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Abstract. Basic ideas of the statistical topography of random
processes and fields are presented, which are used in the analysis
of coherent phenomena in simple dynamical systems. Such
phenomena take place with probability one, and provide links
between individual realizations and statistical characteristics of
systems at large. We confine ourselves to several examples:
transfer phenomena in singular dynamic systems under the
action of random forces; dynamic localization of plane waves
in randomly stratified media; clustering of randomly advected
passive tracers; and formation of caustic structures for wave
fields in randomly inhomogeneous media. All these phenomena
are studied based on the analysis of one-point (space-time)
probability distribution functions.
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1. Introduction

Many physical processes take place in complex media, whose
parameters may be viewed as space-time realizations of
chaotic (or stochastic) fields. Such dynamic problems are
too complex to allow an explicit mathematical solution for
specific realizations of the media. However, one is often
interested in generic features of random solutions, rather
than particular details. So one is naturally inclined to adopt
the well developed machinery of random fields and processes,
that is to replace individual realizations with statistical
(ensemble) averages. Nowadays, such an approach is com-
monly used in many problems of atmospheric and oceanic
physics.

The randomness of a medium gives rise to stochastic
physical (solution) fields. Thus a typical realization of, say
2D scalar (density) fields p(R,?) with R = {x,y} would
resemble a complex mountain terrain with randomly dis-
tributed peaks, valleys, passes, etc. But the standard statistical
tools, like means (p(R,¢)), and moments (p(Ry, ?)p(Ry, 1)),
where (...) indicates ensemble averaging over random
parameters, often smooth out some important qualitative
features of individual realizations.

So the resulting ‘mean fields’ would bear little resem-
blance to a typical (individual ) realization, and sometimes
give conflicting predictions. For instance, ensemble average
of a randomly advected passive tracer often yields a diffusive
process, that smooths out the mean-(solution) field, whereas
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individual realizations tend to evolve a very rugged and
fragmented shape.

Thus, standard statistical means could reasonably predict
some ‘global’ spatial-temporal scales and parameters of
solutions, but tell little about the fine (small scale) structure
and details of evolution. Such details (for an advected tracer)
may strongly depend on some special properties of random
velocities, for instance, compressibility vs. incompressibility.

In the former case the turbulent transport would typically
bring about the formation of clusters — regions of high tracer
concentration surrounded by low density ‘voids’ [1, 2].
However, all statistical moments of the particle’s position
(or separation-function) show an exponential increase in
time, which implies ‘statistical dispersion’ of particles [2—4].
Similarly, optical rays in random media diverge exponentially
in the ‘mean’ [3—5], yet the caustics are formed at finite
distances within the layer with probability one [6—9].

Another example of the kind is the dynamic localization
of plane waves by randomly layered media. When a plane
wave is incident upon a randomly layered half-space, its
intensity decreases exponentially with the distance from the
boundary, for almost all realizations. Yet all statistical
moments show an exponential increase [10—13].

We shall call physical phenomena that occur with
probability one and characterize ‘typical realizations’ coher-
ent. Such statistical coherence, could be viewed as a way to
‘organize dynamic complexity’, and identify its ‘statistically
stable’ properties, by analogy with the usual notion of
coherence, as self-organization of complex, multi-compo-
nent systems, arising from their chaotic interaction (cf. Ref.
[14]).

Although our notion of coherence differs from the
standard usage, we find it natural. In general there is no
simple way to assert that a given phenomenon occurs with
probability 1. However, it becomes possible to do it
theoretically for certain problems with simple models of
fluctuating parameters. In other cases one could do it by
numeric modeling, or analyzing physical experiments. Of
course, our notion of coherence makes it more a mathema-
tical problem, rather than a physical one.

Let us also remark that in many cases we don’t have a full
understanding of the physical causes that lead to coherence.
For instance, the above clustering of Lagrangian particles
advected by random potential velocities represents by itself a
purely kinematic phenomenon in the absence of any real
particle interaction.

The complete statistics (e.g. all n-point moments) would
allow in principle a complete description of the dynamical
system. But in practice one could handle only a few simple
statistics, typically expressed through the one-point prob-
ability distributions (PDF) in space-time variables. The
natural problem then is to deduce some important qualita-
tive and quantitative characteristics of individual realizations
from such limited data. It takes on a particular significance
for atmospheric and oceanic problems, where ‘statistical
ensembles’ do no exist in the strict sense, or require a long
temporal exposure (time series) and experimentalists deal
most often with individual realizations.

A possible answer to the problem is suggested by the
methods of statistical topography. The name statistical
topography was first coined in the book [15], though the
main ideas go back to papers [16—19] (see also survey [20], for
a complete bibliography). The early works applied statistical
topography of random fields to the statistical analysis of the

rough sea surface, and the radar and TV images. Applications
of statistical topography to the turbulent transport problem
came later [2, 21 —23], while [24] adopted these ideas for the
wave propagation in random media.

The methods of statistical topography call into question
the basic ‘philosophy’ of statistical analysis of stochastic
dynamical systems. We believe such an approach could be
useful for experimentalists who apply statistical tools to large
experimental data.

In the present paper we shall exploit some basic ideas of
statistical topography of random fields and processes to
analyze coherent phenomena in a few model examples,
chosen from a great variety of such systems, namely:

— transfer phenomena in (nonlinear) dynamical systems
with ‘singular solutions’ and random forcing. Similar transfer
phenomena for a general class of randomly forced dynamical
systems with finite/discrete set of stable/unstable equilibria,
are well known and discussed in many textbooks;

— dynamic localization of plane waves in randomly
stratified media;

— clustering of passive tracers by random (turbulent)
velocity fields;

— formation of caustics for wave propagation in random
media.

All these phenomena may be approached through a
unified method based on the analysis of the one-point
probability distribution functions (PDF), that result from
their dynamic evolution.

We shall start with the dynamic description of model
systems, and discuss specifics of their solutions in the presence
of random parameters. The statistical analysis will follow.

Though our examples are drawn mostly from statistical
hydrodynamics, radio-physics and acoustics, — the areas of
interest to the authors, we believe the methods developed in
the paper could find applications in other areas of physics.

2. Examples of dynamical systems, problem
formulation, and special features of solutions

2.1 Particles in random velocity and force fields
A particle moving in a (random) velocity field is described by
an ordinary differential system

d
dr
Here U(r, t) = ug(r, ) + u(r, 7) is made of the deterministic
(mean) component uy(r,?7) and the random perturbation

u(r, 7). In the absence of randomness (u = 0), and constant
uy we get a simple rectilinear motion

l‘(l) =1+ ll()(t — l()) .

r(t) =U(r, 1), r(tg) =1y. (2.1)

The same system (2.1) could also describe the particle
motion under the action of random forces. Indeed, a simple
linear friction law yields

d d

ar(t) =v(1), av(z) = —v(t) +1(r, 1),

(2.2)

Once again in the absence of friction and forcing we get a
simple rectilinear motion

V() =vo, r(f) =19+ vot.
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Let us discuss some qualitative features of stochastic
system (2.1) in the absence of the mean flow. Formally
equation (2.1) describes the motion of independent particles,
as no interaction takes place. If however, field u(r, ) has finite
correlation radius L, then particles within /.,.-proximity of
each other lie in the common domain of influence of velocity
u(r, 7). Hence, they could exhibit a collective behavior.

In general, the velocity field u(r, 7) is made of solenoidal
[such that divu(r, ) = Vu(r, ) = 0] plus potential [such that
u(r, 1) = Vi(r, t)] components. Numeric simulations [22, 25]
of multiparticle systems show a marked difference between
the two cases. Figure 1a shows a divergent-free random field
u(r, ) advecting a uniformly distributed set of particles over
the disk. Here the total area enclosed by the deformed
contours is conserved, and the particles fill the area in the
(approximately) ‘uniform’ manner. Observe, however, that
the contours become increasingly more rugged and ‘fractal-
like’.
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Figure 1. Particle dynamics in solenoidal (a) and potential (b) velocity
fields.

In the presence of potential component (divu(r, ¢) # 0),
the initial uniform distribution of particles (over the square)
evolves into clusters — compact regions of high concentra-
tion amidst low-density voids. The results of numeric
simulations are shown in Fig. 1b. Let us stress here the
kinematic nature of this effect. Indeed, the ensemble aver-
aging over velocity realizations could completely obliterate it.
Let us also note, that numeric simulations of Fig. 1 were
conducted for stationary (time-independent) fields u(r).

Such clustering of particle systems was first observed in
papers [26, 27], via computer simulation of a simple model of
atmospheric dynamics, based on the so-called EOLE experi-
ment. This global experiment was conducted in Argentina in
1970—1971, and involved launching 500 air balloons of
constant density, that spread over the entire Southern hemi-
sphere at an altitude of roughly 12 km. Figure 2 shows a
numeric simulation of the distribution of balloons 105 days
after the beginning [27], and clearly exhibits their convergence
into clusterized groups.

Now let us turn attention to another stochastic feature of
randomly stirred dynamic systems (2.1), the so-called transfer

Figure 2. Distribution of air balloons in the atmosphere 105 days after the
launch.

phenomena. The well known examples of transfer phenom-
ena involve systems with finitely many stable equilibria (see,
for instance, Refs [3, 28]). Here we shall confine ourselves to a
simple case, that arises in the statistical theory of wave
propagation (below), and exhibits singular solutions in time:

d . ,

ax(z) = XX +£(1), x(0)=xp, A>0. (2.3)
Here f{¢) stands for a random function of time. In the absence
of forcing (f(¢) = 0) it has an exact solution of the form

1 1
x(l):m7 ly =

)LX() '

If the initial point x¢ > 0, then 7y < 0, and x(¢) converges
monotonically to 0 as t — co. If xy < 0, then solution x(7)
approaches —oo, i.e. ‘blows up’ in a finite time 7y = —1/(1xo).
In this case random forcing would play no significant role. It
becomes significant only for positive xy.

Indeed, in this case x(¢) first slightly fluctuating decrease
with time, and when it becomes sufficiently small a random
force f(¢) will ‘transfer” it (‘kick over’) into the negative half-
line where it would be dragged to —oo in a finite time.

Thus, stochastic forcing may turn any initial state x, into
an unstable (‘explosive’) solution, that reaches —oo in a finite
time fy. Figure 3 gives a schematic view of a particular
solution realization x(#), for various times: ¢ < fy, ¢ > 1,
that exhibits a ‘quasi-periodic’ pattern. The principal coher-
ent phenomenon here is the explosive character of realizations
of the process.

The above example involves additive random noise f. The
simplest case of a multiplicative noise is given by the
stochastic parametric resonance model — a second order
differential equation

2

RTE

d
x(0) = xp, EX(O) = v

(1) + o} [1+z(1)]x(1) =0,
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Figure 3. Typical realization of solutions of equation (1.3).

with random potential z(#). This appears in many areas of
physics. From the physical standpoint, dynamic system (2.4)
is subjected to a parametric excitation, since process z(z) may
contain harmonics of all frequencies, including 2wy /n,
n=1,2,4,... Those modes may produce a parametric
resonance, as for the well known periodic (Mathieu) case
z(#) (see, for instance, Refs [3, 5, 10]).

2.2 Plane waves in randomly layered media

In the previous section we considered two examples of the
initial value problems described by ordinary differential
equations. Next we shall review a simple boundary value
problem, namely the 1D stationary wave problem.

Let us consider a inhomogeneous layered medium
occupying a strip Ly <x < L. A plane wave of unit
amplitude ug(x) = exp[—ik(x — L)] is incident upon it from
the right half-space x > L (Fig. 4a). The wave field in the strip
obeys the Helmholtz equation

2

@u(x) + kz[l +e(x)|u(x) =0,

(2.5)
with function &(x) representing inhomogeneities of the
medium. We assume &(x) =0 outside the strip, and
¢(x) = &1(x) + iy within, the real part & (x) responsible for
the wave scattering, while the imaginary part y < 1 describes
wave attenuation by the medium.

In the right half space (x > L) the wave field is made
up of the incident and reflected components, u(x)=
exp[—ik(x — L)] + Ry exp[ik(x — L)], where R, is the (com-
plex) reflection coefficient. In the left half x < Ly we have
u(x) =Ty explik(Ly—xo)], with the (complex) transmission
coefficient 7. The boundary conditions for Eqn (2.5) are

continuity relations for u(x) and its derivative du(x)/dx at
x=Landx=1Lg:
id
——u(x) + u(x)|x:L =2, - —xu(x) - u(x)|v\_:L0 =0.

k dx
(2.6)

So the wave field in the inhomogeneous medium is
determined by the boundary value problem (2.5), (2.6), as
opposed to the initial value problem (2.4) with the same
differential equation.

If parameter ¢ is random, one is interested in the statistics
of the reflection and transmission coefficients:
Ry =u(L)—1,and T = u(Ly), that depend on the bound-
ary values of the wave-field (2.5), (2.6), as well as the field
intensity 7(x) = |u(x)|* within the layer (statistical radiative
transport).

Equation (2.5) implies the energy conservation (dissipa-
tion) law at x < L

d

kyI(x) = 4 S(x),

where S(x) denotes the energy-density flux

S(x) = ﬁ u(x)% u* (x(—u*(x) di u(x)| .

Furthermore, one has S(L) = 1 — |R.|% S(Lo) = |T.|*.
If the medium does not dissipate waves (y = 0), then the
energy-conservation yields

IR + T =1. (2.7)

Let us turn to some special features of the stochastic
boundary value problem (2.5), (2.6). In the absence of
medium fluctuations ¢;(x) =0, and for sufficiently small
attenuation y the field intensity decays exponentially inside
the layer as

I(x) = [u(x)]” = exp [ — ky(L — x)] . (2.8)

Figure 5 shows numeric simulations of two wave
intensities in a sufficiently thick layer, that come from two
different realizations of the medium [29]. Skipping further
details and parameters of the problem, let us only note a
clearly perceived exponential fall-off trend accompanied by
large intensity fluctuations, directed both ways (to zero and to
infinity). They result from the multiple scattering processes in
randomly inhomogeneous media, and demonstrate the so-
called dynamic localization.

Similarly a point-source located inside the strip is
described by the boundary value Green’s function of the

T explik(Lo — x)] explik(L — x)]

Lg L X

Ry exp[—ik(L — x)]

b
T, explik(Lo — )] T exp|—ik(L — )]
Lo L X

Figure 4. Incident plane wave on a layer of random medium (a), and the wave-source inside the medium (b).
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Figure 5. Numeric modeling of the dynamic localization for two realiza-
tions of random media.

Helmholtz equation

2

@G(x; x0) + k2 [1 4 &(x)] G(x; x0) = 2ikd(x — xo) ,
id
Fax!
id
kdx”

x;X0) + G(x;x0)| -, =0,

(x;x0) — G(x;%0)|,—p, = 0. (2.9)

Here the exterior wave field (outside the layer) consists of
outgoing waves (Fig. 4b) with the transmission coefficients
T1 = G(L; xo), T» = G(Ly; x0). Moreover, the wave field in
the left half-space x < xj is proportional to the plane wave
incident from the half-space x > xy upon the layer (L, xo)
[10], i.e.

G(x;x0) ~u(x;x9), x<Xxp.

Let us also remark that the scattering problem (2.5), (2.6)
corresponds to putting the source (2.9) on the boundary
xo = L, i.e. taking u(x) = G(x; L).

Boundary value problems (2.5), (2.6) and (2.9) could be
solved by the embedding method of Refs [30—32], that
reformulates them as initial value problems in parameter L
— the right boundary end of the strip [11]. Thus the reflection
coefficient R;, of Eqns (2.5), (2.6) obeys the Riccati equation
inL,

d ik
“C Ry, =2ikR, + = &(L)(1 + R.)*, Ry, =0, (2.10)
dL 2
whereas field u(x) = u(x; L) inside the layer obeys the linear
equation

d;dLu(x; L) =iku(x; L) + %a(L)(l + Rp)u(x; L),

u(x;x) =1+ Ry. (2.11)

Hence follows the equation for the squared modulus of the
reflection coefficient W, = |RL|2:

d ik «
—_ WL :—2kyWL _ESI(L)(RL — RL)(I — WL) R WL“ =0.

dL
(2.12)

If boundary L, is completely reflective, the initial
condition becomes Wy, = 1. So in the absence of damping
(y = 0) the incident wave is fully reflected, W, = 1. Hence the
reflection coefficient R, = exp{i¢; }, and Eqn (2.10) would
imply the following evolution of the ‘reflection phase’

d—dL¢>L:2k+k81(L)(l+cos¢L), (2.13)

valid over the entire range (—oo, 00) of variable ¢;. On the
other hand Eqn (2.11) for the wave-field u# involves only
trigonometric functions of ¢; . In order to make a transition
from (—o0,00) to the natural range (—m,m) of ¢,, we
introduce another function [13, 33]

z; = tan (%) ,

that obeys a nonlinear dynamic evolution of type (2.3),

(2.14)

d—szL =k(1+22) + key(L),
with singular-type (exploding) solutions.

When the left boundary is let arbitrary far (Ly — —o0),
and the media is non-dissipative (y =0), there exists a
‘stationary’ solution W, =1, independent of L, which
corresponds to the complete reflection of incident waves.
Such solution will be shown to appear in the stochastic
problem with probability one [10].

Researchers often deal with multidimensional situations,
when certain wave-types generate other types due to spatial
inhomogeneity of the medium. In some cases such media
could be approximately divided into a discrete set of distinct
strata, with continuously changing parameters within each
stratum. As an example we mention large scale/low frequency
oscillations in the atmosphere and ocean, known as Rossby
waves. These modes are derived in the context of the
quasigeostrophic model, where the atmosphere (or ocean) is
viewed as an aggregation of thin multi-layer films, stratified
by density variations and thicknesses [34]. The role of
‘localizing media’ for the Rossby waves is played by the
(inhomogeneous) bottom topography. The simplest one-
layer model (for the so-called barotropic modes) could be
reduced to the Helmholtz equation, while the two-layer
system could account for the baroclinic effects [35—37].

We shall consider a simple two-layer wave-model given by
system [38]

(2.15)

d2
@% + i — o F(y — ) =0,

d2

@1/12 + 12 [1 4 e(x) |y + F(; — ) = 0.

(2.16)
Here parameters o) = 1/H;, ap = 1/H, designate charac-
terizes waves interaction, while coupling constant F char-
acterizes waves interaction.

As before we assume the random function ¢(x) to vanish
outside the finite interval (L, L). The schematic geometry
of problem (2.16) is shown in Fig. 6. The boundary
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Hy

Figure 6. Two-layer medium.

conditions include the radiation condition at oo, and the
continuity of wave fields along with their derivatives at
boundary points Ly and L.

Parameter F encodes the vertical stratification, and gives
the horizontal length scale for the ‘cross-mode’ generation.
The specific form of Eqn (2.16), like coefficients o; measuring
layers’ thicknesses etc., arise in the geophysical fluid setup
[35—37]. The basic equations and parameters could change,
depending on the physical system in question. But one
essential feature should remain, namely the linear form of
the wave interactions.

System (2.16) could be formally reduced to a single-layer
case by setting F =0, y; = 0, and the corresponding wave
equation takes on the ‘Helmholtz form’ (2.5). Another way to
reduce the system to a ‘single-layer’ is via limit H; — 0, hence
Y, =,. Let us remark however, that the order of two
limiting procedures, Ly — —oo (half-space) and H; — 0
(single layer), cannot be interchanged in the statistical
problem [35]. The layers’ relative thickness could be made
arbitrarily small, but should remain nonzero.

Let us consider the equations for the Green’s function,

2
%‘//1 + I — i F(f, —y) = —u18(x — xo),
2
%% + k2[1+ &(x)] Wy + Py — ) = —120(x — x0),,
2.17)

with sources in either the upper or the lower layer, respec-
tively. Introducing vector field
w(x;x0) = {¥;(x;5x0), ¥r(x;x0)}, and vector v = {v;, v},
we can recast Eqn (2.17) in the vector form

2
[% + AZ —+ kzﬁ(x)r] \I’(X, Xo) = —Vé(x _ xO) ; (218)
where
A2 = kK*—oF  aF
- wF K — wnF )’
_ o + Aoy (1 — i)&l (0 0\

here we introduce the parameter
r
2= [] - (DC] + xz)ﬁ}

describing the mode we call the ‘A-wave’ (taking /> > 0), and
the relative layer thicknesses

o H 5= %2 _H
T 4o Hy b oat+m Hy'

o o +oap=1.

This resembles the scalar Helmholtz equation (2.18). Here
matrix A plays the role of a “‘uniform background’ (constant
refraction index), while eI’ represents medium inhomogene-
ities.

Next we consider the fundamental matrix-solution ¥

2
% + A%+ IPe(xX)T | P (x;x0) = —ES(x — x0),  (2.20)
x
that gives all other ‘vector-solutions’ y (x; xo) as
y(x;x0) = P(x;x0) V. (2.21)

The columns {;,, ¥, } and {5, ¥, } of matrix ¥ describe
waves generated by the point sources {v;, 0} and {0, v} in
the upper and lower layers, respectively. The fundamental
matrix ¥ satisfies boundary conditions

d |
(a _ 1A> ¥(x;x0)],_, =0,

d .
(E + 1A> ¥ (x;x0)],_,, = 0. (2.22)

Following Ref. [38] we shall place the wave source on the

boundary xy = L. The corresponding boundary value pro-
blem, with the ‘jump-condition’ at the source gives

2
[% + A%+ kza(x)l"] Y(x;L) =0,

d .
(a— 1A> Y(x;L)| _, =E,

( d(i + iA> Y(x;L)|,_,, =0. (2.23)

The latter could be further simplified by diagonalizing the
constant matrix-coefficient 4 (2.19) with the help of matrices

K:{} Tl], K*I:{&l 1].
2% o —0 1

The transformed coefficients 4 and I become

o -1
=00y o |’

A0

B:k{o 1

}, f:KFK’I:{

and the transformed ¥,

U(x; L) = —2iK¥(x; L)K'B, (2.24)
obeys the equation
d2 2 2 T
[W+B +k s(x)F} U(x;L) =0,
4 _ip U(x;L)| _, = —2iB
dx V=L '
d .
L TiB U(x;L)|,_,, =0. (2.25)

Boundary-value problem Eqn (2.25) describes the inter-
action and generation of k- and /- waves of unit amplitude
(labeled according to the diagonal entries of B) . Here the
incident A-wave U, generates k-wave U,|, whereas incident
k-wave Uy, generates A-wave U);.

It follows from Eqn (2.25) that the amplitude of
the generated k-wave U, is proportional to
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0 = Jon = LHH,/H{ . Parameter & is always less than 4/4.
In real (geophysical) media 6 becomes a small parameter, as
a0y < 1. Indeed, in the atmosphere H, < Hy, hence & < 1,
% =2 1, whereas in the ocean H; < H,, so an < 1, a; =2 1.
Should it happen that the relative depths of two layers are
comparable (H,/H; = 1), parameter § becomes small,
provided 4 is small.

To continue the discussion of wave systems we introduce
the reflection and transmission matrices R(L) = U(L; L) — E
and T(L) = U(Ly; L), whose (complex) entries R;;, T;; give
the reflection and transmission coefficients of 4 and k incident
and scattered modes.

System (2.25) has two conserved integrals for the energy
current of the k- and A-modes

%1% {U’lkl(x)iljll(x) - Ull(x)iUfl(X)}ﬁL

dx dx
+ U;l(x)i Uni (x) — U21(x)i Us,(x) = const,
dx dx
o d d
5 | U ) 3 Uno) = Uiao) - Vi) +
+ Usy(x) dix Uxn(x) — Uzz(x)% Uj,(x) = const.

The latter could be recast in terms of the reflection and
transmission coefficients as

S[1 =Rl = |Tul’] = |Ral” + T,

1 — [Roal” = |Toal* = 8[|Ria* + | T2 - (2.26)

Complete localization in the band (L, L) implies that the
transmission coefficients 7;; converge to zero, as the band-
width increases.

Equations (2.26) establish certain algebraic relations
between the reflection and transmission coefficients. Next
we apply the embedding method [37, 38] to produce a closed
system of differential equations for the coefficients. The
embedding method allows a boundary value problem for the
matrix function U(x; L) to be converted to an initial value
problem for U(x; L) and U(L; L), as functions of variable L (x
is now viewed as a parameter):

% U(x; L) = iU(x; L)B + %kzs(L) U(x; L)B~'TU(L; L),
U L)| = Ulx;X)
d

1 U(L; L) = =2iB+i[U(L; L)B+ BU(L; L)]

+ %kzs(L) U(L;L)B~'TU(L;L), U(L;L)|,_,, =E.
(2.27)

The latter gives the matrix Riccati equation for the reflection
matrix R(L) = U(L; L) — E,
d

ER(L) =i[R(L)B+ BR(L)]

+ %kzs(L) [E+R(L)B™'T[E+R(L)], R(L)|;_;, =0.

(2.28)

Expanding Eqn (2.28) in terms of matrix entries R;;, one could
derive another relation for the reflection coefficients
Ry1 = 0Rjp, which reduces the system to 3 unknown
quantities R]l, R12, Rgz.

So far we have discussed the dynamic evolution of finite
dimensional systems given by ODE’s. Next we turn to
dynamical fields described by partial differential equations.

2.3 Passive tracer advection by random velocities

The simplest example of the kind is a linear continuity
equation for a tracer density advected by the velocity field
U(r, 1):

(5+5UE0)or) =0 pr0)=ple). (229

It conserves the total mass
M=M((t) = J drp(r,t) = J drp,(r).

The first order linear PDE (2.29) is solved by the method
of characteristics, a family of ODE solutions

%r(z) =U(r,7), r(0)=¢&, (2.30)
that describe the evolution of p:

d ou

So =000 0 =mE). @3

The latter gives the so-called Lagrangian formulation of the
original Eulerian PDE (2.29). It depends on the characteristic
parameter (initial point) . Notice that equation (2.30) has the
same form as the particle evolution (2.1) driven by random
velocities.

The dependence of solution (2.30), (2.31) on the initial
point ¢ will be designated here and henceforth by a vertical
bar,

f(0)=r(e). () =p(d2).

The first equation (2.32) gives an algebraic relation
between & and r, which could be solved (for a fixed 7) to find

€ :@(LI)

provided its Jacobian j(t)&) = Det |jx(2]8)|,
Ji(t|&) = 0ri(1§) /0, is nonzero. This would yield the
Eulerian density (2.29) in terms of &(r, 7):

p(l‘, l) = p(l‘|§(l‘, l)) .

(2.32)

(2.33)

The Jacobian j(z|§) itself solves a first order ODE along
the characteristics:

ey =D ey oy =1,

So the transported density in the Lagrangian variables
becomes

plie) =155

(2.34)

~

Combining it with Eqn (2.33), we get the Eulerian density
p in the form of integral

o) = | depy(@)3(x(1) ). (2.35)
The latter provides an explicit connection between the

Lagrangian and Eulerian characteristics. The delta-function
on the RHS of Eqn (2.35) becomes an indicator of the
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position of a Lagrangian particle (see next section). So
performing ensemble averaging of Eqn (2.35) we get the well
known relation of the mean Eulerian density to the one-point
Lagrangian PDF P(#[§) = (6(r(z]§) —r)) (see for instance,
Ref. [39]):

(p(r,1)) = j 4 py (&) P(1,1[E)

In the case of the divergent-free velocity (div U(r, 7) = 0),
the “particle Jacobian’ and the Eulerian density are conserved
along the characteristics:

i) =1, p(tg) = po(&)-
Hence the solution
p(l‘, Z) = Po(a (l‘, t))

maintains its initial value along the path.

Let us dwell now on the stochastic features of the
transport problem (2.29). For the divergent-free velocities
the tracer’s iso-contours p(r,7) = const evolve along the
particle trajectories, as described in Section 2.1, and illu-
strated in Fig. 1a. Here the total area enclosed by the contour
is conserved, but as evidenced from the plot, the contour
grows increasingly rugged, with sharpening gradients and
evolving small scale structures. At the other extreme
(potential velocities) the enclosed area goes to zero, as the
tracer density concentrates in small clusters. We refer to Ref.
[25] for further results and numeric simulations, and remark
that the ensemble averaging would typically obliterate all
these dynamic features.

The above discussion clearly indicates that dynamic
evolution (2.29) gives an adequate physical picture only
within a limited time range. A more complete description of
the system should involve also the tracer gradient, that obeys
a system of PDEs

(54 5000 )ien) = -putr. ) 250
2 r
ot S pe,0) = o) = V(). (236)

Furthermore at some stage, one needs to bring into play the
molecular diffusivity (with coefficient %), that obeys the
second order linear PDE

p(r,0) = py(r),
(2.37)

(§Z+§U(r t)) (r,1) = %Vp(r, 1),

and would flatten sharp gradients.

2.4 Waves in random media

We shall discuss wave propagation in random 2D and 3D
media within the so-called scalar parabolic approximation [5,
40, 41]. It holds for large scale inhomogeneities and relatively
short waves, hence small scattering angles:

- + 565 Ry R),

u(0,R) = up(R).

u(x,R) = ARu(x R) +

K
Ox
(2.38)

Here x denotes the preferred direction of wave propagation,
R — transverse variable (s), and ¢(x, R) — the deviation of the

dielectric permeability from its uniform value 1. This

equation is clearly an approximation.
The complete 3D-Hemlholtz equation with the preferred
direction z

62
{2+ 8 + 01 +00)] J6Lespiz0) =06 — )30p)

is not parabolic. However in special cases, like stratified
medium ¢ = ¢(z), the Green’s function of the 3D Helmholtz
could be represented through the 2D parabolic propagator

; 2
(e, 5i20) = 5 | o+ 4000 ez,
W (0,z;20) = 0(z — zo)

in the auxiliary variable t. Namely, G is a superposition of
parabolic solutions v [13, 42]
>:| l//(‘f, Z5 ZO) .

1 g+
g, Tow W5
Next we introduce the complex phase for wave-field u of

(2.38),
u(x,R) =

G(27 P; ZO)

A(x,R)exp {iS(x,R)} = exp {x(x,R) +iS(x,R)},

where y(x,R) = In A(x, R) gives the so-called amplitude level
of wave-field u, while S(x, R) is the standard real phase, and
shows that the field-intensity /(x, R) = u(x, R)u*(x,R) obeys
the transport equation

0
—I( + VR{VRS X, R

= J(x,R)} =0, I(0,R)=1Iy(R).

(2.39)

Hence follows the conservation of the wave-field power in the
transverse planes x = const:

Eo = J dRI(x,R) = [ dRIH(R).

Equation (2.39) closely resembles Eqn (2.29), and could be
viewed as the ‘tracer transport’ by the potential velocity
(U =VS). However, tracer I could be considered passive
only in the geometrical optics approximation, when the
phase evolution is uncoupled from that of the amplitude/
intensity. Then phase S, its gradient p(x,R)=
(1/k)VrS(x,R), and the second-derivative (curvature) matrix

L
k OR;OR;

uij(x,R) = S(X, R)

of the wave-front S(x, R) = const, all evolve according to a
closed system of differential equations:

O S(eR) + ’; P(x.R) = 5e(xR),
( )p(x, R) = %VRS(X, R),
( R) u;j(x, R) + uy (x, R)ug(x, R)
:% 5 R?; FHe R ()

In general, one has to account for the diffraction, and that
would make 7 an ‘active tracer’.
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As we mentioned earlier the realizations of the intensity
field should cluster into the caustic structures. Indeed, the
cover page of book [41] shows a cross sectional photograph of
a laser beam propagating through a turbulent atmosphere.
The fragment, shown in Fig. 7, clearly demonstrates the
appearance of such caustic structures (see Refs [43—45] for
further experimental results and numeric simulations).
Figure 8 shows a swimming pool with clear caustic structures
at the bottom. The latter arises due to the refraction and
reflection of light by the perturbed water surface, so the light
is scattered by the so-called phase screen.

Figure 8. Caustic structure in a swimming pool.

Following Refs [5, 13], we shall consider the example of a
Gaussian beam

2
ug(R) = up exp {— 2R—az} (2.41)

propagating through a random parabolic wave-guide

e(x,R) = — [oc2 - Z(x)]R2 , (2.42)

Here p designates the radial variable in the transverse
plane, a — beam’s width, « — a deterministic (mean)
component of the refractive index curvature at the center of
the wave-guide, and z(x) — its random variation along the
axis of the wave-guide. If the beam’s wave-number k agrees

with the wave-guide parameters,

koa* =1, (2.43)
and dielectric fluctuations z are absent, then function (2.41) is
the transverse eigenmode, and equation (2.38) has an exact

solution
R* .
uo(x, R) = ug exp { 5 1ocx]
as the beam remains strictly parallel with constant amplitude
along x-rays.
In the presence of dielectric fluctuations of the wave-guide
curvature we look for solutions of the form

2

- ﬁA(x) + B(x)}

u(x, R) = ugexp {

with complex variable coefficients 4(x) and B(x), which give
the relative deviations of the complex phase from its constant
(mean) values 4y = 1, By = iox. The coefficients A, B obey a
nonlinear differential system
d i .
A= - ﬁ [A2(x) — 02k %a*] — ika’z(x), A(0)=1,
d i

B =54, B0)=0. (2.44)

Assuming an initial field-intensity 7 = |u|* = 1 one could
derive from Eqn (2.44) a closed form solution

2
I(x,R) = I(x,0) exp [— %I(x, 0)} (2.45)

in terms of the level-function on the wave-guide axis (see Refs
[5,13]):

1(x,0) = % [A(x) + 47(x)]. (2.46)
Later on we shall see that the randomly inhomogeneous
wave-guide could effectively localize Gaussian beams at
finite distances in the direction of propagation.

Let us now take a close view of the geometrical optics
approximation for a general parabolic equation (2.38). Here
the transverse gradient obeys a quasilinear partial differential
equation (2.40), solved by the method of characteristics (see
for instance Ref. [46]). The characteristic curves (rays) R(z)
obey the differential system

d
dx

while the wave-intensity 7 and the second derivative matrix
u;(x) = 0*S/OR;OR; of the phase-function evolve along the
characteristics according to

R(¥) = p(¥), ~Lp(x) = Vae(x,R) (2.47)

d
a](x) = —I(x)uy(x),
2
o)+ (g () = 5 ZAR). )

The Hamiltonian system (2.47) could be formally viewed
as frictionless motion of a particle (2.4) in a potential force
VRe(x, R).
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Equations (2.47) and (2.48) are further simplified in the
2D case (R = y):

$0 =P p) = 5 el),

d d 19
al(x) = —I(x)u(x), au(x) + P (x) == a—yze(x,y) .

2
(2.49)

The last equation in u(x) is similar to equation (2.3) with
singular (‘blow up’ type) solutions, the only difference being
the more complicated random (forcing) term. Yet solutions of
stochastic problem (2.49) would still blow up at finite
distances, where the curvature u(x) goes to —oo, while the
intensity 7 grows to + oo. This singularity manifests itself by
(random) focusing of the wave field and formation of caustics
[6-9].

2.5 Equations of geophysical fluid dynamics

We shall consider hydrodynamic flows on the rotating Earth
in the so-called quasigeostrophic approximation [34]. In the
simplest case of a single layer fluid its state is described by the
2D potential vorticity field in variables r = (x, y), that obeys
equation

gAl/l(l', 1)+ ﬁO%l//(r, 1) = J(AY(x, 1) + h(r); ¥ (r, 1)),
l//(l‘, 0) = lpO(r) ’ (250)

where J(, @) is the Jacobian of two functions, f, the
latitudinal derivative of the local Coriolis parameter fp, and
h(r) = foh(r)/Hy takes into accounts the deviation of the
bottom topography A(r) from the uniform (mean) depth Hj.
The velocity field is computed from i via

Let us remark that neglecting the Coriolis and topo-
graphic factors would reduce Eqn (2.50) to the standard
Eulerian 2D hydrodynamics [47].

The scalar equation (2.50) describes so-called barotropic
fluid motion, where density stratification plays no role. The
simplest way to incorporate the baroclinic effects (due to
density stratification) involves a two-layer model, made of
two coupled PDEs [34]:

0

0
T [Al/fl — o F(Yy — ‘//2)] +ﬁo§‘//1

= J(AYy — o F(ypy — )3 91)
% [Azpz — o F(y, — 1111)] =+ ﬁo%lpz

= J(AYy — o F(Y, — ) + foooh ) . (2.51)

Additional parameters appear in Eqn (2.51): oy = 1/H; and
op =1/H, are reciprocals of the Ilayers’ depths,
F=f3p/g(Ap) depends on the local Coriolis parameter, and
Ap/p = (py — p1)/po > 01is the relative density variation.

A special case of Eqns (2.50) and (2.51) arises when one
drops the Earth rotation (2D Eulerian fluids), but takes into
account the topography and density stratification. Such
linearized equations would describe the effect of topography
on propagation of Rossby waves. Let us remark that in all the
above geophysical models the topography enters the dynamic
equations in the form of derivatives.

2.6 Solution dependence on initial parameters

and coefficients of equations

We have considered several examples of dynamical systems,
both ordinary and partial differential ones. In many applica-
tions, like the statistical analysis of chapter 4, one needs to
know how solutions of such dynamical systems depend on the
initial/boundary parameters, as well as their (functional)
dependence on coefficients of the equations. There are two
common features for all such dependencies, important for
their statistical analysis. We shall illustrate them for the
simplest problem given by an ordinary differential system of
type (2.1), that describes the particle dynamics in a (random)
velocity field U(r, 7). It could be recast in the (equivalent)
integral form

t dtU(r(x),7) .

to

r(1) = 1 +J (2.52)

The solution of Eqn (2.52) has a (functional) dependence on
the vector-field U(r, 7), and the initial parameters ro, 7.

2.6.1 Dynamic causality principle. Let us take a variational
derivative of solution (2.52) over the vector field Uf(r,1).
Assuming an initial condition ry, we get a linear equation for
the variational derivative,

% =050 (y —x(1"))0(1" — 10)0(1 — ')

! aU,-(r(r),r) ory (1)
I ey R

(2.53)
to

where d(y — y,) designates the Dirac delta, while 0(z) stands
for the Havyside step-function. From Eqn (2.53) it follows
that

_on(n)

SUj(y,1')
so the solution r(¢) of Eqn (2.52) considered as a functional of
field U(y, ¢) depends only the values of U(y, ') in the range
to < t’ <t So function r(¢) remains independent of the
variations of U(y, ¢") outside the interval (¢, ¢'). Condition
(2.54) is called the dynamic causality principle.

Taking into account dynamic causality we can recast Eqn
(2.53) in the form

57’,’(1‘)
oU;(y, 1)

=0, if ¢'>¢ or t' <y, (2.54)

= b3 (y — r)0U’ — 10)0(1 1)

+Jr dr@U,-(r(r),r) or (1) 7
" Org oU;(y, t")

which yields in the limit 7 — ¢’ + 0

5/’,‘(1‘)

ST, 1) =0;0(y—r(1").

t=t'+0

(2.55)

Integral equation (2.53) for the variational derivative has
an equivalent differential form

Q or(r) _QUi(r,r) (1)
ot oUi(y,t") Ak SU(y,t")’
ori(t)
— 515 —r l‘/ . 2.56
5U/(y7t/) 1=t' ’ <y ( )) ( )
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Dynamic causality is a common feature of all initial value
problems, but not boundary value ones. So for problem (2.5),
(2.6) for a plane wave in the randomly stratified medium, the
wave-field u(x) at point x as well as the the reflection-
transmission coefficients have a functional dependence on
the refractive index &(x) over the entire range (Lo, L).
However, the embedding method allows this problem to be
recast as an initial value one in the auxiliary variable L, and
apply the dynamic causality for the ‘embedded problem’.

2.6.2 Dependence on initial conditions. Next we shall consider
the dependence of the solution r(z) of Eqn (2.52) on the initial
parameters ry, to and designate this dependence by the vertical
bar:

l'(l) = l'(l‘|l'0, Zo) , o= l‘(lfo|l‘07 [0) . (257)

Taking derivatives of Eqn (2.52) in rox and ¢y, we get the
linear integral equations for the Jacobian matrix
Ori(t|ro, ty)/Oror and vector Or;(t|ry, t9) /0to:

ori(tlrg, to) :5ik+f dTan(f(T)aT) or;(t(ro, 7o)
Orok f ar; Orox

@ri([‘ro, ) B ¢ an(r(‘c), ‘L') @rj(f|l'o7 IO)
T_fU,(ro(lo),lo) +L dr o, oty
(2.58)

Multiplying the first by Uy (ro(to), to), summing over k and
adding the second one, we obtain a linear integral relation for
the vector-function

0 0
F,'(l|l’0, lo) = (6_10 + U(l‘()7 lo)a—ro)r[(l|ro, lo) s

namely,

! dT@U,-(r(t), r)

6r_,— F/’(T‘rOJO),

Fi(t|ro, to) = l

Ji1y

whose only solution is F(¢|ry, #9) = 0. Hence follows the first
order linear PDE for r; in the ‘initial variables’,

0 0
— + U(ro, t9) =— | ri(t|ro, 10) =0, 2.59
(15 + U0 0) - o, ) (2.59)
with the terminal condition at 7y = ¢
r(tlro, 1) =1o. (2.60)

Here the variable ¢ enters the problem (2.59), (2.60) as the
parameter.

Equation (2.59) is solved backward in time relative to Eqn
(2.1), and is called the backward problem.

Notice that the ‘terminal value’ problem (2.59), (2.60) also
satisfies the dynamic causality in 7y and

0
———ri(t|rg, 1) =0, if t'>1t or t' <1,
50y, ") °

and in this case, as follows from Eqn (2.59), the following
holds:

0
———1(¢|ro, £ =0(ro—y)=r(t|ro, to) . (2.61
5Ty, 1) UIror ) s (ro= ) g x(ilro, o) . (2.61)

3. Indicator function and the Liouville equation

The modern theory of random processes allows one to get a
closed form description of stochastic systems, if those are
described by ecither linear differential equations, or certain
integral equations [5], and obey the dynamic causality
principle. In general, nonlinear dynamical system could be
transformed into equivalent linear PDEs by means of
indicator functions [5]. Of course, such a transition would
typically increase the number of variables. We shall outline
this method for the models of the previous section.

3.1 Ordinary differential equations
Consider the stochastic system (2.1), and introduce the scalar
(distributional) function

®(t;r) =6(r(t) — ), (3.1)
supported at the cross-section of random process r(¢) by the
plane r = const, and called the indicator function.

Differentiating Eqn (3.1) in time 7 and applying dynamic
system (2.1), we get a linear PDE [3, 5]

(5 + 5000060 =0, @(ir) =d(ra —1). G2

which is equivalent to the original system and is called the
Liouville equation.

Transition from an ODE (2.1) to a PDE (3.2) enlarges the
phase-space, but the number of variables remains finite. Let
us remark that Eqn (3.2) coincides with the transport
equation (2.29), the only difference being their initial
conditions.

Solutions of both Eqns (2.1) and (3.2) depend on the
initial data. Thus the position-function r(#) = r(¢|ro, ) solves
a linear PDE (2.59) in variables ry, f. Similar derivation
works for the indicator function, indeed, #y-derivative of Eqn
(3.1) along with PDE (2.59) yields a linear equation

B 0
(%Jr U(r, to)a—r())@(t;rlto»fo) =0,

D(t;1]t,x9) = (g — 1), (3.3)

called the backward Liouville equation.

3.2 First order partial differential equations
If the original dynamic evolution is given by PDEs, we could
pass to an equivalent description using variational derivatives
in the infinite-D space (of functions), called the Hopf
equation [5, 39, 48]. However, in special cases such infinite-
D linear transport could be further simplified.

For instance, if the original dynamic system is described
by a first order PDE, either linear, like a ‘passive tracer’
(2.29), or quasilinear of type (2.40) — for the cross-sectional
phase gradient in random media, then certain indicator
functions (e.g. iso-contour indicators in the ‘passive trans-
port’) live on the reduced (finite-D) phase-space [3, 5]. This
link is established by the method of characteristics for first
order PDEs.

Let us elaborate it for the ‘passive transport’ (2.30), (2.31)
in random velocities. The state of the transported tracer could
be described either by the Lagrangian field p(7|¢) (£ —
Lagrangian label), or in the Eulerian form by p(r, ¢).

The Lagrangian indicator-function

PLag(tir.pl5) = 3(r(1]) — 1)3(p(ele) — p)

(3.4)
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could be shown to obey a linear Liouville equation

2 . I e ou(r,7) 9
E¢Lag(tar7p|§)f _aU(L t)+ or

PrLag(0;1,p[8) = 3(& —1)d(po(E) — p) (3.5
that incorporates explicit dependence on label & — the initial
position of a parcel.

To pass from the Lagrangian to Eulerian description one
could employ the Jacobian matrix j;(¢|€) = 0r;(#|&)/0&;,
whose determinant j(z|&) measures the rate of volume
compression/expansion along the Lagrangian path, and
satisfies the linear transport equation (2.34). Augmenting
the indicator-function @p,4(#; R, p|§) with the j-factor,

Prag (151, p,J18) =5(x(1&) — 1) (p(1]&) — p)S(j(1IE) —)) ,
(3.6)

one could write a Liouville equation similar to Eqn (3.5):

d U, /o o,
—aU(T,IH‘ or (ap—a—jj)}

0 ;
a(pLag(t§r:P»]|‘g):

X @Lag(t; r7paj‘é)7

Prag(051,0,/18) = 0(& —1)3(po(§) —p)o(i—1). (3.7)
The Eulerian indicator
®(t,x;p) = 3(p(t,x) — p) , (3.8)

is supported on the iso-surfaces (or 2D iso-contours) of level
p(r,t) = p = const. The evolution could be derived either
from Eqn (2.29) as in Ref. [5], or from the Lagrangian
Liouville equation (3.7). Indeed, taking into account the
equality

1
d(r(1g) —r) mes(& —-&(1,1))
(,m 05 —&(1.m),

we recast Eqn (3.6) as

Prag(t;1,p,J1E) = (i &(1,1))d(j(t1g) —j) (1,15 p) .

(3.9)

Hence

o(trp) = [ d [ jaionatinp.ie). (3.10)

Multiplying Eqn (3.7) by j and integrating over jand & , we
get the ‘Eulerian’ equation

0 0 AU,
(a_Z+U(rvl)a)(p([arap) - al’

®(0,150) = d(po(r) — p) . (3.11)

For divergent-free velocities U(r, ) all three equations
(3.3), (3.5), (3.11) coincide, their differences are due to
compressible (potential) velocity component.

9
Tl (t,r;p),

%p ¢Lag(t; l‘,p|§),

The indicator functions have many applications, for
instance they yield one-point probability distributions for
stochastic processes generated by dynamical systems via
ensemble averaging of corresponding indicator functions:

P(t;x,p,J18) = (Prag(t;x,p,jI&)) , P(t,x;p)=(D(1;x;p)).

That explains their importance in the ‘statistical’ dynamical
theory.

Furthermore, indicator functions carry some important
qualitative and quantitative geometric information about
random fields. Let us elaborate the last point.

3.3 Statistical topography of random fields

The main subject of statistical topography, like the usual one
(i.e. topographic maps of ‘mountain terrains’), is the set of
iso-contours in 2D (or 3D iso-surfaces) of constant density p,

p(r,t) = p = const. (3.12)

To analyze such contours (for the sake of the presentation
we shall talk about the 2D case) let us introduce a (singular)
indicator function of level p, viewed as a ‘functional’ of the
media parameters. Such a function (3.8) yields several
geometric characteristics of contours. Those include the
total area, enclosed by p(r, 1) = p,

S(t,p) :jG(p(r, 1) — p)dr :r

d,bJ drd(,r:5), (3.13)
P

the total mass inside the region,

M) = [ p(e.00(6(0.0)- p) dr = [ 5 p | ar v(e ).
(3.14)

etc., all expressed through the indicator @(z, 1; p).

Functionals (313), (3.14) obey the time-evolutions,
derived from the Liouville’s equation (3.11) for @(s,r;p),
that take the form

0 > 0 -
580t p)= jdj I

< _oU 0
= J er dﬁ# <$,b+ l)é(t,r;ﬁ),

P

d ©_ 9
—M(t,p) = pdp—d(t,r;p
3 M(.p) Jer pdpz @(t1;p)

B < _oU(r,7) [ O
_Jdrjr) dp or (6~

In the special case of divergent-free velocities the total area
bounded by contour p, and the total mass inside the region are
conserved. Such flows also conserve the number N of p-
contours. Indeed, the contours could not arise or disappear,
but only evolve in time starting from their initial distribution
on the slice p,(r) = p = const.

Of course, compressible flows with nonzero potential
component of u, would have both quantities evolving in time.

As we already mentioned, the ensemble average of
indicator function (3.8) gives one-point PDFs of the tracer
density

P(t,x;p) = (0(1,15p)) =

+1> (t,x;p).

(op(r,1) = p)). (3.15)
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Hence one could also get statistical means of geometric
invariants (3.13), (3.14) determined by ¢ and the one-point
PDFs.

Additional geometric information about density contours
could be obtained from values of p(r,#) combined with its
spatial gradient p(r,7) = Vp(r, t). For instance, integral

t)—p):%dl

gives the total contour length at level p [18—22].
The augmented indicator-function for Eqn (3.16) has
extra variables p,

@(1,1;p,p) = 0(p(r,

(t,p) Jdr]p 0|5 (p(r (3.16)

1) —p)d(p(r,1) —p), (3.17)

and satisfies the extended Liouville equation, that follows
from Eqns (2.29), (2.36)

(§Z+U(r t)aa )¢(t,r;p,p)

OU(r,7) @ +6U(r,t) 0 +6
o, op T Tar \op” T opP

FUk(r,r) @

al’l‘a}"k 6]7,

@(0,1;p,p) = 3(po(r) — p)3(po(r) — p) -

Equation (3.18) yields the evolution of the total contour
length,

4@@nmm,

(3.18)

a J Jdppa (t,x;0,p)
J J _OUk(r,1) Ptpk+aUk(ra H o
or; P org op
6 Uk(l‘, l) Di
ot | atrripp). (3.19)

whose RHS is typically nonzero (positive) in all cases,
including divergent-free velocities.

The mean values of Eqns (3.17)—(3.19) are related to the
joint PDF of random fields p(r, ) and p(r, ) via statistical
(ensemble) averaging of the indicator function (3.17):

P(1,r;p,p) = (3(p(r. 1) — p)3(p(r.1) — p). (3.20)

Higher derivatives of p (e.g. second order) furnish
additional geometric information, like the total number of
closed contours at a given level p(r, t) = p = const. The latter
could be approximately expressed (excluding non-closed
ones) by the formula [19]

N(la P) = Nin(l,P) - Noul(t, p)
- %J dr(t, 5 p)[p(r, 0)[3(p(r,0) = p) . (3.21)

Here %(¢,r; p) denotes the curvature along the contour, while
Nin(t,p), Now(t, p) count contours with inward or outward
pointing gradient p.

In the case of the statistically homogeneous random field
p(r, 1), one-point PDFs P(¢,r; p) and P(t,r; p,p) are indepen-
dent of r. So dropping the r-integration but taking statistical

(ensemble) averages we could produce the corresponding
specific quantities (per unit area/volume), whenever appro-
priate.

Next we shall proceed to the statistical analysis of the
above problems.

4. Statistical analysis of dynamical systems

4.1 The forward and backward Fokker — Planck equation
We consider a general dynamical system

d
Ex(t) = V(X, t) + f(X, l) )
for the vector-function x(7) = {x1(¢), x2(?), ..., xn ()}, where
v(x,?) and f(x,¢) denote the deterministic and random
Gaussian vector-fields. The latter is assumed to have zero
mean, (f(x, 7)) = 0, and the correlation tensor

(filx. ) f(x',1)) .

As before angular brackets (...) indicate averaging over the
ensemble of all realizations of field f(x,7). The Liouville
equation for the indicator-function &(z,x) = d(x(z) — x)
takes the form

x(0) = xg (4.1)

Bij(x,1;x',1") =

%(D(z, X) = —% [V(x, 1) + f(x, 1) D(1,%),,
&(0,x) = 0(x — Xp) . (4.2)

After averaging Eqn (4.2) over the f-ensemble, we get a
non-closed equation for the omne-point PDF P(t,x) =

(@(1,x)),

0
aP(f,X) -

P(0,x) = 5(x — xq),

ax (x,)P(t,x) — a%(f(x, t)@(t,x)>,

(4.3)

where the cross-correlations of f(x, 7) and @(z,x) appear on
the right-hand side, the latter being a functional of f(x;, 7).

The correlation splitting procedures depend on the type of
random field f(x, 7). For Gaussian fields and their functionals
one could use the so-called Furutsu—Novikov formula [49,
50] (see also Refs [5, 39]),

(fi(x,)R[f]) = J dx’J dt'Bi(x, ;X 1)

(s}

that holds for an arbitrary functional R[f] of random
Gaussian field f(x, f) and could be viewed as an ‘integration
by parts formula’ in functional spaces [51]. Applying it to Eqn
(4.3) and using the dynamic causality principle (2.54) we get

(4.4)

gP(z, X)=—

3 v(x, 1)P(t,X)

ox

0 / ! / ) 0
_a—x!J’dX JO dt B,_,(x,t,x,t) W¢(LX) ;

P(0,x) = d(x — xo) . (4.5)

Equation (4.5) is still non-closed in general.
It could be closed for delta-correlated fields f(x, 7). To this
end we introduce the effective correlation tensor (see, for
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instance Ref. [5])

Bf-]ff(x, 6x 1) =26(t — t")Fi(x, X5 1), (4.6)

whose spatial component Fj; is given by the time-integral
1 o0
Eyen) =5 | drByx o).
Inserting such a delta-correlated field f(x, ) in formula
(4.6) we get
0

aP(Z,X) = —

0 0 / rot
a—xv(x, 1)P(1,x) — 6_>C,J dx'Fij(x,x';t")

X <%®(l,x)>,

P(0,x) = d(x —Xo) . (4.7)
The variational derivative in Eqn (4.7) should be understood
as the limit 6 /0f(x’, 1 — 0).

Taking into account Liouville transport (4.2) we obtain
the variational derivative

14 3 /
5700 200 =~ (x = x) 2010}

expressed through @ itself. Hence Eqn (4.5) turns into the
standard Fokker—Planck equation

&(t,x) =

0 0
&P(Z’ X) + o [vk(x, 1) + Ar(x, t)]P(t, X)
62
= W [Fk/(x, X; [)P(l, X)] s

P(0,x) = 6(x — X¢), (4.8)
whose coefficients depend on the mean (transport) field v, and
the effective correlation tensor £

0 /
a—x;Fkl(xa X f)|x,:x .

Ak(X7 [) =

So the d-correlated approximation in Eqn (4.1) gives rise
to a Markov process, a system without ‘memory’ [such
memory would be encoded in the integral term of (4.5)]. Its
transitional probabilities

P(X, t|xo, 1) = <5 —x)|x(#) = x0>

obey the FP-equation (4.8), subject to the initial condition

(X, 1|X0, to)|H0 =0(X —Xg) .

The partial differential equation (4.8) is often called the
forward Fokker—Planck equation. Its solutions depend on
the type of initial/boundary conditions, determined by the
physical conditions.

The delta-correlated approximation applies when the
time correlation radius 7o of random field f(x,7) is short
compared to the typical time scales of the process, that is
19 <11 = L/v, or L/+\/{f?), where L is the typical length-
scale. The latter could involve the flow-properties, e.g. a
typical eddy size L =v/|Vv|, or the scale L =p/|Vp| of
tracer distribution. In either case, the time-evolution of the
flow-transport dynamics would typically bring the length

scale down by creating ‘small-scale’ structures. At this step
one has to take into account the finite value 7y of the
correlation time.

One way to accommodate the finite correlation radius is
given by the so-called diffusion approximation (see for
instance, Refs [1, 23, 52]). The ‘integral-type’ approxima-
tions used here are more natural and physically relevant than
the mathematical abstraction of ‘delta-correlated’ random
fields. The basic assumption here is that random sources have
a negligible effect on the dynamics of Eqn (4.1) on time scales
of order 19, so the system would follow the deterministic
(mean-field) evolution.

The diffusion approximation starts with the exact relation
(4.5), and computes the variational derivative
0d(1,x)df:(x', ') by solving the mean field transport for @
and 0@/,

0 0

&(P(t, X) = —&v(x, NHo(t,x),

Q0 5?(@)&) :73 v(x, 1) od(t,x)

or 9fi(x',t") 0x Jfi(x!,t")
subject to the initial conditions

¢(t7 X)|t~>t’ = ¢(ll,x)7

o0d(1,x) ,

— o(x — .

CRDIN x]{ x —x)o(r', x}

The latter condition couples the variation ‘2)? to the value
of functional @ at the initial moment ¢'.

Let us remark that the large scale limit, ¢ > 1, of the
diffusion approximation to Eqn (4.1) would turn into another
(approximately) Markovian process.

Averaging the backward Liouville equation (3.3) over the
ensemble of realizations, we get the backward FP-equation
that describes transitional probabilities as functions of the
initial parameters 7y, X (see, for instance Ref. [28]):

p(x7 I|X(), [0)

0
(X, 1]Xq, 19) + [Uk(Xm to) + Ax(Xo, lo)} m

2

0
Oty

=—F(Xo, Xo; 1) (X, t[Xo,t0) . (4.9)

Oxox Oxo;

The forward and backward FP-equations are equivalent.
The forward problem is convenient for studying the temporal
evolution of the basic statistics (means, moments) of system
(4.1), while the backward one yields such properties as the
occupation time of the process in a particular phase-space
region, the arrival time at the boundary of the region, etc.
Indeed, the probability of finding particle x(¢) within region V'
is given by the integral

G(t; X0, t0) = J dx p(x, t]xo, to)

which is described due to Eqn (4.9) by the closed form
equation

0 0
— G(t;X0, o) + [k (X0, 10) + Ak(X0, 10)] mG(l; X0, fo)

Oty
62
=—F; st0) =————G(t; X0, ¢
/\l(x()vx()v 0)akaax0[ ( ; X0, O)a
1, if xg€eV,
G(t; X0, 10) = {0 i XZ v (4.10)
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One also needs additional boundary conditions, that depend
on the properties of ¥, and the ‘physics’ at the boundary
(absorption, reflection et al.).

As we mentioned in the introduction, solutions of many
stochastic dynamical problems exhibit large fluctuations
about special deterministic curves, that determine the ‘large-
scale dynamics’ of the system over the entire time-interval. We
shall call such curves typical realizations, and define them
through one-point PDFs of the process.

4.2 Typical realizations of random processes
Let y(t) be a random process with a one-point PDF

P(t;y) = (d(v(x) — »)),

and a dimensionless ‘time’ parameter t. The integral distribu-
tion function of the process is defined by averaging the
Havyside step-function @(y), equal to 1 for y > 0 and 0 for
y<0

F(t,y) = P(y(x) <y) = (@(y — ¥(1))).

We call a typical realization of the process a deterministic
median curve y*(t) computed from an algebraic equation

F(r,y*(r)) = % .

The motivation for this definition comes from the properties
of the median. Namely, for any time-interval (t, 72) process
() ‘winds around’ the median in such a way that it spends on
average half of the time above it, y(t) > y*(t), and half below,
y(t) < y*(7) (see Fig. 9 and Ref. [12, 13]):

1
(Tye)s1 () = {Tyy<ye(z)) = §(T2 —11).

Of course, such y*(t) would bear little resemblance to any
particular realization of the process, and say nothing about
the scope and size of fluctuations.

Evidently, the typical realization y*(t) of random process
»(t) is well defined over the entire time range 7 € (0, 00).

For special random processes one could get additional
information about the fluctuations of y(t) around y*(z).

One such class of examples consists of log-normal
(positive valued) processes, that arise in a large number of
physical applications, and have some remarkable properties
[12, 13]. They manifest themselves in such important coherent

4.3 Log-normal processes
We define a log-normal random process as

y(1) = exp { -1+ J déz(é)} ,
0
where z(&) stands for Gaussian white noise:

(2(6)) =0, (2(0)=(¢)) =25(¢ = &).
It could be described by the stochastic equation

(4.11)

@) = {~ 1+, 20 =1

and has the following properties.
1. The log-normal process is Markovian, and its one-point
PDF solves the FP-equation

d d o0 0
3. P@y) f@yP(f,y) *o ya—ny(r,y) 7
P0;y)=0(y—1). (4.12)
Solution of Eqn (4.12),

1 I 5
P(t;y) = 2\/Eyexp{ —Eln (ye )}, (4.13)

has long tail which shows that the one-point statistics of y(t)
are dominated by large deviations (Fig. 10). The integral
distribution function

Flty) = PO() <) = 8| e

(27)

is expressed through the standard error-function

&(z) = WJ_W dyexp ( _y;) .

2. The moments of y increase exponentially in time:
1
('(x))=exp {n(n— 1)1}, <W > =exp {n(n+ 1)1},
n=12..., (4.14)

3. Yet the typical realization of the process falls off
exponentially

o . () =e". 4.15
phenomena as localization and clustering. V(@) ( )
> :A‘ :y*(f) 20
VJ’(T) 15 \r=1
\ 10
1=0,1
— 0.5
At Aty Aty 1 I L
. - . 0 0.2 0.4 0.6 0.8 1.0 ¥

Figure 9. Typical realization of a random process.

Figure 10. Probability distribution function of a log-normal process.
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Hence, exponential growth of the moments is due to large
fluctuations about y*(7) on both sides (large and small values
of ). However, the probability of y < 1, for large times t > 1,
goes rapidly to 1

—t/4

P(y(r) <1)=F(r,1)=1- e

(m)l/2

4. For any probability 0 < p < 1 there exists a one-
parameter family of exponentially decaying curves,

Yo(t,B)=(1—p) Pexp{~ (1)1} (0<p<1),

(4.16)

that dominate the process in the sense that a sizable fraction
of realizations lie below Y, (7, ), i.e.

P{y(1) < Yy(z,B) forall 1€ (0,00)} =p.

In particular, ‘half of realizations’ (probability p = 1/2)
satisfy

»(7) <4exr>{ —%}

over the entire time-range 7 € (0, c0).

5. Random variables S, = [ dt)”"(7) that characterize
large deviations, have finite (stationary) probability distribu-
tions

(4.17)

n=2/m 1

1

with polynomial fall off at large S. In particular, for the ‘area
integral’ S = [;* dty(r) we get a PDF and integral distribu-
tion of the form

{4} no-enf- 3}

This means that ‘large deviations’ of process y enclose ‘small
areas’.
All the above properties are characteristic of log-normal
processes, and follow from their one-point PDFs (4.13).
Now we can proceed to the statistical analysis of specific
problems formulated in the previous part .

Py (S)

5. Transfer phenomena in dynamical systems
with singularities

5.1 Simple case

We start with the stochastic equation (2.3) written for 2 = 1,

d
S0 = =2 1), x(0) =%,

and assume the random process f{7) to be Gaussian and delta-
correlated:

(0) =0, () ft')) =2Do(t — ).

In the absence of sources, Eqn (5.1) has the exact solution

= ! 1

(5.1)

_l—lo’ 0 Xo.

So if the initial point xy > 0, solution goes monotonically to
zero, but in the case of xy < 0 it explodes to —oc in finite time
1.

Solution of the stochastic problem (5.1) is determined by
the forward and backward Fokker — Planck equation in terms
of the difference ¢ — ¢y, that we shall relabel as ¢

2

d 0, o ,
ap(xa I|X0) - ax p(X7 t|X0) + D@p()ﬁ l‘)»o),

2

_zp(xv t|x0) )

d , 0
~plx, txg) = —x2 — p(x, 1] D
atl?(% |x0) ’CoaxOP(X» |x0) + o2

p(x,0]xp) = d(x — xp) . (5.2)

Here the variables x, p(x,t|xyp) and D have dimensions
[x] =¢71, [D] =73, [p] =1, that allows Eqn (5.2) to be
brought to the dimensionless form

0 o, txa) = 2 x2p(os o) + s, o)
@tp 'Xv X() _axxp'x7 .X'() ax2p X, X() b)
2

2p(x7 t|x0) )

0
(x,tx0) = —xé a—xop(x, t|x0) + 6_‘60

9
ar?
p(x,0]xp) = d(x — xp) . (5.3)
Next we set up boundary conditions for Eqn (5.3) at singular
points +o0o. Two kinds of problems are of special interest to
us.

The first type appears, if curve x(7) is assumed to

terminate at 7y by turning to —oo. It corresponds to vanishing
of the PDF’s flux density

d
J(,%) = xp(x, 1]x0) + 5 p(x, 1 x0) (5:4)

at x — oo. Thus we get the boundary conditions

J(t,x)— 0as x— oo; p(x,txg) — 0as x— —o0.

In this case the total space-integral

OO0

dxplx, fx0) # 1

G(I|X()) = J
defines the probability that function x(¢) would stay finite
over the entire range (—oo, 00), i.e. it gives the probability
P(1 < tp) that there is no singularity at time 7. So the
probability of reaching the singularity in finite time 7 is given
by

P(t>1)=1 fJ dx p(x, t]x0)

—00

(see, for instance Ref. [28]). Its density function
00
dx p(x, #]xo) (5.5)

—00

0 0
o) =5 P> 1) = 5. |

obeys the backward FP-equation that follows from Eqn (5.3):

2

== 1(tx0) -

0 (5.6)

d , 0
al’(ﬂXO) =—Xp EP(’\XO) +

Let us estimate the mean ‘blow-up’ time for the system to
transfer from state xo to —oo, (T(xo)) = J;* td¢p(t|xo). This
function solves the time-independent DE

2

-1= fxgdi)m(T(xo» +dix%<T(x0)>,

(5.7)
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a consequence of Eqn (5.6), with the boundary condition
(T(x0)) — O0atxgp — —oo, and the requirement that (7(xy)) is
bounded at xy — oo. This problem can be is easily integrated:

(oo = | e[ wmen{5@-mf. )

Thus we get from Eqn (5.8) the mean time between two
subsequent singular points (the ‘explosive’ events of Fig. 3):

1

(1)) = V& 2T (6)%4.976.

Let us also remark that (7(0)) = (2/3)(T(c0
a transition from xy = 0 to xg = —oo.

A different set of boundary conditions arises if one lets
x(t) be discontinuous, and considers it over the entire range of
t, so as x(t) reaches —oo at time t — ¢y — 0, it immediately
reappears at oo at t — ty + 0. The corresponding boundary
conditions for Eqn (5.3) impose continuity of the PDF flux at
+o0:

)) corresponds to

J(1,x)| = J(1,x)|

X——00 x—o0

In this case the limiting (¢ — oo) stationary probability
distribution

P(x) = JJ:)O déexp { % (& - x3)} (5.9)

is independent of the initial state x( and has the normalising
coefficient J = 1/(T(c0)) — the stationary probability flux .

From Eqn (5.4) we get an asymptotic formula for P at
large x:

(5.10)

This asymptote is produced by the distribution of pole-like
jumps of x(7),

1
x(l):t_tk7

and randomness plays little role here. Indeed, given suffi-
ciently large ¢ > (T(00)) and x, one finds the PDF

pledba) =3 (3(x ) ) = 2>

k=0

tftk

[ R .
=5 J_DO dxexp(—ixt) kz:; (exp(ixtr))
@0(%)

)
2nx? ) _o

expressed in terms of two characteristic functions:
®y(x) = (exp(ixty)) — the first ‘explosive’ point, and
®(%) = (exp(ixT)) — the characteristic function of time
gaps between two subsequent explosives. As ¢t — oo we get
an asymptotic formula

P(x)=-— ! J | dx exp(—im)* = s

2mix2(T(00)) J o x+i0  x2’

that coincides with Eqn (5.10).

5.2 Caustics in random media

The problem of caustics in random media is similar to
the previous one. Indeed, in the 2D case the curvature
of the phase surface in (x,y) plane is described by the
equation

C%u(x) =~ (x) +A(x), u(0)=up, (5.11)
where f(x) = (1/2)3%(x, y(x))/dy?, while the vertical displa-

cement y(x) obeys the differential system (2.49), both
determined by variations of the refraction index ¢ along the
ray. If the field &(x,y) is Gaussian, homogeneous, isotropic
and delta-correlated,

(e(x,0)e(x, ) = d(x = XN Ay — '),

the one-point PDF of the curvature-function is independent
of the vertical displacement and obeys the FP-equation:

0 0
e &J(qu),

Here the probability flux density and the diffusion coefficient
are given by

P(x;u) = P(O;u) = 6(u—u) . (5.12)

J(x;u) = u*P(x; u) +B EP

2 Ou (x;u),

sziA(O):nJ %4(1%(158(07%),

where @,(0,
field &(x, y).

Equation (5.12) was studied in the previous section. We
have shown the random process u(x) to be discontinuous and
drop to —co at finite distances xy = x(up) determined by the
initial condition u (here x plays the role of time ¢ of the
previous section). This ‘blow-up’ means the focusing of
optical rays by randomly inhomogeneous medium. The
mean focusing distance (x(ug)) is given by the integral

<x(u0)>:%r0 dif dneXp{ﬁ)(éaws)}’ (5.13)

—00

%) denotes the 2D spectral density of random

hence [6—8]

D' {x(c0)) ~

Here quantity (x(0)) gives the mean ‘focusing distance’ of the
incident plane wave (zero curvature), while (x(co)) measures
the mean distance between two follow-up focusing events.

In the method of smooth perturbations [5, 40, 41] one
utilizes the level function of intensity y(x,y) =1InI(x,y) to
study its fluctuations. All the statistical characteristics of x
depend on its variance ¢%(x), which is approximately (to first
order) cubic: 6%(x) = Dx3. One distinguishes two regions of
intensity fluctuations: ¢?(x) <1 (weak fluctuations), and
a%(x) » 1 (strong ones). As formula (5.13) shows, random
focusing occurs in the region of strong fluctuations.

Equation (5.12) has a limiting stationary PDF, as x — oo,
that corresponds to the constant probability flux density, and
looks similar to Eqn (5.9),

6.27, D'3{x(0))= §D1/3<x(oo)>z 4.18.

P(u) :JJ; dgexp{%(@ —u3)}, (5.14)
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where J=1/(x(c0)).
asymptotes of P,

_ 1
<x(oo)>u2 ’

From Eqn (5.12) we get large-u

Plu) =

which indicates that the stationary statistics are determined
by the behavior of u(x) in the vicinity of jumps

1
u(x):x_Xk.

The wave-field intensity has a similar structure due to Eqn
(2.49),

1(x)

X

Sl
the asymptotes of its PDF at large I and x takes the form
2x

P(x,]) = +———,
D) = oo
depending on the distance x traveled by the wave.
The probability of focusing at a distance x, found in the
previous section, was

o ¢}

P(x>xp)=1- J duP(x,u).

—00

Hence its PDF is related to the flux density by the following
equation [6—8]:

p(x) :%P(x > xo)= _air duP(x,u) =

X J)_ U——00

To find the asymptotic dependence of p(x) on the small
parameter (D — 0), we adopt the standard analytic techni-
ques for parabolic problems with a small leading coefficient
(see, for instance, Ref. [28]). The solution of Eqn (5.12) is
represented as exponential

P(x,u) = C(D)exp { _ %A(x, W) — B(x, u)} L (515)

After substitution of Eqn (5.15) into Eqn (5.12) we select
terms of order D° and D~! and get PDEs for the unknown
functions A4(x,u) and B(x,u). The constant factor C(D) is
determined by the known probability distribution (of the
plane wave) as x — 0

P(x, u) L w
X, U) =———FC€XPq — = ¢ -
’ (ZTEDX)I/Z P 2Dx

That gives an estimate C(D) = D~'/2, Substituting Eqn (5.15)
in the expression for probability of ‘focusing’, we get

p(x,u) = lim P(x,u) [uz 1 3A(x7 u)] . (5.16)

U——00 2 Ou

The exponential form (5.15) along with the probability
distribution of ‘focusing’ immediately yield the structural
dependence of p(x) on x from the dimensional analysis [9].
Indeed, u, D and P(x,u) have dimensions

W =x"', [D]=x3, [P(x,u)] =x.

lim J(x,u).

Hence from Eqns (5.15) and (5.16) we get the scaling law
R C
px) = 07 exp{ _D_}

with unknown coefficients C;, C,. The latter were computed
in Ref. [6] and the final result takes the form

4
2.2 —~1/2_-5/2 %
p(x) =302 (2nD) 1 2x/ exp{ s } (5.17)

with oo = 1.85.

The applicability condition for Eqn (5.17) is Dx? < 1.
However, numeric simulations [6] show that Eqn (5.17) also
gives an accurate prediction of PDF p for Dx3 ~ 1.

In the 3D case one could apply the dimensional analysis to
compute the PDF of caustic formation [9],

p(x) =aD 'x*exp { - %} 5

with certain constants o, . This scaling law with o = 1.74,
p = 0.66 was obtained in Ref. [7].

5.3 The reflection phase for plane waves in layered media
In some cases the above discontinuous random processes
prove to be useful in stochastic systems with no apparent
discontinuity of solutions. One such example are fluctuations
of phase-functions in wave-propagation. For instance, we
have shown in Section 2.2 that the incident plane wave in
randomly layered medium has a reflection coefficient with
phase function ¢; that obeys equation (2.13). We want to find
the distribution law of random variable ¢; .

The problem with solution (2.13) is that it gives ¢, as a
real-valued function over the entire line ¢; (—oo, ©0).
However, in applications we need the distribution of ¢,
over its natural domain (—m, w). Furthermore, the half-space
limit of ¢p; should be independent of L (uniform distribution).
To get the finite-interval distribution we replace the phase ¢
with a trigonometric function z; = tan(¢, /2), that possesses
singular poles. The dynamic equation for z; has the form
(2.15). We assume the random coefficient ¢; (L) (the real part
of the complex refraction index) to be Gaussian, delta-
correlated with variance o2 and correlation radius /o:

(e1(L)) =0, (e1(L)ei(L)) =20740(L—L').
Then the stationary (L-independent) half-space limiting
PDF,

P(z)= lim P(L,z),

Ly——00

solves the equation

1y 2)p ¢ P(z) =0
(14 2)P(E) + 5 Ple) =
whose coefficients, » = k/2D, and D = k*¢?ly/2 depend on
the incident wave number k and the media parameters. The
solution of Eqn (5.18) with constant probability flux at the
boundary (c0) has the following form [11, 33]

(5.18)

o0

2
diexp{—%i[l+%+z(2+f)}}»

T (0= <z>l/z J':Cz:*‘/z déexp {f y(@ri)} L(5.19)

P(z) = J(x) J"
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The PDF of such a phase-function over the finite interval (-,
),

22
P() =12

(Z)z:tan(d)/Z) )

isshown in Fig. 11 for different values of parameter »: » = 0.1
(A), x =1(B), and » = 10 (C).

As » grows large, ¥ > 1, we get the asymptotic expansion
P(z) = 1/n(1 + z%) over —oo < z < 00, that corresponds to a
uniformly distributed phase

1
P(qﬁ):%, —T<¢p <.
0.6 -
P(p)
A
04
B
0.2
C
0 | |
-3 0 3

Figure 11. PDF of the plane wave phase in stratified media.

6. Localization of plane waves in randomly
stratified media

Our main goal here is the wave-propagation in single and
multi-layer media.

The issues of wave localization by randomly stratified
media with or without dissipation have been actively pursued
and debated over the last few years (see review articles [11—
13]). However, different physical systems and conditions
produced inconclusive and often inconsistent results.

The reason is largely due to the complex spatial structure
of field realizations inside the media. Namely, the general
decay of intensity away from the source is accompanied by
increasingly strong and rare bursts due to the coherent
superposition of multiple scattering events (Fig. 5). As a
result one could observe dynamic localization for almost all
individual realizations, whereas statistical averages (like the
mean intensity and higher moments) show no statistical
(energy) localization on the level of ensembles of realizations.

6.1 Single layer medium.
The one-layer, 1D model of wave propagation and scattering
was set up in Section 2.2. Here the statistical problem has two

parts: statistical analysis of the reflection and transmission
coefficients on the boundary of random layer, and statistical
analysis of the field intensity inside the layer.

6.1.1 The reflection and transmission coefficients. The embed-
ding method gives closed form equations (2.10), (2.12) for the
squared modulus of the reflection coefficient as function of
the (right) moving boundary parameter L. Once again we
assume the random component of the medium refraction
coefficient ¢; (x) to be Gaussian, and use the delta-correlation
approximation with variance o2 and correlation radius /:

(e1(L)) =0, {(er(L)er(L)) =B,(L—L)=20203(L—L').

The resulting Fokker—Planck equation for the PDF,
P(L, W) = (3(W, — W)), has the form [10]

d 0 0
aP(L, W) = ZkyaW(WP) —2DW[W(1 — W)P]
d 20 _

with the diffusion coefficient D = k*a2/y/2. Derivation of
Eqn (6.1) exploits averaging over fast oscillations of the
‘reflection phase’, and is valid under an additional constraint
k/D > 1 (see Section 5.3).

Taking into account the finite correlation radius /, of
¢1(L) and using the diffusion approximation, the FP-equa-
tion (6.1) doesn’t change its form, but the diffusion coefficient
becomes

kZ

00 k2
D ZL@ dEB, (&) cos(2KkE) = 7 0,(2K),

(6.2)
where @,(2k) denotes the spectral function of random process
¢(L). The diffusion approximation assumes that & (x) has
negligible effect on the wave-field on the scale of the
correlation radius /y, thatis Dly < 1.

In the absence of dissipation (y = 0) the FP-equation (6.1)
could be integrated [10]. Assuming the random layer [Lo, L] to
be sufficiently wide, 7 = D(L — L) > 1, we get the following
asymptotes for the moments of the transmission coefficient
T =1—wp:

. [(271—3)!!}2752\/1? B T
<|TL|2 ) ~mf 32 exp (—Z) )

Thus all the statistical moments of the transmission/
reflection coefficients have a universal asymptotic depen-
dence on the (dimensionless) layer width 7, but their
coefficients vary with n. As all the statistical moments of |7
converge to zero with increasing 7, we get the reflection
modulus |R| — 1 with probability one. Hence the randomly
stratified half-space is fully reflective.

The nonzero dissipation y does not allow a closed form
solution of Eqn (6.1) for a finite width interval. However, the
half-space limit (Ly — —o0, T — 00) has stationary L and t
independent distribution for W = |RL|2,

_ 2 o
P(W)_(I—W)zep< 1—W>’

(6.3)
where = ky/D represents the dimensionless absorption
coefficient. PDF (6.3) has an obvious physical meaning. It
gives the statistical properties of the reflection coefficient for a
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stochastically inhomogeneous layer wide enough that an
incident wave is unable to cross it because of dynamic
absorption by the medium.

PDF (6.3) yields all moments of W, = \RL\z, in particular
it gives asymptotic formula for the mean value

o - 11— 2B1n (%) . <1,

ﬁ )

as well as the recurrence for higher moments:

(6.4)
B>1,

n(W"H) —2(B+n)(W") +n(W"71> =0 (n=1,2,...).
(6.5)

If we place the source inside the stratified media, the wave-
field solves the boundary value problem (2.9). In the infinite
space limit (Ly — —oo, L — o0), the mean intensity at the
source becomes [5, 10]

<I(XO;)C0)> =1 +ﬁ71 .

Its unlimited growth, as f — 0, indicates the accumulation of
energy by randomly stratified media.

6.1.2 Wave intensity within a random layer. Let us study the
wave-field structure inside a chaotically disordered layer. If
layer [Lo, L] is sufficiently wide (t = D(L — Ly) > 1), and
dissipation-free (y = 0), one has the so-called stochastic
parametric resonance, manifested by the initial exponential
growth of all moments (/" (x; L)) of the intensity divided by
(I"(L; L)) (I(x; L) = |u(x; L)|*), in variable L [10]. They then
reach maximum somewhere in the middle of the layer (Fig.
12). In the half-space limit (Ly = —oo) the range of exponen-
tial (explosive) growth extends through the entire half-line,
but the mean intensity remains fixed, (I(x; L)) = 2.

In this case the realizations of wave-intensity have the
form

I(x; L) =2W(x; L)(1 +cos ¢ ), (6.6)

Figure 12. Stochastic wave parametric resonance.

where the phase-function ¢; solves a stochastic equation
(2.13) (see Section 5.3). The amplitude-function

Wix L) =exp { = [a(L) - g()]}

is expressed through ¢(L) that solves the related stochastic
equation

d
ar’
The initial condition for Eqn (6.7) is imposed at a far-

distant point B and reads ¢(B) = 0, and the random variable
¢ 5 s uniformly distributed [10].

The random functions ¢(L) and ¢; are statistically
independent here. Averaging the PDF P(L,q)=
(6(g(L) — 1)) over the fast oscillations, we get the Fokker—
Planck equation

(L) = ke (L)sing, . (6.7)

2

0 d )
—P(L,q)=-D—P(L D—P(L
o F(L.9) 3 (L,q) + o (L,q),

P(B,q) =4(q) .

Hence the random function ¢(L) is Gaussian, while the
distribution W(x; L) is log-normal, having all moments
starting with the second one growing exponentially inside
the random layer:

(6.8)

(W(x;L))y=1, (W"(x;L))=-exp{n(n—1)D(L—x)}.
(6.9)

Its typical realization, due to log-normality, becomes
W*(x;L) =exp{ —D(L—x)}. (6.10)

So its realizations meet the inequality

W(x; L) <4exp{ _M}

with probability 1/2, and the latter is valid in the half-space
limit.

In the physics of disordered systems such an exponential
fall-off in variable &£ = D(L — x) for a typical realization
(6.10) is associated with dynamical localization [11, 53, 54],
the localization length being /i, = 1/D. However, the energy
is not localized in the statistical (mean) sense here.

To conclude: one-point PDFs yield the detailed evolution
of the field intensity on the level of individual realizations,
and allow one to estimate the parameters of evolution
through the statistics of the media.

Dissipation arrests the exponential growth of the
moments (6.9), and at large ¢ > 4(n—1/2)In(n/p) they
revert to the decaying asymptotic law of [13]:

(W) = A4, (%) & exp { - 5} ’

As for the mean field intensity of a point source in the layer,
one finds [13]

5/2
(I(x; %)) = 75875’3/2 exp { - g}

at large distance from the source & = D(x — xg) > 1. So one
has both statistical and dynamical localization in this case.
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6.2 Stratified two-layer model

The simplest model of wave propagation in stratified (two-
layer) media was outlined in Section 2.2. It satisfies the
differential system (2.17).

The diffusion approximation technique was used in
papers [37, 38] to derive the Fokker—Planck equations for
PDFs of the intensities of reflection coefficients W;; = | R;|*.
Unlike the one-layer case, they now involve four diffusion
coefficients expressed through the spectral function of the
random process &(x) as follows:

k Hi\’ k Hy\*
D] — (ﬂ FO) (p}(2)\,k), D2 - <§ FO (pb(2k),

D; = (;)2@(1«1 +2), Ds= <211>2<1>g(k(1 —2).

(6.11)

For small-scale (relative to the wave length) inhomogene-
ities such, that k/y < 1, all diffusion coefficients are propor-
tional to a single coefficient D determined by Eqn (6.2).
Namely,

1 H\? Hy\? 1
Di=(-2)Dp, D,=(Z22)D, Dy=D,=—D.
(280, pm (Y0, pi-pi

0
(6.12)

Let us also notice that the diffusion approximation
requires Dly < 1.

As we mentioned in Section 2 the problem has a small
parameter ¢ that could be used to expand and simplify it.
We write the perturbation expansion in ¢ and maintain only
the first order terms, i.e. neglect secondary radiation effects.
In such an approximation the squared moduli of the
diagonal reflection coefficients W), and W, are statisti-
cally independent and their PDFs P(L, W) and P(L, Wx)
obey

© p, W“):{

53 [~ Di(1— Wi1)*+25(Ds+Dy) Wiy

oW
2
oW},

+ Dy (1— WH)ZW”}P(L, W),

iP(L, W22):{ [— Dz(l—W22)2+25(D3+D4)W22}

0
oL oW
2
oW

+ D (1— W22)2W22}P(L, Wa). (6.13)

Those resemble equation (6.1) of the one-layer model, but
have an extra term 28(D; + D4)O[WP(L, W)]/0W. This
means that the generation of cross-modes (k-incident to A-
scattered, or A-incident to k-scattered) is statistically equiva-
lent to the effective damping (dissipation) in the original
stochastic problem for incident wave-fields U;;, Uy,. In other
words the dissipation-free refraction index &(x) should be
replaced by the complex one, ¢(x) — &(x) + 10(D3 + Dy).

Furthermore, the half-space limit (Ly — —o0) has sta-
tionary (L-independent) solutions of (6.13),

2y, 29 W
P(Wy) =—L =
) (1- W11)26Xp{ L—wy [

29, W

2y
P(Wn) = (1— —;,22)2 exp { i } , (6.14)

with parameters

D3+ Dy

b5 D3+ Dy
1 Dl ’ .

V=0 D,

(6.15)
These parameters measure the ‘effective dissipation’ due
to cross-generation of the wave-modes, as opposed to the
‘effective wave diffusion’ resulting from multiple scattering by
random obstacles.
For small scale inhomogeneities the damping parameters

2 H,

, “/221 Fz (6.16)

H,

y =24 I,
are determined by the relative thicknesses of two strata (for a
fixed wave length 1), and bear no other dependence on the
statistics of the media. Furthermore, one has y;y, = 4, so two
y’s are reciprocals of each other.

The probability distributions (6.14) yield the statistics of
the reflection coefficients of incident waves. It follows from
our discussion that a sufficiently wide random band (Lo, L)
(or the limiting half-space) has the transmission rates |77, \2
and | T, |* almost surely 0. So the incident 1- and k-waves are
localized. Their localization length are determined either by
the ‘diffusion’ or ‘dissipation’ coefficients, whichever is
stronger .

So case y; < 1 (y, > 1) yields the localization length for
two modes proportional to the localization length /. of the
one-layer model:

[(1):L: 20 21 @ 1 _AHo /
e =Dy \Hy ) "0 e T 25(Dy + Dy) - 4HHy

In the opposite case y; > 1 (y, < 1), we get

2
o L (H,
e =, "\ H, ) T

The statistics of the ‘off-diagonal’ modes W, poses a
more challenging problem, since it involves coupling Wi,
with W), and Wpy. The analysis of the corresponding
Fokker—Planck equations shows that for the special combi-
nations T1 =1- W11 —5W12 and T2 =1- W22 —(3W12
that arise in Eqn (2.26) and determine the transmission rates
of the generated cross-modes, there are no stationary (in half-
space) solutions of the form P(T;) = §(T;). This means the
absence of localization for the generated cross-modes [38].

Coming back to the source-problem in the upper or lower
strata (at the boundary xy = L of the random band), one
could show that the transmission coefficients differ from zero
in both strata (the upper and the lower), so there is no
localization whatsoever [38].

The basic model could be further compounded by
introducing inhomogeneities in both strata, or by taking
different types of wave-coupling , or by changing fluctuat-
ing parameters, e.g. ¢(x) to de(x)/dx, etc., all of them
relevant to certain geophysical problems [35—37]. Such
changes could further complicate and modify the Fokker—
Planck equations, as well as their dependence on the basic
geometry and statistics of the problem. But the main
conclusion — the absence of the dynamic localization
should still hold.

[(1): 1 _ AH /
loc 25(D3 +D4) 4H H, loc s

6.3 Localization in parabolic wave-guides
A wave beam propagating in the parabolic wave-guide with
randomly varying curvature is described by system (2.44).
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Function A(x) could be represented in the form

5 1+ (x) exp{—2iox}
1 — y(x) exp{—2iax}’

A(x) = koa

where 1/(x) obeys an equation derived from Eqn (2.44):

d;dxl//(x) = —ﬁ [exp(iocx) - exp(—iocx)]zz(x) ,

1 — kod®
VO = T e

Let us introduce the phase and amplitude of (x) via

w(x) —1

Vo = w(x) + 1

exp {i((b(x) - Zax)} , w=1.

Then we get a system of equations for functions w(x) and

¢ (x):

%w(x) = —al—kz(x)\ [w2(x) — 1 sin {¢(x) — 20x},

w(0) = ond? [1 + k*ela],
iqb(x) = iz(x) {1 P cos {¢(x) — 2ax}
dx ok Vw2 (x) =1 ’ 7

$(0)=0.

Hence the wave-field intensity on the wave-guide axis (2.46)
assumes the form

(6.17)

aka?

w2(x) — 1cos{¢(x) — 2ax}

1(x,0) = (6.18)

w(x) +

As before we assume z(x) to be Gaussian and delta-
correlated with parameters

(z(x)) =0, (z(x)z(x)) = 26*15(x — ).

Furthermore, we assume the variance of z-fluctuations to be
sufficiently small, 0> < 1. Then the statistical properties of
w(x) and ¢(x) change slowly on scales of order 1 /. Hence to
determine the statistics of the wave intensity (6.18) we could
average it over rapid oscillations, regarding the functions
w(x) and ¢(x) as statistically independent, and over the
uniformly distributed phase ¢(x). The resulting PDF
P(x,w) = (6(w(x) —w)) of w(x) obeys the Fokker—Planck
equation

0 0, 5 0
aP(x7 w) = DM(W - l)aP(x7 w),

P(0,w) = 5(w(0) — w) (6.19)

with the diffusion coefficient D = ¢%//(20k?).

Under the same assumptions we could find the moments
of intensity (/"(x,0)) on the wave-guide axis. Here the
averaging works in two stages. In the first step we average
over fast phase-oscillations and get

<<%>>4 = Pya(w),

(6.20)

with P,(w) being the n-th Legendre polynomial. In the second
step we average Eqn (6.20) over the distribution (6.19) of w.
The final result [5, 10] becomes

<(ak_laz>"> = P,_1(wo) exp {Dn(n — 1)x}.

If the wave-beam parameters are adjusted to the wave-
guide [see Eqn (2.43)], then wy =1 and formula (6.20)
becomes

(I"(x,0)) = exp {Dn(n — 1)x}.

The latter means that I(x, 0) is distributed according to a log-
normal law. However, the typical realization of process /(x, 0)
decays exponentially inside the medium:

I"(x,0) = exp{—Dx}.

(6.21)

(6.22)

So the radiation should spread in the cross-sectional direc-
tions (away from the axis) for specific realizations, which
means dynamic localization in x. The typical realization gives
the standard Gaussian cross-sectional intensity (2.45) modu-
lated along the axis:

I*(x,R) = I"(x,0) exp { - ':—221*(x, 0)} .

7. Passive tracers in random velocity fields

Now we shall consider the statistical problem of passive tracer
diffusion in the random velocity field introduced in Section
2.3.

We shall study general compressible velocity fields
(divu(r,7) #0), assumed to be Gaussian homogeneous,
isotropic in space, stationary in time with correlation-
function and spectral tensor (assuming (u(r, ¢)) = 0) of the
form

(ui(r, (¢, 1)) = Bij(r =¥/, 1 — 1),

k1) = oy | e exp( ik

(7.1)

N being the space dimension. The spectral tensor may be

decomposed into the usual solenoidal E*(k, ) plus potential
E?(k, t) components:

, . kik;

El'j(k, l) =FE' (k, l) <bu — k2]

> + E?(k, t)% .

(7.2)

The practically important cases include

— incompressible fluid flow: divu(r, 7) = 0 (E?(k, 1) = 0);

— potential velocities: (E*(k, 1) = 0);

— the mixed case.

An example of the latter is a floating tracer [2, 22]. Indeed,
if such a tracer moves over the surface z=0 of an
incompressible 3D fluid, with horizontal and vertical velo-
city components (divu(r, f) = 0), then the surface elevation
u = (U, w) creates an effective compressible horizontal flow
with the divergence VRU(R, 1) = —0w/0z|,_,,.

We assume the entire 3D spectral tensor of u(r, ) to be

kik;
Eyj(k, 1) = E(k, 1) (5,.j - 7/)
and write the tracer density as

p(l‘,l) = p(R, [)5(2), r= (sz)’ R = (x,y).

(1.3)
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After substitution into Eqn (2.9) and integration over the
variable z the reduced 2D system would evolve according to

(aaﬁa?zU(R ”)P(Rﬁ =0, p(R,0)=py(R). (74)

The resulting horizontal (compressible) field U(R, ?) is clearly
Gaussian, homogeneous, and isotropic with spectral tensor

kiokip )
K2 + K2

00

Eyp(ky, 1) = J dk. E(K*> + K2, 1) (5“,3 -

—00

wf=1,2 (7.5)

expressed in terms of the horizontal and vertical wave-
numbers k= (k, , k).

Comparing Eqn (7.5) with Eqn (7.2), we get the solenoidal
and potential velocity components on the z = 0 plane [2]:

ES(ky, 1) = J dk. ER> + K2, 1),
00 5 ) k2
P _ z
EP(ky, 1) = LO dk-E(k] + k2, 1) REER (7.6)

Let us now go back to the general case. In what follows we
shall assume the velocity u(r, 7) to be delta-correlated in time,
and approximate its space-time correlations

Byj(r, 1) = 2B{f(r)d(1) (7.7)

with the effective correlation-tensor

00

1 {o.0)
B =5 [ Byt = | b0,
o 0

The homogeneity and isotropy of u yield the following
standard relations for the matrix-function BT, along with its
first, second and fourth derivatives:

: o'Bi0) D

BET(0 5 9o O Das
i (0)= Kt or;drgor;or; N Y7

B{(0)=0,

a_ri
a2Bcff DS
arfdaf, ) _ (N:— % [(N + 1)0xi0i; — OxiOyy — 5kj5/i]

D
+ == [5k151/ + 5/(101/ + 5/(/5/1] .

V7 (7.8)

Here we have used the standard convention of summing
over the repeated indices.

We shall also define the effective spectral densities
[ES(k) = [° dtES(k,1), EP(k) = [° dtEP(k, )] of the sole-
n01dal and potentlal components, and introduce the follow-
ing ‘diffusion coefficients’:

_ J dk[(N = DE*(k) + E?(K)] .

DY = J dkKEP(k), DI = J dk K*EP (k) . (7.9)
For the sake of presentation we shall confine ourselves to
2D motion, i.e. consider equation (7.4).
As we mentioned in Section 2.3, first order PDEs of type
(2.30) are solved by the method of characteristics. Introdu-
cing characteristic rays R(7) (2.30) (‘particle trajectories’), we

D) = J dk K E* (k)

can rewrite this in the form (2.31) which in our case turns into
a differential system

SRUE) = UR D), ROE) =
L og) = - o) pl0ig) = pufe) . (1.10)

The above equations describe the Lagrangian transport of
tracer particles. When supplemented by the evolution of the
Jacobian divergence,

aU(R 1)

2 jule) = jule), j0lg) = (7.11)
they yleld the solutlon
_ Po(&)
) = 205 (7.12)

7.1 Lagrangian description
The Lagrangian indicator function

BLag(6;R, p, jI&) =3 (R(118) = R)d(p(11&) — p) 8 (j(1]& ) — j)

satisfies the Liouville equation

0 0 0
g PR 718) = | = U 0+ S

< (r- ) |ouatirop). (13)
P1as(0:Rp. ) = 506 R (pofE) ~ 9)o0 ~ ).

We shall start our analysis with such important statistics
as particle positions and density. Averaging Eqn (7.13) over
the ensemble {U} of velocity realizations gives the Fokker —
Planck equation for the one-point Lagrangian PDF

P(;R, p, jI§) = (Prag(1; R, p, JIE))(see Refs [2, 23]):
0 , 1 o
ap(lvRvpyjlg) - {iDOW

o , 9 a2 62
DY —pP——-2— ) VPR, p,

P(O;R, p, jI&) = 3(& —R)3(py(&) —p)o(j—1).

Here the initial state could be visualized as a highly
localized tracer (near the source &) of the mean specific
concentration p. Accordingly, the solution of Eqn (7.14)
could be factored into the product of three terms:

(7.14)

PR pE) = PRI P )0 (- 242 ) . (719

The first is the standard Gaussian propagator in the
variable R, for a single randomly diffusing particle initiated
at point R’ with the effective diffusivity Dy:

1@
P(t;R[R)) =exp { 2D0Z6R2 }5(R -R)
1 (R—R')?
= =) 1
2TED()lexp { 2Dyt } (7 6)
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The second factor,

2

0
P(t: j1&) = exp {Dzﬁzaj—gﬁ}aof D

1 In?(je?)
= expq —
TNzt 4 [’

describes a similar evolution of the Jacobian density (its PDF)
generated by the differential operator 8°/(972) /2 on the half-
line 0 <j < oo.

Here and henceforth we shall often use the dimensionless
time t = DA

The product form of solution (7.15) implies statistical
independence of the particle’s position R(7|§) and the
Jacobian (flow divergence) j(#|§). Furthermore, the Gaus-
sian distribution (7.16) corresponds to standard Brownian
motion with parameters

(R(12)) =& .
025(1) = ([Ralt) = &] [Ry(0) = &] ) = Dodt,

(7.17)

(7.18)

whereas the Jacobian (divergence factor) j has a log-normal
distribution,with constant mean (j(z|¢)) = 1 and exponen-
tially increasing higher moments

G"(118)) =exp{n(n— 1)}, n==+1,£2,... (7.19)
The moments of the Lagrangian density p have similar
exponential growth due to Eqn (7.12):

(p"(18)) = py(&) exp {n(n + )z} . (7.20)
So both the (Lagrangian) mean density (p) and its higher
moments increase in time. Furthermore, the joint PDF of p
and j has the form

e b _Po8)
P(z,p,fla)—Po,Aa)é(p - ) (7.21)

with the log-normal P(; j|€) of Eqn (7.17).
Integrating out variable j from Eqn (7.21), we get the PDF
of the Lagrangian density alone:

L[ (e m(E)
NG p{ I } (7.22)

The same solution could also be obtained by direct
reduction of the general Fokker —Planck equation (7.14):

P(t;pl8) =

0 . — I’a 2a .
aP(Z7P‘§)_D2 app apP(f’R7P|§)7

P(0;pl&) = 6(po(&) — p) -

Some unexpected statistical features of the tracer and
Jacobian densities, like the exponential increase of their
moments, etc., find a simple explanation in terms of the log-
normality. Thus the ‘typical realization’ of random Jacobian
density is given by an exponential curve

(7.23)

J*(1) = exp(=1). (7.24)

Furthermore, the random process j(¢|§) admits majorant
(envelope) estimates, like

i) <sexn (3.

holding for all ¢ € (0,00) with probability 1/2. As for the
tracer density it has an increasing ‘typical median’, and
admits minorant estimates from below:

00 = poe . plilg) > 2 exp (2) .

Let us notice the marked differences of Lagrangian
statistics in the compressible and incompressible cases. The
latter have j(¢|€) = 1, so the density remains constant along
(characteristic) particle trajectories p(#&) = py(&) = const.

The above results confirm our main thesis on the
dominant role of large fluctuations from the ‘typical
behavior’, that shape the essential statistics of random
processes j(¢|&) and p(#|€). As for the random ‘particle
position’ process neither case (compressible or incompressi-
ble) shows much difference.

Next we shall study the relative displacement of two
particles. The separation-function I(¢) = Ry() — Ry(¢)
obeys the dynamic evolution

d
310 =URL, 1) —URy, 1), 1(0) =Io,
and the corresponding Fokker —Planck equation
2
O p(1)= ~ DyMP(GT), PO =6(1—Ty). (7.25)

ot o alxa//;

The diffusion tensor Dy (1) = 2By (0) — Bgy/(I)] involves the
structure matrix of the vector field U(R, ) at two different
points. In general equation (7.25) has no closed form solution.

However, for a short initial displacement (relative to the
correlation radius of /[y < lor) the coefficients Dyg(I) could be
expanded in a Taylor series in I, to get the first order
approximation

O*BeN(1)

Dy(l) = —— 220 15,
1[3( ) 81/6/5 1:0,()

The corresponding diffusion tensor D,;(I) could be further

simplified using the symmetries of the problem (homogeneity

and isotropy), that are expressed through the effective
diffusion rates (7.8):

_1
-8
To get a closed form equation for the moments of /, we
substitute Eqn (7.26) into Eqn (7.25), multiply by /" and
integrate over /. This yields a simple linear evolution [2],

d

£ (1n(0) = gnln(D3 +3D9) + 203 ~ D" (1)

whose solutions grow exponentially in time for all
(n=1,2,...). Furthermore, the random process /(z)/ly has
log-normal PDF with parameters

(1) = Zoexp{%(Dzs —Df)t} .

1 y
Dys(1) = < [3D3 + DY PS5 — il DY L. (7.26)

Hence, a typical realization of the ‘particle-separation’ grows
or decreases exponentially in time, depending on the sign of
(D5 — DY). In particular, incompressible flows (D5 = 0) have
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exponentially increasing typical realizations, which means an
exponential divergence of particles at short distances and
times. This result holds as long as

1 s leor
ZDzl < ll'l <I> s

i.e. the Taylor expansion (7.26) remains valid.

At the opposite end stand pure potential velocities
(D5 =0). Here a typical realization of particle-separation
would exponentially decrease, so the particles tend to
coalesce. Such a tendency of the flow to ‘bring particles
together’ could lead to the formation of clusters — regions
of high tracer concentration interspersed within large voids.
Indeed, our conclusion is consistent with some numeric
studies (illustrated in Fig. 1b), although our model of
random velocities is different from those used in computa-
tions.

This suggests that clustering is largely insensitive to the
specifics of the model, which qualifies it as a coherent
phenomenon.

Let us remark that the °‘Eulerian clustering’ (to be
discussed in the next section) is possible even in the case
(D5 — DY) >0, as long as velocities have a potential
component.

7.2 Eulerian description

In the Eulerian form of turbulent transport we take the
indicator function @y (f,R;p) = d(p(f,R) — p), that obeys
the Liouville equation (3.11):

0 0
(5400 ) ot i)
__0U(R,7) © .
= 6712 &pdsEu]([, R, p) 5 (727)

Pru(0,R; p) = (po(R) — p) -
Then we get the PDF for the Eulerian tracer-field,

P(l, R; p) = <(pEul(17 Rvﬂ)) )

by averaging Eqn (7.27) over the ensemble, or alternatively
using Eqn (3.10), as in Refs [2, 22]. The resulting FP equation
takes the form

9—lD a—z P(t,R; )—Df’a—2 *P(1,R;p), (7.28)
ot P OaRz YRS p) = zapzp yRIP) .

P(0,R;p) = d(py(R) — p) .

The equation for moments follows directly from Eqn
(7.28):

2
(5~ 3P0age ) (7 (Ro0) = Dt = (5" R.0).
(5" (R0) = ph(R) . (729)

In particular, the mean tracer density obeys the evolution

(7.30)

2
= (pR0) =3 Do (p(R.0)

consistent with that of a single-particle PDF.

Notice however, that the ‘mean’ diffusion coefficient D
(7.14) gives only global (large-scale) characteristics of the
tracer distribution, and carries little information about the
fine (local) structure and details of realizations.

Solutions of the moment equations (7.29) are given by the
convolution with the standard Gaussian propagator,

(p"(R, 1))y = exp {n(n— 1)t} [ dR'P(; RIR")pi(R’), (7.31)

whereas the FP equation (7.28) combines the Gaussian
diffusion in variable R with ‘log-normal diffusion’ in
p € (0,00). In particular, the initial uniform density,
po(R) = p, = const, yields a log-normal PDF P(¢; p), inde-
pendent of R, along with its integrated probability distribu-

tion
2 T
R %)
F(t;p) = ¢(%) . (7.32)

The corresponding mean-field and moments grow in 7 as
(p(R.1)) =po. (p"(R,1)) = pjexp{n(n—1)}, (7.33)

whereas a typical realization falls off exponentially

p* (1) = pyexp(—1). (7.34)
This shows that the Eulerian statistics are also caused by large
fluctuations about a typical realization (7.34), and suggests
the clustering of tracer density for compressible flows.

So far we have studied the one-point PDF of the tracer
concentration p, and deduced some of its spatial-temporal
properties. There are a few other fine-scale structures of
realizations that could be gleaned from the FP equation
(7.34) and its PDF-solutions.

In Section 3.3 we mentioned some important geometric
characteristics of p related to iso-contours

p(R,?) = p = const
and the corresponding statistical means expressed through its

PDF (7.28). Examples include the mean area enclosed by
contours p(R, 7) > p, and the mean ‘enclosed mass”:

(st = |

14

(M(t.p)) = | 5dp | aR PR,

00

ap [ R P(Rp).
(7.35)

One could easily derive the closed form equations for both
quantities, and find exact solutions [2]:

(S(t,p)) = J dqu(W) 7

In(py(R)e*/p) )
2% '

At large time 7> 1 the total area of high density
concentration (above p) decreases in time according to

o (-5) Vi o

(M(1,p)) = J po(R) dR rp< (7.36)

(S(t,p)) = (7.37)

1
/RTP
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whereas the enclosed mass within the p-area,
I T
Mlap) = 21—\ [exn (=3) [ ViR ar. (.38
converges monotonically to the total mass of the system

M= JpO(R) dR.

The last result confirms our earlier conclusion regarding the
clustering of tracers in the tightly bounded regions of high
density.

Let us illustrate a few dynamic features of the clustering
process with an example of a uniformly distributed density
po(R) = py = const. In this case specific area (per unit 2D-
volume’) with concentration p(R, t) > p is equal to

(.0 = [ P37 a7 = o ML),

(7.39)
where P(¢; p) is R-independent solution of Eqn (7.28) given by
Eqn (7.32). At the same time, the specific mass (per unit ‘2D-
volume’) enclosed in such regions is

[T ap ) di — o PR/ P)
m(l,p)—poL pP(t,p)dp-@( 20\/% > (7.40)

In follows from Eqns (7.39) and (7.40) that the specific area
drops off exponentially,

-o{ )= ool 1)

whereas the tracers’ mass aggregates (almost entirely) when
T — 00:

m(t, py) = qb(‘?) ~1 f\/%exp<f£) .

Furthermore, their large-time asymptotics are independent of
the ratio p/py.

However, the evolution leading to the asymptotic clus-
tered state crucially depends on this ratio p/p,. If we take a
low ‘test-level’ p/p, < 1, which corresponds to the initial
values of specific quantities, s(0, p) = 1 and m(0, p) = 1, and
let the system evolve, we first see small regions forming, where
concentration drops below p(R, 7) < p. Initially they cover a
small area, but as time goes on those regions rapidly grow in
size, while the enclosed mass ‘leaks away’ to the outer
(clustered) regions, eventually reaching the asymptotic state
(7.41), (7.42). At some particular moment t* = In(p,/p) the
specific area drops to s(t*, p) = 1/2.

In the opposite case p/p, > 1 (high test-level p), the initial
values are s(0, p) = 0and m(0, p) = 0. Here the evolution first
creates a few cluster regions of high concentration,
p(R, 1) > p. These continue ‘sucking in’ a sizable portion of
the tracer mass, as their area contracts, but the enclosed mass
grows, and gradually passes to the same asymptotic state
(7.41), (7.42) (see Fig. 13).

As was pointed out in Section 2.3 to get further (fine scale)
geometric structure of the tracer concentration we need to
consider its gradient p(R,7) = Vp(R,?) and higher deriva-
tives. The tracer gradient evolves according to Eqn (2.36),

(7.41)

(7.42)

0.015

0.010

0.005

Figure 13. Dynamics of cluster formation for p/p, =1.5 (a), and
p/po =10 (b).

hence its indicator function

(p(lv R;p7p) = 5(/)(R, [) - p)é(p(R, Z) - p)

satisfies equation (3.18), where r has been replaced by R.
Averaging Eqn (3.18) over the velocity ensemble we get the
FP-equation for the joint PDF of the tracer concentration
and its gradient P(z,R;p,p) = (@(¢,R; p,p)). Namely,

o o o?
D? D?
vare P arap” T P gt

0 1
&P([aR7pap):|:2
—|—1DSI/:X( )+1DPEP( )+3DPE E
g 2t )T P 2opPop”

1,0
+3 D4a zp:| (lvRapvp)v
P(0,R; p,p) = (py(R) — p)d(p(R) —p) -

Here we have introduced differential operators in the
‘gradient variable’ p,

~ 62 ) o \* @& o
L'(p)=3-5p"—2-p— 2( ) =352 —

(7.43)

% op op? ap opipi P
. o a1\’ d
L(p) = apzp + 18(app) + 105p, (7.44)

which represent the contributions of the solenoidal and
potential components (superscripts s and p).

In general, equation (7.43) has no closed-form solution. In
the case of divergence-free velocities it could be reduced to
[21-23]

'p - LD | PR
~ OWJ’_g 2 (p) (7 7p7p)'

P(t,R;p,p) = 3
(7.45)

)
ot

One could show that evolution conserves the mean value of
the gradient, while the gradient’s norm has a log-normal
PDF. So a typical realization as well as higher moments grow
exponentially in time. Furthermore,

<p2(R, 1)~ piexp{D;t}.
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Besides, the average contour p(R,7) = p = const length also
grows exponentially as

(L(t,p)) = lpexp{D51} ,

starting from the initial length /y, as a consequence of Eqns
(7.45) and (3.16).

Let us remark that the divergent-free velocities conserve
the number of contours, as those cannot appear or disappear,
but only evolve in time from their initial value and distribu-
tion in space.

In the process of evolution, the initially smooth tracer
distribution acquires an increasingly complicated spatial
structure, its gradients grow and sharpen, and the contours
undergo distortion and fractalization. We have shown the
schematic view of the process in Fig. la, based on numeric
simulations for a somewhat different velocity field. Once
again we see, that the qualitative features of the process are
insensitive to the specifics of the model.

We have studied the statistics of equation (7.4) in the
Lagrangian and Eulerian formulation, and showed the
clustering of the tracer in the presence of the potential
velocity component, both on the level of particles and the
(Eulerian) fields. Alongside the dynamic equation (7.4), one is
sometimes interested in non-conservative tracer transport
(see, for instance, Ref. [47])

(§+U(R, t)%)p(n, =0, p(R,0)=pyR).

Equation (2.59) is of the same type. Since the Lagrangian
equations for particles coincide with Eqn (7.10), the clustering
occurs on the level of particles. However, continuous Eulerian
fields do not cluster here. This case is similar to a divergent-
free one in that it conserves the mean contour number, the
mean area, and the tracer mass [ dSp(R, ¢) enclosed inside the
contours p(R, #) > p.

7.3 Additional factors

So far we have studied the transport problem by random
velocities in the absence of a mean flow and molecular
diffusion. Furthermore, we have used delta-correlated
approximations in time for the random velocities. While
such simplifications are justifiable under certain conditions,
those missing factors should be taken into account at some
stage, as should spatial-temporal scales. Their incorporation
brings about some new features and physical effects. In this
section we shall briefly outline a few examples that include an
additional factor for divergent-free velocities.

7.3.1 Linear shear flow. We shall consider velocity profiles
that combine a linear (horizontal) shear

vy=oay, v,=0

with the random component [23]. In this case equation (7.45)
is transformed into

2

0 0o 1 0
—P(t,R;p,p) = | —ay—+=Do— | P(1,R;
at ([a apﬂp) [ ayax+2 06R2:| (l’ 7pap)

o 1 [, , o \* .0
*{“”%*#’2%" ”(ap) ”a*ppﬂ

x P(t,R;p,p). (7.46)

To derive the first and second moments of p we observe that
the ensemble means (p;), (p;p;), etc. are computed from the
one-point PDF (7.46) by integrating out variables p, p. Here
the mean gradient is no longer conserved, but solves the
equation without the fluctuating velocity component, hence

<px(t)> = px(()) ) <p}'(l)> = py(o) - Ocpx(())lﬂ

The second moments of gradient satisfy the following
differential system:

507 = DI~ 2ppy),
L) = =3 D) — )

d, 5 350 15
) =3 D3N — 5 ). (747)
A linear ODE system (7.47) has exponential eigenmode
solutions exp{A¢} with eigenvalues A determined by the
characteristic equation

A L3,
(), + 51)3) (A—D3) = 5121)5 , (7.48)
whose roots strongly depend on the parameter o/ D5.
For small a/Dj <1, the roots of Eqn (7.48) are

approximately equal to

202 | |
3—D§, /12:—§D‘z+l‘06|7 ),3 :—EDQ—I|O(|.

A= D; +
Hence, on the time scale D5t > 2 the solutions are completely
determined by random factors. This means that the effects of
fluctuating velocity components dominate the effect of a
weak linear shear.

At the other extreme, o/D5 < 1, equation (7.48) has the
approximate roots

« 3 1/3 3 NE 2
A= (§a2D25> , A= <§a20§) exp {1§n},
1 3 N 2

Iy = (§a2D§> exp{—lgn}.

Since 4, and 43 have negative real parts, we get an asymptotic
solution to Eqn (7.47) of the form

W) ~ew{ (ens) )

valid on time scales (3/2 azDg)mt > 1. It shows that even
small velocity fluctuations become significant for a large
shear gradient.

7.3.2 Molecular diffusivity. As we mentioned earlier, random
velocity fluctuations cause the initially smooth tracer density
to develop small scale structures with steepening gradients. In
a real physical situation the molecular diffusion flux would
tend to smooth out small scales, so the above pure ‘transport-
dynamics’ could last only for a limited time.

From the mathematical standpoint molecular diffusion
would turn the problem into a second order stochastic partial
differential equation (2.37), whose one-point PDFs have no
closed-form FP equation.
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Here we shall confine ourselves to estimating the time
scale of the initial (‘explosive’) phase, and follow the
exposition of [23].

To this end we consider powers p"(R, ), n =1,2,... that
obey a nonclosed system of equations that follow from Eqn
(2.37):

0 0 n _ n
(&+ﬁU(R7t)>p (Ra[) - AAP (R7 Z)_

—xn(n—1)p" (R, 1)p*(R, 1) .

The ensemble average over random velocities yields (non-
closed) equations for statistical moments:

%@"(R, 1) = (%Do + %)A(p”(R, 0))—

—sn(n—1){(p" (R, )p*(R, 1)) . (7.49)

Assuming x € Dy we could write Eqn (7.49) in the integral
form

2

(o) = exp { 5 Dot b

t 1 62
—un(n—1)| d =Do(t — 1) —
xn(n—1) L Texp { 3 o(t — 1) e }

X <p"72(R, r)pz(R, 1:)> .

To estimate the last term of Eqn (7.50) we exploit the FP
equation (7.45) derived for zero molecular diffusivity. As a
result we get an (approximate) closed-form equation for the

moments {p"~2p?), whose solution is

(7.50)

2
</)”_2(R7 t)pz(R, [)> =exp {Dél + lDola_ }08_2 (R)p(z)(R) .

277 0R?
(7.51)

Substitution of Eqn (7.51) into Eqn (7.50) yields the
conditions where the last term on the RHS of Eqn (7.50)
gives a negligible contribution to the evolution of (p"), and
could be dropped. They impose certain constraints on the
spatial scale Ry of the initial tracer concentration p,, and the
time range. Namely, [23]

s R2

D;R
D3Ry > xn(n—1), Djt < In—=222.
xn

More detailed analysis could be given in special cases, e.g.
for constant mean gradient of p, see Ref. [55] This case
corresponds to solving equations (2.29), (2.37) with the

initial data
po(R) =GR, py(R)=G.

As above we shall confine ourselves to the 2D case. Breaking
p into its mean and fluctuating components,

p(R,1) = GR+ p(R, 1),
we get the equation for p(R, 7):

(% + %U(R7 t))f)(R, 1) = —=GU(R, 1) + »Ap(R, 1),

P(R,0)=0. (7.52)

Unlike the previous problems, this one has a stationary
(limiting) probability distribution as ¢ — oo, both for the
tracer and its gradient. Lately this problem has drawn
considerable attention both from the theoretical and experi-
mental standpoint, see papers [56—62]. Their authors have
used computer simulations and phenomenology to derive
among other things the ‘long exponential tails’ of the
‘gradient’s PDF’, while paper [62] showed a ‘slowly decaying
tail’ for p itself in its limiting (stationary) state.

Coming back to Eqn (7.52) let us notice that the variance
of the gradient fluctuations p(R, #) = Vp(R, ¢) satisfies

2
lim (P2(R, 1)) = 20&°

t—00 2%

(7.53)

whereas the variance of the tracer concentration is given by

Di’(’“;z (P(R, f)>} . (7.54)

(P*(R, 1)) = DyG? J; dr{l -

Formulae (7.53), (7.54) allow one to estimate the relaxation
time (to a stationary regime),

D0+2%:|

D;To Nll’l|:

as well as the variance of the stationary (limiting) state:

Do + 2%
2 '

. Do 2
/11:1010 (p°(R, 1)) NEG In [

2

Here the coefficients Dy ~ a2ty and Dy/D; ~ [} are expressed
through statistics of random velocities, namely its variance —
oﬁ, and spatial and temporal correlation radii, 7y and ;. So we
get the relaxation time T logarithmically dependent on the
molecular diffusivity x. As for the stationary variance of p we
get an estimate

2
1
(p*) ~ G*21n {%] at x < a’ty,

provided % < a2ty.

7.3.3 Velocity fluctuations with finite temporal correlation.
One way to account for the finite temporal correlation radius
was mentioned in Section 4.1, based on the diffusion
approximation method. This method still requires some
constraints on the correlation radius, though less restrictive
than the ‘delta-correlated’ ones. One could also discover some
new physical phenomena, due to the finiteness of temporal
correlations. These would be illustrated by two problems:
sedimentation [23, 63], and the floating tracer on a random
surface z(R,r) with statistically independent ‘driving velo-
cities’.

The first problem has manifestly anisotropic diffusion
tensor relative to the sedimentation direction. We shall denote
the sedimentation velocity by v, and assume its fluctuating
component to have the energy spectrum

E(k,t) = E(k) exp{ —L—i}'} ,

falling off exponentially in time with the correlation radius 7.
The limiting diffusion tensor, as ¢t — oo, was computed in
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Refs [23, 63],

Djj(v) = %J dk E(k)A(k)? 1

k14 p2(kv)?/ (K02)
Ajj(k) = (5;1' - k,;f’) ,

where cos 0 = kv/(kv) and

)

kvt
P =

After we project tensor Dj(v) onto the vertical (sedimenta-
tion) direction marked by ||, and the transverse (perpendi-
cular) plane L, the corresponding diffusion rates

D) = 4| "k k. 0).

D) =" Jm kdkE(K)f L (k, v)

v Jo

may be expressed through the pair of functions
. 1/1
fi(k,v) = | arctan(p) +; ;arctan(p) -1,

fiLlk,v) = {arctan(p) 7117 <%arctan(p) - 1)} .

For small values p (i.e. when v < [y/79, where /y is the
correlation length of the velocity field) both functions f} (k, v)
and f (k,v) approach values close to 2p/3, corresponding to
isotropic diffusion unaffected by the sedimentation drift v.
For large values of p (vtg > ) the strong anisotropy shows
up f (k,v) = 2f1 (k,v) = n/2. Let us stress that the resulting
anisotropy is due to the nonvanishing radius of temporal
velocity correlations, and would disappear in the delta-
correlated case.

Let us turn to the second problem. Here the basic
transport equation (7.4) has to be modified to include an
additional random parameter z:

%p(R”) +£{U1(R, Z(R,t);t)p(R,t)} =0,

OR,
R={xy}. (7.55)

We normalise the total mass:

J dRp(R, 1) = 1.

First we shall average over random velocities U(R, z; ¢)
and use the diffusion approximation. This yields the FP
equation for the mean concentration,

0 62 !

X [ dk.E,p(k% + kZ,t —t')exp {ik-Z(R, 1,1") }R(R, 1)

t 00
sl J dkLJ dt’J k.dk.E,z(k% + k2,1 —1)
aRa 0 —00 B

< exp {ik.zR, 1, 1)) B g ),

o (7.56)

where the velocity spectral tensor E,z is a function of the
horizontal and vertical wave-vectors,

kisk

RS

while
ZR,1,t") =z(R,1) — z(R, 1), R(R, 1) = (p(R,1)),

measures surface variation at different times ¢, 7. We view
Eqn (7.3) as a stochastic equation in the random parameter
Z(R,t,t").

The surface elevation z is assumed to be a Gaussian field
with the following mean and correlation functions:

(z(R,0)) =0, (z(R,t)z(R',t")) =B.(R—R',1—1").
Introducing the new function
F(R;t,{;k.) = exp {k2D.(t — t') +ik-Z(R, 1,t') }R(R, 1) ,
R(R,1)=exp{— kZD.(t —t')— ik.-Z(R,t,t") } FR; 1,13 k.) ,

where D.(t) = B.(0,0) — B.(0, t), we rewrite the FP equation
(7.3) in the following the form:

0 62 t 00
J— = - ! -
atiR(R, 1) 3R, R, L dr J dkLJ dk,

x E,p(kl + k2,1 —t")exp{ —kID-(t—1")}

—00

a t {o.¢]
x F(R;t,t"; k) —1i J dz’[dk J k. dk,
( ) oR, Jo e

—00

x Eup(k + k2,1 —t")exp {ik-Z(R, 1,1")} wm(Rv 7).
B
(7.57)

The field R(R,¢) is a functional of the random surface
elevation,

R(R, 1) = R[R,;2(R,7)],

and the mean value of the functional F(R;¢,¢';k.) over the
random field z(R, 7) is computed via
(FR;t,1"5k.))_ = <exp {kID.(t—1')

+ikZ(R,1,7)}R(R, t)> = <sn R, ;2(R, %)
+ik.{B-(R—R%—1)— B.(R—R,%— t’)}]> .

z

So it depends on the mean density subjected to a ‘functional
shift’.
We are interested in the dispersion tensor

Zup(t) = <JRaR,;‘.R(R, )dR) .
which is equal to 1/26?(#)3, due to isotropy. It is connected
with the mean value (R(R, ?)).

To this end we need to average equation (7.57). Dropping
c* and other terms of higher order, one could get the
following expression for the diffusion coefficient:

t 00
D() =5,0°() = 2J dfj dkLJ dk.E,, (K2 + K2, 7)

0 —00

xexp{ — ka:(t)} J dR(F(R; 1,1 — 1;k:))._ .



194 V I Klyatskin, D Gurarie

Physics— Uspekhi 42 (2)

Thus the surface elevation has a double effect on the tracer
diffusion. On the one hand it changes the effective (random)
velocity spectrum, on the other hand it transforms the tracer
density. Both effects are due to the nonvanishing temporal
correlation radius. As for the delta-correlated case the tracer
statistics become independent of the surface elevation and
have the same form as for the tracer in an ideal fluid flow.

8. Caustic structure of wave-fields in random
inhomogeneous media

We have studied wave propagation in random media in
Section 2.4 using a parabolic approximation (2.38). From
the mathematical stand-point this problem is similar to the
passive tracer diffusion by potential velocity fields. We have
discovered a fundamental property of potential flows — the
clustering of tracers. For wave problems, clustering (of wave
intensity) shows up as caustic structures brought about by
random focusing and defocusing of wave fields by the
media.

The basic techniques of the delta-correlated approxima-
tion, used in the previous section for the statistical analysis of
‘cluster structures’, is not applicable anymore. Indeed, the
longitudinal correlation-radius (in the beam-direction) for
the beam phase is now comparable to the beam track [5, 40,
41]. So the dynamic equation (2.39) for the wave intensity has
little practical value for the analysis of random media.

However, the one-point PDF of the wave intensity,
derived from Eqn (2.38), allows one to adopt some ideas of
the statistical topography [24]. In this regard let us mention
the pioneering papers [64, 65] (see also Ref. [66]), that applied
the theory of large deviations to the analysis of wave
propagation in turbulent media.

We consider an iso-contour /(x,R) = I = const of con-
stant intensity in the fixed cross-sectional plane x = const,
and its singular indicator

®(x,R; 1) = 6(I(x,R) — ) (8.1)

as a ‘functional of the media’. The ensemble-mean of Eqn
(8.1) defines the one-point PDF

P(x,R; 1) = (@(x,R; 1)) = (5(I(x,R) — I). (8.2)

Other quantities could be expressed through Eqn (8.2), like
the mean area of domains with I(x,R) > 1,

(S(x, 1)) = J dTJ dR P(x,R:T), (8.3)
I
and their mean field power
(E(x,1)) = J 7d7J dR P(x,R; 1). (8.4)
I

Further information on the field intensity and its fine
structure could be derived from the cross-sectional gradient
p(x,R) = VgI(x,R). For instance,

(L(x,1)) = J dRJ dp|p(x,R)|P(x,R; I,p), (8.5)

where

P(x,R;I,p) = (6(1(x,R) — ) (p(x,R) — p))

is the joint PDF of I(x, R) and p(x, R), gives the mean contour
length at level I(x, R) = I = const.

The higher (second) derivatives of I with the
formula

(N(x,)) = (Nin(x,1)) — (Now(x, 1))

_1
T 2n

aid of

[ aR et Re i RIS (105, R) - 1)) (56)

would yield an estimate (modulo non-closed contours) of the
mean number of closed contours at level . Here Ni, (x, I) and
Nout(x, 1) count contours with inward- and outward-looking
gradient p, (i.e. ‘mountain peaks’ and closed ‘valleys’ of
topography /(x, R), truncated at the level /), and x designates
the curvature of the contour:

0%1(x,R) 0*1(x,R)
N . _ _ 2 ] _ 2 I
%(x, R; 1) Py, R) ==~ p:(x, R) 7
I(x,R)] _
T 2,00 R)p- (e, R) SR s gy 89)

0y 0z

Here and henceforth we shall consider a plane incident
wave, whose one-point PDFs will be independent of R due to
the (transverse) spatial homogeneity. Thus the statistical
averages (8.3)—(8.7) could be viewed as specific (per unit
area) values of the relevant quantities.

The natural length scale in the cross-sectional plane
x = const independent of the media is the size of the first
Fresnel zone, L/(x) = /x/k, that measures the light-shadow
diffraction region of a non-transparent screen (see for
instance, Refs [40, 41]).

Then the mean specific values of the contour lengths and
the number of contours are given by the following dimension-
less expressions:

(Ix, ) = Ly(x)(Ip(x, R)[6(I(x,R) = 1)), (8.8)
(n(x, D)) :%L}(x)@(x, R: 1)[p(x, R)[3(I(x,R)— I)). (8.9)

In fact, formula (8.9) gives the mean excess of contours
with the opposite orientation of normal vectors within the
first Fresnel zone.

As above we assume the random field &(x,R) to be
Gaussian, homogeneous, and isotropic with the correlation
and spectral functions

By (x1 — x2,R; — Ry) = (&(x1,Ry)e(x2,Ry))

- j dqxj 449, (g, q) exp {igs(x1 — x2)

+iq(R; —R2)},

l) J dxj dRB;(x,R) exp{—ig,x — iqR} .

(8.10)

The x-axis can be roughly divided into three regions,
depending on the properties of the field intensity:

— the region of weak (intensity) fluctuations;

— the region of strong focusing;

— the region of strong fluctuations.
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8.1 Region of weak fluctuations

In the region of weak fluctuations the statistics of intensity are
well described by the method of smooth perturbations. Here
the amplitude

1%, R) = 5In(x,R)

is described by a perturbation series and can be viewed as a
Gaussian random field. In this case the mean and the variance
of the amplitude level are related:

(x(x,R) = fai(x).

Let us introduce an important parameter, called the
scintillation index (see, for instance, Refs [40, 41]):
Bo(x) = 40§(x). For small ;(x) < 1 the variance

o7(x) = (I*(x,R)) = 1 = fy(x)

of the wave intensity is approximated by f, so the intensity is
a log-normal random process with the one-point PDF

P(x;1) In* (Ieﬁﬂ(“‘)/z)} :

(8.11)

1 1
i 21y (x) P {  2B(x)

The region of weak fluctuations refers to fi,(x) < 1. Here
the typical realization of the log-normal process (8.11) falls
off exponentially,

r) =exp{ - 3o

and the essential statistics (like moments (/”(x,R))) are
formed by large deviations of I(x,R) about /*(x). Further-
more, the random process /(x) admits the majorant estimates,
for instance, half of all realizations (probability 1/2) obey the
inequality

I(x) < 4exp{ - %ﬁo(x)}

at any distance x along the beam. This clearly suggest the
onset of ‘clustering’ of the wave intensity.

The knowledge of PDF (8.11) yields some quantitative
characteristics of the ‘cluster structure’, such as the specific
mean area (s(x, I)) and specific mean power (e(x, I)) enclosed
in domains with /(x,R) > I, see Ref. [24].

The evolving cluster-structure follows the changing
scintillation index f,(x), and depends strongly on the level I.
In the most interesting (high intensity) case 7> 1 we
have(s(0,1)) = 0, (e(0,1)) = 0 at the initial plane. As f,(x)
grows, small cluster regions of high intensity, /(x,R) > 1, are
formed that persist over certain distances and rapidly absorb
a significant fraction of the wave power. Further down the
path, their area contracts, as ff,(x) increases, but the entrailed
power keeps growing, creating bright spots within dark
regions. So one observes the effect of random focusing of
radiation by inhomogeneous patches of the media.

In the region of weak fluctuations the gradient of the
amplitude level Vgy(x,R) is statistically independent of
7 (x,R) itself. This allows one to compute the specific mean
contour length at levels /(x,R) =1, and to estimate the
specific mean number of contours. Indeed, in the region of
weak fluctuations the gradient q(x,R) = Vgy(x,R) has a
Gaussian PDF, and one has [24]

(I(x, D)) = 2L(x){|q(x, R)[)IP(x, 1)

= Ly(x)y/mo3(x) IP(x, 1), (8.12)
(n(x,1)) = —%L_%(x) (q*(x, R)>I§IIP(x, I

_ L Meq) ey i

= ) In (Ie JIP(x,1). (8.13)

Let us observe that formula (8.13) turns to zero for the
typical realization I = Iy(x) = exp{—p,(x)/2}. This means
that the ‘typical intensity’ has statistically equal numbers of
contours I(x,R) =1, with different orientations (bright
‘peaks’ and dark ‘valleys’).

The above discussion was based on the fundamental
parameter f3,(x) determined by the medium.

If one assumes delta-correlated refraction ¢(x, R) in x, the
correlation function (8.10) is approximately given by

B.(x,R) =0(x)4(R), A(R)= J dx B;(x,R).

(see, for instance, Refs [5, 40, 41]).

In turbulent media [5, 40, 41] one could compute f;(x) in
terms of the 3D spectral function @.(0,q) = ®.(q) of the
planar wave-vector q,

folo) =402 =26 | dagota)

k . (¢
X |:1 —%Sln <EA):| ,

provided the turbulence ‘fills in” the entire space. If the
random inhomogeneous &(x, R) is concentrated in a narrow
band Ax < x (random phase screen), then

(8.14)

Bo(x) = 4a§(x) = 2*m Ax J:O dqg q®.(q) %

|1 cos (‘%)] .

The dielectric permeability ¢ in Eqns (8.14), (8.15) has a
spectral function

2
_ q
@i(q) = ACq " exp{ - (72)}

with 4 = 0.033, coefficient C2 depending on the ambient flow
parameters, and the turbulence microscale wavenumber ,,.

Assuming a large value of the so-called wave parameter
D(x) = %% x/k > 1, we derive the following scaling law for
Bo(x) in two cases:

(8.15)

Bo(x) = 0.307C2k7/0x1/° (Ax = x),

Bo(x) = 0.563C2k"/6x>Ax  (Ax < x). (8.16)

Hence follows the variance of the amplitude level-
gradient:

k2n2x OO k q2
200y — 3 _x (4
a,(x) = 3 Jo dgq’@.(q) {1 o sin ( 3 xﬂ

1.476
5

DYVO(x)By(x) .
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Finally, one could find the dependence of the mean
(specific) length and contour-number (/(x,1)), (n(x,I)),
Eqns (8.12) and (8.13), on the parameters f,(x)and D(x).
Their dependence on the turbulent microscale indicates the
presence of small ripples superimposed on the large-scale
random landscape of intensity. The ripples do not affect the
distribution of high concentration areas and the wave-power
within them, but they could bring about the roughening and
fragmentation of iso-contours.

As we mentioned earlier, the above description holds for
small scintillation values f,(x) < 1. As fy(x) grows larger
(with x), the method of smooth perturbations ceases to work,
and one has to deal with the fully nonlinear ‘complex phase’
equation. This region of strong focusing poses the difficult
analytic problem, and we won’t discuss it here.

The further growth of f,(x), e.g. fy(x) = 10, would take
one into the region of strong intensity fluctuations, where the
statistics of intensity saturate.

8.2 Strong intensity fluctuations
In the region of strong fluctuations the intensity PDF may be
approximated by

1 o0
P = T ¢
ol (Inz— (B(x) - 1)/4)*
X € p{ 1 B —1 }, (8.17)

(see, for instance, Refs [24, 67, 68]), with a different
scintillation index f(x) = (I*(x)) — 1.

In turbulent media, either continuous or localized within
the phase screen, one finds

Bx) = 1+0.8618,7°(x) (Ax=x),

Bx) = 1+0.4298,"°(x) (Ax <x), (8.18)

(see, for instance, Ref. [5]), with f,(x) given by Eqn (8.16).

Let us note the gradual ‘slide down’ of ff(x) along with the
increase of f3;(x) . Indeed, the long-distance limit f3,(x) — oo
yields f(x) = 1, while the moderate value f,(x) =1 corre-
sponds to ff(x) = 1.861.

Let us also remark that PDF (8.17) is not applicable in the
narrow vicinity of I~ 0: the larger f,(x), the smaller the
window about 0. This has to do with infinitely large values of
the ‘negative’ moments 1/I(x,R), that follow from Eqn
(8.17). However, the finite values of f(x), no mater how
large, give finite moments (/”(x,R)), hence the vanishing
probability of 7 = 0, P(x,0) = 0. The existence of the narrow
band near I ~ 0 has no effect on the behavior of ‘positive’
moments (/"(x,R)) at large f,(x).

The asymptotic formulae (8.17) and (8.18) describe a
transition into the region of saturated intensity fluctuations,
f(x) — 1. In this region the mean specific area of high
intensity /(x,R) > I, and the specific power enclosed, are
given by

P =c", (s(D)y=c¢", (e(D))=T+1)e". (8.19)
Hence the fraction of the mean area and the mean power
depend only on the level /. For large I, these fractions are
insignificant.

The exponential distribution of PDF (8.19) implies that
the complex random field u(x, R) is Gaussian. Furthermore,

the gradient of the cross-sectional amplitude is statistically
independent of the wave field intensity, and is also Gaussian
[24]. Besides, it has no statistical dependence on the second
derivatives of intensity in cross-variables. In this case, one
could compute the mean specific contour length and the
contour number explicitly,

(I(x,D)) = Ly(x) 21‘[0’&()6)]671,

2L2(x)a(x
(n(x, D)) :M <I—%>e’[, (8.20)
where
1,476 _,
aq(x) = Li” 15(x) By (x) - (8.21)

Let us remark that formula (8.20) does not apply in the
narrow vicinity of zero intensity /= 0. For the latter we
expect (n(x,0)) = 0.

Formula (8.20) shows the mean contour length and
contour number continue to grow with f;(x), though the
total contour-area and the power enclosed therein, remain
constant. Such a process leads to increasing roughness and
fragmentation of iso-contours. The explanation lies in the
dominant role played by the interference of partial waves
coming from various directions.

The dynamics of iso-contours depend strongly on the
balance between focusing and defocusing of radiation by
different patches of turbulent media [69]. The focusing by
large scale inhomogeneities results in high intensity peaks on
the random landscape of . In the regime of maximal focusing
Bo(x) ~ 1 about half of the total power is concentrated in
such high narrow peaks. As fy(x) increases further the
defocusing prevails, which tends to smooth out high peaks
and create highly fragmented (interferential) landscape with
large number of small peaks near 7 ~ 1.

Besides the scintillation parameter fy(x) the mean
contour length and the number of contours depend on the
wave parameter D(x), hence both would grow as the micro-
scale of inhomogeneities goes down. This process reflects the
superposition of the large scale intensity landscape with small
ripples, due to wave scattering on small scale inhomogene-
ities.

In this section we have attempted to give a qualitative
explanation of the cluster (caustic) structure of the wave field
in the cross-sectional plane, for an incident plane wave in a
turbulent medium, and to quantify and estimate some of its
statistical topography. In general, such problems have many
parameters. However, when confined to a fixed cross-section,
the solution is described by a single parameter , — the
variance of the intensity-level in the region of weak fluctua-
tions.

We have analyzed two extreme asymptotic cases, that
correspond to the weak and strong (saturated) fluctuations of
intensity. We should remark that the above asymptotic
formulae could apply only certain limits depending on the
intensity level I. As I goes down the applicability range of
these formulae should extend.

The most interesting case from the standpoint of applica-
tions involves the region of developed caustic structure. A
detailed analysis would require knowledge of the joint PDFs
of I'and cross-sectional gradients at arbitrary distances along
the beam. Such an analysis could be done either using
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approximate methods for all possible values of essential
parameters [61], or using numeric simulation as in papers
[44, 45].

9. Conclusions

We conclude with some general ‘philosophical’ comments,
that follow from our work.

— For many dynamical systems statistical (mean) char-
acteristics show little resemblance to individual realizations,
and sometimes gives contradictory results. For such systems
the traditional ‘moment-based’ description carries little
information. Instead they require a statistical description in
terms of PDFs (at least ‘single-point’ or ‘single-level’).

— However, such stochastic dynamics could often exhibit
some statistically coherent physical phenomena, that occur
with probability one, i.e. for almost all realizations of the
process. One could suspect coherent phenomena to be
abundant in nature, as they appear in the most simple
systems described by ordinary differential equations like
(2.1). No other physical model would beat it for simplicity!
The basic statistical model for positive-valued parameters of
coherent processes is furnished by the log-normal process.

— Coherent phenomena are largely independent of the
specific model of fluctuating parameters. In some cases they
allow a complete characterization in terms of single-point (in
space-time) PDFs of the process, which could be deduced by
the method of statistical topography. Of course, certain
parameters of a particular phenomenon (like the character-
istic time and space scales for clustering) could depend on the
specific random model.

— Coherent phenomena could be particularly relevant to
physical problems where the ‘ensemble means’ (and ‘ensem-
bles’ themselves) are not available, and the experimentalist
most often has to deal with specific realizations. This applies,
in particular to the physics of the atmosphere and ocean.
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