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This paper presents a study of the spatial structure of the irradiance behind the
receiving lens in the sensing of the sea surface by a narrow laser beam through the
atmosphere. Analytical expressions are derived for the mean irradiance in the image plane
of the receiving lens for the cases of a clear atmosphere and an optically dense aerosol
atmosphere. It is shown that sea surface roughness can increase the image size

significantly.

At present it can be said that, along with the
traditional techniques for sea surface sensing, laser
techniques, which enable one to measure sea surface
roughness, chlorophyll concentrations, and so on,' ™3
are in a state of rapid development. One of the first
problems to be solved in the development of remote
laser sensing techniques is that of defining the
relationships between the lidar return parameters and
the parameters of the sea surface which are to be
determined. The problem of determining the power of
the lidar return received from the sea surface through
the atmosphere was considered in Ref. 4. In the
analogous scheme below we discuss the irradiance
distribution of the image which is formed behind the
receiving lens.

First, we assume that the sensing is performed
using IR radiation, which is strongly absorbed by
liquid water so that lidar return is formed mainly as a
result of specular reflection of the sensing beam from
the air-water interface, while the contribution due to
backscattering from the water column can be
neglected. We will also neglect the contribution from
light scattering by foam and take into account the fact
that the radiation wavelength is much smaller than
radii of curvature and heights of the sea surface
roughness. In addition, we shall assume that the sea
surface roughness remains unchanged during the
radiation pulse, and that the spatial length of the pulse
is much larger than the diameter of the beam spot on the
sea surface. This assumption allows us to study the
structure of the image irradiance without having to take
account of the pulsed character of the sensing radiation.

Let us write down the expression for the
brightness Iy(m, R) of the radiation reflected from the
sea surface, neglecting the effect of shadowing,
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wherem = s — 2n(n - s); n is the unit normal vector
to the randomly rough surface S at the point R; V*(9)

is the Fresnel reflection coefficient, whose value
depends on the local angle of incidence 0 of the sensing
beam (in our further discussion we shall assume only
the case VA(0) = V?); Isr(s, R) is the brightness of
the sensing radiation incident upon the surface S at the
point R in the direction s; s is the unit direction vector
of incidence of the sensing beam.

From the distribution Io(m, R) on the surface S
one can determine the brightness of the radiation
arriving at the receiver aperture’ and then using the
principle of reversibility applied to the scattering
medium? and the results from Refs. 3 and 4 one can
also obtain an integral relation for the mean irradiance
E(R)) in the image plane of the receiving lens
(assuming that the beam incident on the surface is
narrow, and the transmitter and receiver are located in
the same plane XOZ)
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where E(Ry) and E(Ry, R,) are the irradiances
produced in the atmosphere by the surface and
pseudosource (having the parameters of the receiver)®
in the planes perpendicular to their optical axes; .Sy is
the projection of the randomly rough surface S onto
the plane z = 0; ¢(Ry) is the height of this randomly
rough surface S at the point Ry; v and y are the angles
which the incident beam and the reflected radiation
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arriving at the receiver aperture make with respect to
the OZ axis, respectively; W(¢) and W(y,, y,) are
the height and slope distributions of the randomly
rough surface S; R; is a vector in the image plane; L;
and L, are the distances from the center of the
observed sector on the surface .S to the radiation source
and to the receiver, respectively; g, = k(siny + siny);
qx = —k(cosy + cosy); q° =q; + 1,

By integrating Eq. (2) one can find an analytical
formula for the mean irradiance of the image. In
particular for the height and slope distributions we have
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For a low-optical-density aerosol atmosphere®
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In the case of an optically dense aerosol atmosphere
we have the following expressions for ag, a,, C,, and
C; (Ref. 3)
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where oy is the divergence of the beam emitted by the
source; Py is the power of the radiation emitted by the
source; 7, is the effective diameter of the receiving
aperture; 7y, is the effective diameter of the least circle
of aberration of the receiving optical system; o and
7., are the variances of the heights and slopes of the

sea surface; &(z) and 1(z) are the extinction and
scattering coefficients of the medium; F is the focal

length of the receiving lens; <y2(2)> is the variance of

the beam deviation angles during an elementary
scattering act; &(z) is the effective scattering index;
& =o(1-x,), where xy is the isotropic part of the
scattering phase function.®

In the limiting case o, 7., >0 Eq. (3)

transforms into a formula for the irradiance distribution
behind the receiving lens in the case of sensing a planar
specular surface.

Figure 1 illustrates the effect of sea surface
roughness on the size of the image of the illuminated
spot on the surface; here N is the ratio of the radius of
the illuminated spot on the sea surface pi, (defined as the
¢! level of image brightness as a function of R;,) to the
radius of the image pi, (c = 0) when no roughness is
present on the sea surface. Calculations of N as a
function of the angle y were made using Eq. (3) for the
case C, < C; (i.e., the sensing beam divergence is much
smaller than the field of view of the receiver); for the
case yxy < ays (i.e., when the effective slope angles of
the sea surface significantly exceed the sensing beam
divergence and the field of view of the receiver);
26% (L)% = 1; curves 1 . and 3 were calculated for
u/ a?=0 (clear atmosphere); curves 2 and 4 were
u/a?=05
atmosphere; the sensing beam divergence here is
increased due to atmospheric influence by a factor of
(1.5)"?); curves 1 and 2 were calculated for y = 45°
while curves 3 and 4 were calculated for y = 90°.

calculated  for (optically  dense
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FIG. 1. Image size as a function of angle .

As can be seen from the figure, random roughness
can strongly increase (by a factor of up to 1,5) the size
(i.e., diameter) of the image of the illuminated spot on
the sea surface both in a clear and in an optically dense
atmosphere. Physically this is explained by the fact that
for the values of the parameters used in the calculations
the dimensions of the image of the illuminated spot are
comparable with those of the sea surface roughness and,
therefore, strongly depend on the latter. This effect
depends also on the sensing geometry. In the monostatic
or strictly single-ended sensing scheme, when the
radiation source and the receiver are spatially
coincident, this effect is not observed, i.e., sea surface
roughness does not disturb the image irradiance. At the
same time, increasing the separation between the
source and receiver results in an increasing distortion
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of the image, whose size then becomes more strongly
dependent on the surface roughness.

It is interesting to note that the dependence of pgy
on the sea surface roughness is much stronger in a clear
atmosphere (an optically dense atmosphere blurs the
sensing beam and smoothes the distortions caused by
the sea surface roughness).

The results obtained in this work can be applied
to the design of laser remote sensing systems as well as
to the analysis of their operation.
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