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A technique is developed for calculating brightness fluctuations of the solar radiation outgoing
from the sea depth through the rough surface. The technique is based on a locally parabolic model of the
air /water interface. The dependences of the variance, variation and correlation coefficients of the
backscatter on the wind velocity, solar zenith angle, and optical radiation wavelength are studied.

The study of fluctuation characteristics of the
natural light outgoing from the sea depth through the
rough surface is of special interest in connection with
the problems of obtaining and interpretation of shelf
images, remote diagnostics of roughness, and real-time
estimation of the optical characteristics of the sea
water.

In the theoretical aspect, the problem of
determining statistical characteristics of the radiation
outgoing from the sea is a rather complicated task
because of its multifactor character — the backscattered
signal (BSS) received by an observation system (OS) is
affected by the randomly rough air/water interface,
the scattering medium, the limited spatial and angular
dimensions of an OS photodetector, and by the
geometry of illumination and sighting. The need to take
into account correlation effects arising at double
passage of the radiation through the same areas of a
randomly rough air/water interface leads to particular
difficulties. These effects manifest themselves clearly
already in studying the first BSS statistical moment.!2
The specific features of their manifestation in the
higher BSS moments are not sufficiently studied yet. In
Refs. 3 and 4, the problem of determination of the
spatial spectrum and the spatial correlation function for
the brightness of solar radiation outgoing from the sea
depth is solved within the framework of the
approximation linear with respect to the wave tilts.
However, this approximation is valid only under
conditions of low scattering at the air/water interface
as compared with the scattering in the water medium
and therefore it cannot be accepted as absolutely
adequate.

This work was aimed at developing the technique
for calculating the variance of brightness fluctuations
of the radiation outgoing from the sea depth based on a
locally parabolic model of the rough air/water
interface (without the use of linear approximation) and
at the study of the dependence of the wvariation
coefficient and of the spectral correlation function on
the characteristics of sounding path within the
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framework of the ray-optics approximation in
photometric terms. The air /water interface is assumed
random and obeying Gaussian statistics.

1. Formulation of the problem.
Initial equations

The light source (the Sun) with the angular
directional pattern Dy () illuminates a rough sea
surface at an incidence angle 04 (Fig. 1). The radiation
penetrating into the water through the surface is
scattered and partly absorbed in the water depth. A
part of the scattered radiation comes back into the
atmosphere and is recorded by a photodetector of the
observation system with the receiving directional
pattern D.(ry, Q7). Hereinafter the vector Q; denotes
the projection of the unit vector Q(i) onto the plane
z = const, r; are the coordinates of points at the plane
z = const. Nadir sensing of the sea is assumed.
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Fig. 1. Observation geometry.
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The equation for power of the light signal coming
from the sea depth (integral BSS) can be written as
follows:

P;= [ Py(h)dn, (1)
0

where P4 dh is the power of the backscattered signal
from an elementary layer with the thickness d/ from
the depth % (the power of the differential BSS).

The equation for P4 was derived in Ref. 5 devoted
to the study of fluctuations of the lidar BSS as applied
to sensing system with an artificial light source:

Bpg
Pa(h) =—= f f E((rs, DE(r3, h)drs,  (2)
where
Es,r(er /’l) =

=f f Ds,r(rb Q1)€s,r(r1 —> rs, Q1, h)dr1dQ1,

—o0

€5, (9)=

0
= f f Ga(r1 —> Iy, Q1 —> Q12)Gin(Q12 —> Q2, 1‘2) X
—00

X ew(rQ — I3, Qz, /’l)dl‘deudQZ

B is the source brightness, G, is the Green’s function
of the equation of radiative transfer in the atmosphere
that determines the brightness of the light field at the
point ry in the direction Qg5 at medium illumination by
a point unidirectional source of a unit power located at
the point ry and emitting in the direction Q¢; Gy, is the
Green’s function of the interface surface that describes
deformation of the brightness body as the radiation
passes through the rough air/water interface; e, is the
distribution of illumination from a point unidirectional
source in the water medium at the depth %; m is the
refractive index of water; pyq=0,/4, o, is the
scattering coefficient of an elementary water volume at
the angle of 180°.

Let us modify this equation to meet the conditions
of our problem. For the light source (infinitely large in
our case) that illuminates the water surface at some
angle, we can write

Gy(e) = 8(ry — 11 — QH /v9) 8(Qq — Qy),
Gin(®) = m?3[Qqy — mQy + Aq(ry)];
ey (0) = ey (r3 — 1y — 1Qy, D), &)

A ’ 2
Ag = myps — ¥s, I= h/YOS’ ys = N1 - Q;,
Yos = N1 — (Q/m)2, o = sinbg;

q is the gradient vector of tilts of the rough water
surface.
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For the OS photodetector sighting the water
surface along the normal to its mean level, similar
equations take the form:

G,(0) = 8(ry — 11 — HQD(Q) — Qpy),
Gin(.) = m26[Q12 - T’I’lQQ + Arq(rQ)]; (4)
ew(®) = ey (r3—1y — hQy, h), A, =m — 1.

It turns out to be practically impossible to analyze
statistical characteristics of the integral BSS (1) in the
general form with the use of Egs. (2)—(4) because of
the presence of high-order integrals. To overcome
(although partly) these difficulties, consider a
simplified locally parabolic model of the interface.
Assume that the function of interface tilts in some

circular region M,(ry) larger than the OS resolution
element is described by the following equation:

q(ry) = qq + pry. (5)

It describes a spherical lens (with the curvature p)
located at the sea surface at an angle qq to the horizon.
The interface beyond the region M, is described by a
random function q(ry).

With the use of Egs. (2)-(5) the equations for
E; , take the following form:

Es(rg, h) = E1(I‘3, ]’l) + Ez(l’g, h), (6)

where

r !
E((e) = )2 Lf Fs(k Z) Fylk(1 + agp)] x

x Fy(k, 1) exp[ik(rs — a.qq)] dk,

1 !
Ex(®) = 53 i Fs(k Z) [1 = My(rp)] x
x Fy(k, ) exp{ik[r3 — ry — a,q(ry) ]} dkdr,,

Er(rg, h) =

= (2102 ff F k(1 + a,p), KH(1 + o + a,p)] x

x Fy(k, 1) exp [ik(r3 — a,qq)]dk; @)

the functions Fg, F,, Fy, and F, are the Fourier
transforms of the functions Dy, D, M, and ey;

qV
as= A/ m, a,=A.h/m, o=h/(mH).
Upon substitution of Egs. (6) and (7) into
Eq. (2), we obtain

Py(h) = Pi(h) + Py(h), €))
where
Bpa 1~ !
P = oy IS Fs(k Z)Fr(k&r, kHn,) x

x Fo (k&) F(k, DF(k, 1) explia, — akqol dk, (9)
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Bpa 1t !
P =200 Gy JS (k5 e, K

x [1 = My (0)] Fy(k, DF(k, h) exp (ia, kqq)x
x exp{—ik[r + a,q(r)]} dkdr, 10)

Esr = 1+ dsyP; Mr = 1+ oa+ap.

2. Models of the source, receiver, and
scattering medium

For the below consideration, we should concretize
the transfer functions of the light source, OS
photodetector, and scattering in the water depth.
Through approximation of the source and receiver
directional patterns by Gaussian functions, we obtain

F(0) = Aexp(—Aw? /4m), (11)
F.(k, ®) = Z,Aexp[—(Z,k2 + A0?) /4r],  (12)

where X, is the area of the receiving aperture; A, is the
solid angle of emission and reception.

As the optical transfer function of the scattering
medium, we use the Fourier transform of illumination
distribution in a medium with strongly anisotropic
scattering that corresponds to the automodel solution of
the radiative transfer equation:

2
Fo(k, h) =Y. Ci(h) exp[—g;(Wk2/4n],  (13)
=1

where C; = exp(—¢h) is the amplitude of the nonscattered
radiation component, ge=c+x; Cy=exp(-xh) / coshg—
—exp(—¢h) is the amplitude of the scattered radiation
component; g1=0; go = 4mn(c —tanhg) / {xK2Q,[1 -
— coshcexp(—ch)]} is the cross section of a narrow light
beam at the distance % from the source, ¢ =0, Q.kh,

Qw='\’20? /%, o is the scattering coefficient of

water; k is the absorption coefficient; 7 is the

variance of the scattering phase function.
The region occupied by the lens on the water
surface is described by the function

M (r) = exp(-np?/S,), (14)

where Sq=np,2], pg is the characteristic correlation
length of surface tilts.

3. Equations for the BSS moments

Before deriving the equations describing the first
and the second statistical moments of the BSS power,
let us accept some simplifying assumptions. As is seen
from Egs. (9) and (10), they include two random
parameters: p and qg, as well as the random function
q(r). Assume, first, that all these parameters and the
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function do not correlate with each other. Second,
assume that the function q(r) has a §-correlated
character (this means that the interface beyond the lens
region has small-scale irregularities). Besides, we
assume, in what follows, the Gaussian character of the
function of probability distribution of tilts (with the
variance (5,2,) and curvatures (with the variance cs]%),

Let us show that if these conditions are fulfilled,
the equations for calculation of the first and second
BSS statistical moments are rather simple and, what is
also important, physically illustrative.

After substituting Egs. (9) and (10), with the
allowance for Egs. (11)-(14), into Eq. (8) and
statistically averaging over realizations of lens tilts (the
integral over tilts qo can be calculated analytically), we
obtain the equation for the first BSS statistical
moment:

B, = J Batydn, (15)
0

where

Py(h) = Py(h) + Py(h),

2 2 S
Py(h) =42, Y, CiCj<Q_jj>y

i=1 j=1

2 2 S(
Py =4 Y cicj@ - <T—; >);
=1 j=1 !

A = BAS A pq/ (mm?);

the angular brackets ( ) denote averaging over the
curvature p;

Qij = As(l/m)z + &% DI 1’]% S+
2 2
+ &5 Sy + 2noylas — a)? +g; + 9j»
Ty = AL/ m)? + €%, + n2S, + S, +
+2noa(a? + a®) + g; + gj;

S, = AH?; the functions C; and g; depend on £, and
the functions C; and g; depend on .

It should be noted that the equation for the first
BSS moment includes only two integrals: one over the
curvature p and another over the depth /4. These
integrals are calculated numerically.

From Eq. (15) we can derive, as a consequence,
the equation describing the BSS power under
conditions of smooth interface (BSS through the
smooth water surface):

PY=4 f @ i CiC; dh).

o \i=tj=1

The equation for the second BSS statistical
moment can be obtained in the way similar to Eq. (15).
After cumbersome, but simple transformations, this
equation takes the form:
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P2 = f f My(hy, hy)dhydhs, (16)
0 0

where
My(hy, hy) = My1Chy, hy) + M9y, hy) +
+ My (hy, hy) + Moy(hy, hy),
My = (P{(h)P(hy)), My = (P1(h)Py(hy));
Moy = (Py(h)P((hy)), Moy = (Py(h)Py(hy));
2 2 2

2 2
q 2
My =423, 2 20 X CiCiCCi{ 55 {1 + 2oy x
i=1 j=1 k=1 =1 i ok

x [(agy = ar)?/Sij + (asy = @) /Sl ™1 );

Sij = Al /m)2 + &y Z+ iy S+ E Sy + g + g5
Sk = Aly/m)2 + & 5 + NAS, + &5 Sy + gr + g
St =1+ arop, &2 =1+ asip,

Nety2 = 1+ Ry o/ (mH) + ayg op,  ary 2 = Ay n/m,

asi 2 = Aly o/ m, 1y o= hy 2/ Y0s

Here the functions C; and g; depend on /£y, the
functions C; and g; depend on /4, the functions Cj, and
gr depend on %5y, and the functions C; and g; depend on
Iy
JERERERE (1 Su1)
My =A ; ; g ; CiCiCrCi< S\, TS Ty 2
=1 j=1 k=1 =1
T1 =1+ 2TEG(2](CZS1 - dr1)2/5i]',
Ty =1+ 2n63[(agy — ay)?/Sij + ab /Ty,
Zp = A5(12/777)2 + §322r + n?ZSr + Sq +
22
+2ncgasy + gr + gi;
2 2 2 2 Se (1 Sq 1
My =A2Y 3 > > GGGl \Tr =3 75) >
it bq 1 ki 1 ij
=1 j=1 k=1 I=1
Ti=1+ 2TEG,2](CZS2 - an)?/Sw;
T =1 + 2mogl(agy = )/ S + @it/ 2y
ZijzAs(l1/m)2+§?1 S+ Sr+5q+2n0-!21‘1§1 +g9it9g;

2 2 2 2

Myy =AY 3 3> % CiCiCC(U = Iy = Iy + Iy)),
i=1 j=1 k=1 I=1

Iy =5,/ + 21105 aﬁ),
I, = Sq/(Ekl + 27‘56(2] d?z),
Iy = 52/ (% + 2n0,a0 S + 216, apsi).

As follows from the obtained equations, to
determine the second BSS statistical moment, we
should calculate the series of triple integrals, in each of
which one integral is calculated over the curvature
while two others over the depth. It should be noted
that the existing personal computers can perform these
calculations for rather short time.
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In spite of the seeming complexity, Eqgs. (15) and
(16) are physically simple and illustrative. The keys for
their understanding are the parameters Q;;, Ty, and
other similar parameters in the equations for P; and 1_3%,
which determine the “concentration” of radiation from
the source and receiver at the depth 4. If we simplify
successively the considered model fluctuations, first
neglecting the effects of scattering in water, then
excluding the interface region beyond the lens from the
consideration and assuming that qo = 0 inside the lens,
and finally taking the radiation to be normal to the
interface, then we come to a rather simple one-lens
sensing scheme, which was described for the first time
and thoroughly studied in Ref. 7.

4. Analysis of numerical results

Equations (15) and (16) allow us to study the
dependence of the variation and correlation coefficients
of the integral BSS on the degree of roughness, the
angle of sea surface illumination, and the radiation
wavelength. Some of the obtained results are shown in
Figs. 2-9. In all the considered cases, the angular
pattern of emission was 0.5°, that of reception was 0.1°,
the diameter of the receiving aperture was 0.04 m, the
OS height was 300 m, and the wind speed was taken
4 m /s, in the cases that it was not a variable.

To calculate the tilt correlation length, which
determines the size of the region occupied by the lens,
we use the equation from Ref. 5:

2 2
Pg = '\’266]/07,,

where 6,2] =(3+ 1.920)1073, 57% =(-4.13+1.230)?; v
is the wind speed.
Figure 2 depicts the dependences of the so-called!

BSS amplification coefficient N = ﬁi/P? — 1 and the

BSS variation coefficient V = o;,/P; (here G% = P% - p?
is the variance of the BSS fluctuations) on the wind
speed over the sea surface v (the optical parameters
6=0.09m! and k¥ =0.0125 m~! correspond to the
ocean water). The general monotonically decreasing
character of these dependences is explained by the facts
that, first, the area of the lens region of the interface
decreases with the increasing wind speed and, second,
the angular spread of rays increases at their refraction at
the water surface and, as a consequence, illumination at
all sensing depths decreases. It should be noted that the
monotonically  decreasing character of the BSS
amplification and variation coefficients keeps for any
angles of sea surface illumination by the Sun. In general,
it follows from simple physical reasoning that at the
transition to the finely rough interface (just this
transition occurs with the increase of the wind
velocity) the fluctuations, including those connected
with the correlation effects, should decrease. A small
initial part with the increasing N(o) is not
characteristic, and its origin is explained in Ref. 8.
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Fig. 2. Dependences of the amplification N and variation V
coefficients on the wind speed.

Figure 3 depicts the dependences of the
amplification and variation coefficients on the solar
zenith angle (or, in other words, on the angle between
the directions of illumination and sighting of the water
surface).
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Fig. 3. Dependences of the amplification N and variation V
coefficients on the solar zenith angle.

These dependences obtained for the ocean
conditions (6 =0.09 m™1, k =0.0125 m™ 1) are
qualitatively very similar, and they both are
monotonically decreasing. It should be noted that for
the first time the dependence N(Oy) was studied in
Ref. 1 based on a more general model of the random
air /water interface. The results depicted in Fig. 3 well
agree with similar results obtained in Ref. 1.

In studying the BSS fluctuation characteristics,
the problem of their dependence on the optical
radiation wavelength A is very important. Since the
scattering o and absorption k characteristics in our
problem depend on A, the subjects of further
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consideration are two characteristic types of water:
ocean (clean water) and sea (turbid water). Figures 4
and 5 depict the dependences of ¢ and x on A obtained
in Refs. 9 and 10. Below, based on these results, we
consider the spectral dependences of such BSS
statistical characteristics, as variance, amplification
coefficient, and variation coefficient, as well as the
coefficient of correlation between signals received at
two different wavelengths.
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Fig. 4. Optical characteristics of the ocean water.
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Fig. 5. Optical characteristics of the sea water.

Figure 6 depicts the dependence of the variance of
BSS fluctuations c% on the radiation wavelength for
two types of water and two values of the solar zenith
angle (0 and 50°). All these dependences are
nonmonotonic with the maxima at 510 nm (ocean) and
560 nm (sea).

It should be noted that the minima of the spectral
dependences of the absorption coefficient are at
A =500 nm (ocean) and 540 nm (sea). Thus, it can be
concluded that fluctuations of the integral BSS are
maximal in the transparency window of a given type of
water.

The wavelength dependences of the BSS
amplification and variation coefficients depicted in
Figs. 7 and 8 are more complicated.
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Fig. 6. Dependences of the variance of BSS fluctuations on
radiation ~ wavelength: ocean, 05=0° (O1), ocean,
0, = 50° (02), sea, 6, = 0° (S1), and sea, 0, = 50° (S2).
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Fig. 7. Wavelength dependences of the BSS amplification
coefficients (designations are the same as in Fig. 6).
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Fig. 8. Wavelength dependences of the BSS variation
coefficients (designations are the same as in Fig. 6).

Comparing the dependences N(A) obtained at
different incidence angles, we can easily see their
similarity. The same is true for the dependences V(L).
It should also be noted that the dependences N(A) and
V(L) obtained for the same conditions (for example,
for the ocean type of water and 64 = 0°) have similar
character. This circumstance is indicative of the same
character of manifestation of the correlation effects in
the formation of the first and second BSS statistical
moments. It is also interesting that all the dependences
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shown in Figs. 7 and 8 have local minima, whose
positions coincide with the positions of maxima of the
corresponding curves for the variance of BSS
fluctuations (see Fig. 6), which, in their turn, coincide
with the positions of transparency windows of the
corresponding types of water. Finally, it is worthy to
note the presence of rather pronounced maxima in all
the curves, whose positions are determined by roughly
the same wavelength of 650 nm. This interesting fact
suggests not obvious conclusion that BSS fluctuations
are colored in red.

Correlations between BSS received at different
wavelengths are of great scientific and practical
interest. To study these correlations, we introduce the
correlation coefficient (normalized correlation function
of BSS at two L) as:

R = o1y/(c109),
where
oty = (P);(0)P;(hy) — Pi(0y) Pi(hy),
6%2 = 1:7%(7\.112) - E%(K1’2).

We study here the correlation between two signals
outgoing from the water depth, one of which is received
at the wavelength of 400 nm and the other one at the
wavelength shifted by AX. Figure 9 depicts the
dependence of the correlation coefficient R on the
wavelength difference AL for different types of water
and different illumination angles. Analyzing this
dependence, we can notice high correlation between
BSS at different wavelengths. The increase of solar
zenith angle does not lead to some significant
decorrelation of signals. The local minima of R(AL) are
located so that the wavelength of the second BSS
Ay = A + AL falls within the transparency window of
the corresponding type of water.
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Fig. 9. Coefficient of correlation between signals at A4 and A,
as a function of AL = Ay — Ay (designations are the same as in
Fig. 6).

High correlation between the signals at different
wavelengths is explained by the fact that BSS
fluctuations are formed largely by the surface water
layer, in which the scattering and absorption effects
manifest themselves rather weakly, while the BSS
spectral dependence is determined just by these (and
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only these) effects. We can assert that for marked
manifestation of the decorrelation effect for BSS at
different wavelengths, the medium should have strong
dispersion of optical characteristics and, second, the
photon mean free path in water should be comparable
with the characteristic focusing depth of a randomly
rough water surface.
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