)

which shows that it is a mixing process. Moreover, the covariance function satisfies

(2) S5 52 (1- ‘Z' + 0<‘2)> : (16)

which means this is a regular process.

Our interest is now how the medium fluctuations affect and transform the wave
as it propagates. As we discuss in Section 3 this transformation can be described
in terms of the covariance function ¢(z). Thus, different media with the same
covariance function would lead to similar transformations of the wave. In particular
the random variables n; describing the medium fluctuation in section j could be a
general zero mean random variable, not necessarily a discrete random variable, and
in this case o2 in (16) would be the variance of this random variable. We remark
that we actually could have used (continuous) fractional processes, like fractional
Ornstein-Uhlenbeck processes, to create short and long range correlations.

Binary medium with long-range correlation property. The long-range
correlation property for a binary medium corresponds to the existence of intervals
much longer than the average interval length. We again consider the process defined
by Eq. (12) corresponding to a binary medium where the random variables n; are
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ii.d. with the distribution (13) and the random variables [; are i.i.d. with the
distribution with the Pareto pdf

, €372H/
pu(2) = (8 = 2H") g Li.00)(2), (17)

where H' € (1/2,1). Note that the decay of the pdf is of power law form rather than
exponential as in (14), this is sometimes referred to as a “heavy-tailed” distribution.
Note that it is very easy to simulate the random variable Iy, since £,U~/(3—2H")
has the pdf (17) if U is uniformly distributed over [0, 1]. The average length of the
random interval is

3—2H'

Ehl=9=m

e, (18)

while the variance of [y is infinite. A salient aspect of this model is that very long
intervals (i.e. much longer than E[/;]) can be generated, which are responsible for
the infinite variance of the length of the interval and for the long-range correlation
property of the random medium. Moreover, as H' increases from 1/2 to 1 we see
that the long range character becomes relatively stronger with the pdf decaying
slower. The process v is bounded, it has mean zero and variance 0. Using renewal
theory [13, Eq. (4.6)], the distribution of the process (v(z + z)),>0 converges to a
stationary distribution when x — oo and the covariance function of v satisfies

Elv(z)v(z + 2)] =3 ¢(z) = o /00 md&

The covariance function

1 2 —2H' |2
_ 2 c
6(2) = 7 |55 Ve (1) + (1= 5 =5 ) 1o (2] 19)

satisfies the H'-long-range correlation property (10) for |z| € [f¢,00) with rg =
1/(3 — 2H'). We show a realization of v in Figure 1 in the top plot for H' = .75
and the corresponding covariance function in the bottom plot.

Binary medium with short-range correlation property. The short-range
correlation property for a binary medium corresponds to the accumulation of in-
tervals with lengths much smaller than the average length. We again consider the
process defined by Eq. (12) corresponding to a binary medium where the random
variables n; are i.i.d. with the distribution (13) and the random variables /; are
i.i.d. with the distribution whose pdf is

1—-2H  g172H
by, (Z) - (gi/EC)QH_l 1 22_2H1['€i7‘€c](z) )

(20)

where H € (0,1/2) and 0 < ¢; < {.. Here the inner scale 4 is introduced in order to
obtain a well-defined and normalized pdf and it will be taken to be much smaller
than £. later on. We introduce the ratio

(21)
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MEDIUM FLUCTUATIONS
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Figure 1. Realization of a binary medium with long-range correlation property, top plot. The covariance
function is shown in the bottom plot.

that belongs to (0,1). Note that it is very easy to simulate the random variable [y,
since 41 — (1 — ' 2H)U]~Y/(1=2H) has the pdf (20) if U is uniformly distributed
over [0, 1]. The average length of the random interval is

1—2H 1-—4§21

Blhl = =g sr1

Lle, (22)

and its variance is finite. A salient aspect of this model is that it exhibits an accu-
mulation of very small intervals (i.e. much smaller than E[l;]) which corresponds to
very rapid changes in the medium properties. Using renewal theory the distribution
of the process (v(x + 2)).>0 converges to a stationary distribution when x — oo
and the covariance function of v satisfies

Elv(z)v(z + 2)] =5 ¢(2), (23)
where
o? 1|22 2H |z
¢(2) = 1 52H <1 T 1-92H 2H + 1— 2H2>1(£i,&](|21)
+o*(1 1-2H1-0°H )1[07&](‘2')‘ (24)

If § <1 (i.e. i < L), then, for 4 < |z| < £, we have

1|22 2H |7

2

~ (1 7) , 25
8() = o*( 1—2H 27 "1_2H 4 (25)
which satisfies the H-short-range correlation property (11) for |z| € [4, f.] with
dg =1/(1—-2H).

We show a realization of v in Figure 2 in the top plot for H = .25 and the
corresponding covariance function in the bottom plot.
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MEDIUM FLUCTUATIONS
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Figure 2. Realization of a binary medium with short-range correlation property, top plot. The covariance
function is shown in the bottom plot.

Binary medium with short- and long-range correlation properties. We
again consider the process defined by Eq. (12) corresponding to a binary medium
where the random variables n; are i.i.d. with the distribution (13) and the random
variables [; are i.i.d. with the distribution with the pdf

1—2H ¢
1-2H
0 )521{71 1 z;szl[&,&](z)

p,(2) = (1 —a

+ad' 72 (3 - 2H’)£3 2H/1 (2), (26)
a SA—2H T lle,0)\ 2

where H € (0,1/2), H € (1/2,1), a € (0,1), and 0 < ¢4 < {.. The statistical
distribution of the length of the elementary interval is a mixture of the two dis-
tributions introduced above in Equations (17) and (20), which means the pdf is
supported in (4, c0), it has a power law decay of the form 221=2 for z € [, £.] (with
2H—2 € (—2,—1)) and of the form 22#' = for 2 € [f,, 00) (with 2H'—4 € (-3, —2)).
The pdf is continuous at ¢, if we choose a as

1 3-2H 1_ogl+H—H'
a 1-2H 2 1-2H ~ (27)
however this is not required in our analysis, we may choose any number in (0, 1).
The pdf is plotted in Figure 3.

As a result we have both accumulation of very small intervals (much smaller than
the mean E[/1]) and generation of very long intervals (much larger than the mean
E[l1]). Here the mean is

1—2H 1-—4§%2H 3—2H'
_ _ 1-2H 1-2H
E[l,] = (1 as ) Sip g le+ad e
>0 (1 —2H 3—2H'\ 4_oy
=~ 1) L. .
( 2H +a2—2H/) ©

t.  (28)
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Figure 3. The pdf of the length of the elementary interval for a binary medium with short- and long-
range properties, with both accumulation of small intervals and existence of large intervals. Here H = 0.25,
H' = 0.75, 4;/£c = 0.0001 and a is chosen as in (27). The figure shows {cp;, by the solid black line (as
function of z/{.), the corresponding short interval length pdf by the red crosses and the long interval pdf
by the dashed blue line.

The (continuous) covariance function has both H-short-range and H’-long-range
properties:
- if |z| > £, then

¢(Z) _ U2€Ca 1-2H EE_QH, (29)
E[l1](2 — 2H") |z|2—2H"
le>t; ao? (220
S o

which shows it has the H’-long-range property in the range |z| € [(.,c0) with

a
TH = — — -
(2= 2H") (*5" + a5=5777)
- if 4 < |z] < L., then
a2l 3—2H" |z
_ 65172H{ _ 7)
=) = Em (3 om 4,
1—ad'2H 1 |2|2H ||
O SR
t oA [2[—[( 20 ‘. (30)
> o? 3—2H'" 1-2H lz| 1 |2]2H
= (12E | g2 {<a2—2H’ T om )+ -0~ 5g an }
(% +a5=3m) c c

which shows it has the H-short-range property in the range |z| € [¢;, £c] with

1

2H (57 +a5517)

dg =
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MEDIUM FLUCTUATIONS
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Figure 4. Realization of a binary medium with long- and short-range correlation property, top plot. The
covariance function is shown in the bottom plot.

- if |z| < 4, then

o) = TELs(1- Ly g (B2

E[l1] 2 2 —2H'
B 1— 51—2H 1
0 [ (1= 0) - (1-9)]} (31)
>0 o 1 ’Z|
=M ot 1 : T
A= an s,

which shows it has the regular property in the range |z| € [0, ¢;]. We show a real-
ization of v in Figure 4 in the top plot for H = .25, H' = .75 and the corresponding
covariance function in the bottom plot. Note the coexistence of long and accumu-
lation of short intervals.

3. Analysis of the Effective Transmission Coefficient

For the type of random medium fluctuations introduced in the previous section
we want to discuss how this gives rise to an apparent attenuation. We discuss
this in terms of the binary medium we have introduced, but hasten to add that
it is the behavior of the medium covariance function, its decay at infinity and its
singular behavior at the origin that are important, in respectively the low- and high-
frequency regimes. Thus, the results that we present next carries over to general
media with a covariance function having the properties introduced in Section 2.2.

3.1. Apparent Attenuation in Wave Propagation

Let us discuss briefly the notion of apparent attenuation and its parameterization.
The time-harmonic wave equation or Helmholtz equation deriving from the acoustic

10
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equations Eq. (4) is

gii% (w>2(1+1/(z))1120,

€0

We now state some fundamental results that characterize the effective wave prop-
agation through a random medium. In a certain parameter regime we can associate
the wave propagation with an effective (time-harmonic) transmission coefficient
that indeed depends on only the covariance function of the medium fluctuations
v. Note that this transmission coefficient is in fact a random quantity. The pre-
cise sense in which we have convergence to an effective transmission coefficient is
addressed in [14] and here simply state that the transmission coefficient is, up to
a random phase of the form iw7(z) corresponding to a random time shift, of the
form

T(w,z) = exp ( - %(SQC)()Q)WQ - .%(8(‘;%&)2 z) . (32)
where
Ye(w) =2 /000 ¢(2) cos (Z;};)dz, (33)

Ys(w) =2 /000 ¢(z) sin (2:)2:)(12. (34)

The term exp|—i7s(w)w?z/(8¢2)] is a frequency-dependent phase modulation and
vs(w) is conjugate to vy.(w). This shows that the transmitted wave front when cen-
tered with respect to the random travel time correction propagates in a dispersive
effective medium with the frequency-dependent wavenumber given by

w < (wW)w?
) = 2 - 7(86% (35)

Moreover, there is a frequency-dependent attenuation

Q) = 1) (36)

co 40(2) ’

[l

that is always nonnegative by Bochner’s theorem because 7.(w) is the power spec-
tral density of the fluctuations v(z) of the random medium. We also introduce the
dispersion function

w B ¥s (W)w?
%D(w) =2 (37)

that is the conjugate of the attenuation factor.
Regarding the parametrization in terms of the “quality factor” @ we remark that
if we consider the damped wave equation, the analogue of the damped harmonic

11
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oscillator with damping ratio Q~!:

0?u w 101 w)?

- - 177 - =0

822+(CO>Q 6z+<co> b ’

then in the underdamped case we have
2 w -1
T (w, 2)|* = exp ( - —Q z) : (38)
o
We introduce next a reference and a normalized frequency v by:

We = 7, V= )

and find that in normalized coordinates the attenuation factor Q' and dispersion
function De can be written:

Q' (v) = Q Nvwe) = / d(Leu) cos(2vu)du, (39)
De(v) = D(vw,) = / ¢ (leu) sin(2vu)du . (40)

Below we discuss how the attenuation factor is affected by the correlation properties
of the medium fluctuations. We review first the classic cases of mixing and regular
media before we turn our attention to our main cases of interest: media with long
and short correlations.

3.2. Random Media with Mixing Properties

In this subsection we consider the case of a mixing random medium. We assume
that the wavenumber w/cy is such that v < 1. This condition means that the
typical wavelength is longer than /. and in this case we find that

‘Z/Ooowcu)du, D(v) =0, v<l, (41)

which shows that we have an effective attenuation of the form of Eq. (1) with a = 1
and no effective dispersion. Note that here we considered the low-frequency regime
so that only the integrated medium covariance function is important. In the regime
of relatively high frequencies the behavior of the covariance function at the origin
becomes important and we consider this case next.

3.3. Random Media with Regular Properties

We consider the case of a random medium with the affine decay behavior at zero:

o)<

o) "= o) (1 - o o)), (12)

with dy 5 > 0. The affine decay (42) of the covariance function is typical of a Markov
process, such as the binary medium process in the case in which the lengths of the

12
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intervals have an exponential distribution. This behavior is in fact fairly general.
For instance the affine decay (42) holds for the binary medium process in the case in
which the lengths of the intervals have positive finite expectation. If we assume that
the wavenumber w/cg is such that v > 1, which means that the typical wavelength
is smaller than /., then we have (see Appendix A [17])

Ye(w)w? . $(0)dy /2 Vs (Ww)w? ~ (0)w
C% - 260 ’ C% - CO 9 (43)
so that
Qe_l(v)Zigﬁ(o):l/Q, De(v)zio), v>1,

which shows that we have an effective attenuation of the form of Eq. (1) with
a = —1 and no effective dispersion.

These two cases (mixing and regular) are the ones observed with standard models
of random media and they have been extensively studied [2, 14]. As we will see
in the next subsections, the picture becomes more interesting when non-mixing or
rough random media are considered.

3.4. Random Media with Long-range Correlation Properties

This is the regime in which the random medium has the H’-long-range correlation
property, H' € (1/2,1). We first consider the binary medium model described in
(17-19). We find using Eq. (19) and [19, formula 3.761] that

o1 U272H’
o Qe W) = g o

v sin(2v) ,.sin?(v)
+2(3—2H') < 20 TA-H)—5 )

['(2H — 1) cos((H' — 1/2)7)

1
v 2H' 2
~ 2@ 2w /0 z cos(2vz)dz, (44)

or equivalently:

1-H 1 1-H'1
(3—2H")v 4 v

o 2Q ) (v) = 1 / 24 cos(202)dz . (45)
1

The first form is useful to get an expansion for small v, the second form is useful
to get an expansion for large v.

The effective damping function is shown in Figure 5 for several H' values, top
plot. In the figure H' = .55,.75, and .95 correspond respectively to the dashed
blue, solid black, and dash-dotted red lines.

13
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The dispersion function can be expressed as

2—2H'
_9 . (% .
g ,DeJ(’U) = WF(QH, — 1) sm((H’ _ 1/2)71')
v (2-2H" (cos(2v) sin(2v) n sin?(v)
2 \3-2H' 20 (2v)? v
v T
— 2(3_%[/)/0 z SID(Q'UZ)dZ, (46)
or equivalently
1 1-H [* .y
0 2De1(v) = = — / 220 =4 sin(2uz2)dz . (47)
4 4u 1

The effective dispersion function is shown in Figure 6 for several H' values, top
plot. In the figure H' = .55,.75, and .95 correspond respectively to the dashed
blue, solid black, and dash-dotted red lines.

We remark that when we only consider low frequencies that probe mainly the
tail of the covariance function of the medium we find:

2H' — 1) cos((H' — 1/2)m)

9 o I
o 2Qe,11(v) ~ U2 2H (

~ 1
92H"(3 — 2 1) o USh
B o D(2H — 1) sin((H' —1/2)7)
2 . 2-2H
g De,l(v) =v 22H/(3 _ 2H,) ) v 1.

Thus, in this regime the damping exponent « in Eq. (1) is 2 — 2H' € (0,1). We
compute the damping and dispersion exponents:

P12 (075 O)) B
() == AW

Uav [De(v)] , (48)
De(v)

via a numerical approximation and plot them in Figure 5 and 6 bottom plots. Note

that in the high-frequency regime the wave probes the affine (regular) decay of the

covariance function at the origin corresponding to a damping exponent of —1. This

can be seen from the alternative representations (45) and (47):

1—-H'
—2n—1
7R ey, PP
1
0 2De(v) = 1 v>1.

We finally remark on the general long range model in Eq. (10). We have for
1/2 < H' < 1 (using [19, formula 3.761]):

_ o e T (2H — 1) cos((H' — 1/2))
Q. (v) = v* 21 92H —2 ’ vl

T (2H — 1) sin((H' —1/2
Do) ~ ot TP DS Z1/2)
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DAMPING FACTOR

Figure 5. The normalized damping factor 0’2Q;I (v), top plot, and the damping exponent a(v), bottom
plot. Here H' = .55,.75, and .95 correspond respectively to the dashed blue, solid black, and dash-dotted
red lines.
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Figure 6. The normalized dispersion function U’QDeyl(v), top plot, and the dispersion exponent 3(v),
bottom plot. Here H' = .55,.75, and .95 correspond respectively to the dashed blue, solid black, and
dash-dotted red lines.

The binary medium model described in (17-19) is just one particular model with
long-range correlation properties for which the following behavior can be observed.
Wave propagation in a random medium with long-range correlations exhibits
frequency-dependent attenuation that is characterized by a power law of the form
of Eq. (1) with the exponent o = 2 — 2H' ranging from 0 to 1 in the low-frequency
regime. Moreover, the propagation is associated with a dispersive effect.

15
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3.5. Random Media with Short-range Correlation Properties

This is the regime in which the random medium possesses the H-short-range corre-
lation property, H € (0,1/2). We first consider the binary medium model described
in (20-24). We denote 6 = ¢;/{.. From Eq. (24) we find

1 . .2
o1 v B of sin(2v)  sin”wv
0 Qs (v) = 51— 2H)(1— 77 { /6 2“7 cos(2vz)dz + . H 2

 cop+15in(206) 2141 Sin%(v6)
BT+ H 4@5?4}’@9)

or equivalently:

21 H b oons 21
g Qe,s (1}) = m{ — /5 z COS(QUZ)CZZ + W} . (50)

The first form is useful to get an expansion for small v, while the second form is
useful to get an expansion for large v.

For this model we can now differentiate three regimes: (i) v < 1: the low-
frequency regime, (ii) 1 < v < 1/§: the mid-frequency regime, (iii) the high-
frequency regime v > 1/0.

Consider first the low-frequency regime, we have

H(l _ 51+2H)
(11 2H)(1— 62H)

0'72Q;;(7})2U2 v 1.

Consider next the mid-frequency range, then we can write

I'(1+2H)sin(H)

2 =1/ \ o ,,—2H
0 Qs (v) =0 P[] o)1 §2) l<v<1/5.  (51)
Consider finally the high-frequency regime, in this case:
H(5*H-1 —1
o Qs (v) ~ vt ( ) v>1/5.

41— 2H)(1 — 62H)”

The effective damping function is shown in Figure 7 for several H values, top
plot. In the figure H = .05,.25, and .45 correspond respectively to the dashed
blue, solid black, and dash-dotted red lines and in all cases 6 = 10~%. The bottom
plot shows the corresponding damping exponents «(v). In the figure we can clearly
identify the three regimes.

The effective dispersion function is given by

-2 _ 1 B /1 2OH . sin(2v)
0 “Des(v) = 102 _52H){ 20 i 2" sin(2vz)dz + 2H ( . 1)
in(2
—(cos(2v) = 1) — 2H52H(Sm2(vf;5) — 1)+52H(COS(205) - 1)} (52)
or equivalently by
1 H !

—2 2H-2 _:

g ’De,s(v) = Z — 4(1_62[{)1)/(; z Sln<2UZ)dZ . (53)
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DAMPING FACTOR
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Figure 7. The normalized damping factor 0*2Q;§(v), top plot, and the damping exponent a(v), bottom
plot. Here H = .05, .25, and .45 correspond respectively to the dashed blue, solid black, and dash-dotted
red lines, and in all cases § = 10~4.

DISPERSION FUNCTION

Figure 8. The normalized dispersion function 0 ~2De s(v). Here H = .05, .25, and .45 correspond respec-
tively to the dashed blue, solid black, and dash-dotted red lines, and in all cases § = 10—4.

In the low-frequency regime, we have

H(1—¢§2t2)
6(1+ H)(1— 62H)”

0 ?Des(v) =~ v? v 1.

In the mid- and high-frequency ranges, we have

0 2 Des(v) =~ =, v>1.

| =

The effective dispersion function is plotted in Figure 8 for several H values. In the
figure H = .05, .25, and .45 correspond respectively to the dashed blue, solid black,
and dash-dotted red lines, and in all cases 6 = 10~

The binary medium model described in (20-24) is only one particular model
amongst the media who possess the short-range correlation property. It is shown
in Appendix B [17] that the power law scaling for the attenuation is valid for
general covariance functions of the form in Eq. (11) with 0 < H < 1/2 satisfying
certain regularity properties in the high-frequency regime v = |w|l./co > 1: As

17
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shown in Appendix B [17] we have for the general model Eq. (11)

PN _ogdul'(1+2H) sin(mH

o72Q (v) ~ v 22 ( 22H) @) s, (54)
dgl'(14+2H H

0 2Dy (v) ~ v 2H nl(1+ 2H) cos(nH) v>1, (55)

92H 7

corresponding to Eq. (51) with here 02 = ¢(0). The above shows that wave propa-
gation in random media with short-range correlation properties exhibits frequency-
dependent attenuation that is characterized by a power law of the form of Eq. (1)
with the exponent o = —2H ranging from —1 to 0 in the high-frequency range.

3.6. Random Media with Short-Range and Long-Range Properties

Let us consider a medium with both short-range and long-range correlation prop-
erties, such as the binary medium addressed in Subsection 2.3. In this case we
can distinguish three frequency bands for which the exponent of the power-law
frequency-dependent attenuation takes values o € (0, 1) for the low-frequency band
(or large wavelengths beyond the outer scale ¢;), o € (—1,0) for the mid-frequency
band (or wavelengths within the inertial range between ¢; and /.), and o = —1 for
the high-frequency band (or wavelengths below the inner scale ¢;):
- For relatively low frequencies such that v < 1, the H’-long-range correlation
property gives an exponent o = 2 —2H' € (0, 1).
- For relatively high frequencies such that 1 < v < 1/6, the H-short-range corre-
lation property gives an exponent o« = —2H € (—1,0).
- For very high frequencies such that v > 1/4, the regular property gives an expo-
nent o = —1.

Consider the particular case of the binary medium described in (26-32). We can
write the resulting damping function as:

o 2Qhw) = o2 {1+ 07 Q () + (1 + 7)) }

for

(1—2H)(2—2H")(1 - ad'~2H)(1 — §2H)

C:C(a7(5,H,H/) = a2H(3_2Hl)(1_5172H) !

which is an order one mixing factor. For instance, if a is given by (27) and 0 < 1,
then C = (1 — H')/H. Note that Qe‘ll(l)/Qgsl(l) is an order one factor and we
have indeed that the damping exponent is: o = 2 — 2H’ for v < 1; « = —2H for
l<v<1/d, and a = —1 for v > 1/§. More exactly, if 6 <1, we have:

(5 o T(2H' — 1) cos((H' — 1/2)7)
Y 22 (3 — 2H')(1 + C) ’
o _ I'(1+2H)sin(H)
29—1 )\ ~ 2H
o Qe,ls(v) ~ v 22+2H(1 _ 2H)(1 + C—l) ’
B H2H-1
| 41 —2m(+c) ’

v 1,

l<v<1/6,(56)

v>1/6.

We show Qe_lls in Figure 9 for (H, H') being (.05,.55), (.25,.75), and (.45,.95)
by the dashed blue, solid black, and dash-dotted red lines respectively, moreover
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DAMPING FACTOR

Figure 9. The normalized damping factor U*QQC_IIS(U), top plot, and the damping exponent «(v), bottom

plot. Here (H, H') are (.05,.55), (.25,.75), and (.45,.95) for respectively the dashed blue, solid black, and
dash-dotted red lines, and in all cases 6 = 10~4.

§ = 10~%. In the figure we can clearly identify the three frequency regimes separated
by “transition zones”.

3.7. Observed Damping Exponents

Summarizing the above we see that our modeling naturally leads to three regimes
of propagation: high-, mid- and low- frequency ranges with associated damping
factors and characteristic frequency exponent scaling for these. We stress that
here we have considered apparent attenuation only. In real media, to what extent
observed attenuation is intrinsic or apparent is in many cases still an open question.

In [28] the authors discuss propagation in the mantle and motivate there the use
of a one-dimensional model for the microstructure. As mentioned, they quote an
exponent about a & .4 for very low frequencies below .001 Hz, corresponding to
long range dependence and H' = .8. Moreover, a mid frequency range of .001-1 Hz
with « ranging from -.4 to 0 depending on the type of wave mode, corresponding
to 0 < H < .2. Finally, somewhere above 1 Hz they report a corner past which the
exponent is close to -1. This picture is consistent with the quantitative results seen
in Figure 9.

In [25] some typical values for the damping exponent for sound propagation in sea
water and air are quoted, corresponding to a ~ 1 for low frequencies, a &~ —.5 for
medium frequencies, and a ~ —1 for high frequencies, which in turn is consistent
with the picture in Figure 7 and H = .25, see [1, 3].

An important motivation for studying frequency-dependent attenuation is to
understand attenuation in human tissue. In [4] such attenuation is discussed in
the context of photoacoustic tomography, moreover, it is discussed how one can
correct for it to enhance medical imaging technology. The authors report a damping
exponent in the range .31 to .36 in fat tissue just under the skin. Moreover, in [21]
a damping exponent close to 0 was measured in the context of different types of
organ tissue and it was hypothesized that the differentiation of damping exponent
with tissue type could be used for classification.
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Finally let us mention that the multiscale and turbulent atmosphere corresponds
to H = 1/3 (Kolmogorov’s scaling law) in the internal range, the scale range
delineated by the inner out outer scales. In this case the low-frequency regime is
referred to as the scales beyond the “outer scale”, the mid-frequency regime as
the “inertial range” and the high-frequency regime as the scales below the “inner
scale”. Atmospheric turbulence data was analyzed in [27] giving an estimate of
H =~ 1/3 in an inertial range, an inertial range that actually may vary somewhat
with location.

We stress that the theoretical results quoted above were derived in a layered or
one-dimensional medium, however, some aspects of this theory carry over to 3D
wave propagation [16] and more details on this will be reported elsewhere.

4. Conclusion

In this paper we have shown that wave propagation is a randomly scattering
medium can lead to effective properties that exhibit power-law frequency depen-
dence of the attenuation coefficient with an exponent in the range (—1,1).

(i) In a random medium with a covariance function that decays for |z| larger than
(e as |z|?H' =2 H' € (1/2,1), the attenuation has a power law frequency-dependence
of the form Q !(w) ~ w® with a = 2 — 2H' € (0,1) for low frequencies (smaller
than co/lc).

(ii) In a random medium with a covariance function that behaves like 1 —d|z
H € (0,1/2), in an interval |z| € (4,¢.), then the attenuation has a power law
frequency-dependence of the form Q~!(w) ~ w® with « = —2H € (—1,0) for mid
frequencies (in the range (co/lc, co/ti)).

(iii) In a random medium with a covariance function that decays like 1 — d; /9|2
for |z| smaller than ¢;, then the attenuation has a power law frequency-dependence
of the form Q1 (w) ~ w® with a = —1 for high frequencies (larger than cy//;).

A random medium can possess the multiscale behavior (i-ii-iii) as for instance the
simple binary medium described in Subsection 2.3, which gives different exponents
for different frequency bands, and one can naturally get the same power depen-
dences of the frequency-dependent attenuation as in the experimental observations.
The fact that simple medium models reproduce accurately the complex frequency
behavior of the apparent attenuation observed for seismic waves propagating in
the mantle can be interpreted in favor of the hypothesis that the observed seismic
attenuation comes from multiple scattering [28].

In all cases a special frequency-dependent phase is associated to the frequency-
dependent attenuation and it ensures that causality and Kramers-Kronig relations
are respected. Effective fractional wave equations can be written that have the
form of equations studied in the literature in the context of wave propagation in
lossy media [7, 17, 20, 33].

’2H
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