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The effect of wind waves on radiation reflected by the sea surface is considered.
Integral equations are obtained which describe the reflected radiation in the double
scattering approximation of the interaction of the radiation with the ” ocean-atmosphere”
system. We have obtained analytical formulas which are in good agreement with the
results of numerical integration outside the sun’s glitter pattern.

The atmospheric correction algorithm described
in Ref. 1 has been widely applied in measuring
concentrations of chlorophyll and mineral particles in
sea water by remote sensing methods. The algorithm
has been used in processing the data received by the
Coastal-Zone Color Scanner (CZCS).

The correction algorithm is based on the
following equations where
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B, (%) is the spectral brightness of the radiation
leaving the water surface; B(;) is the spectral
brightness (SB) of the radiation measured by a sensor
in the upper atmospheric boundary; Bgr(};) is the
spectral brightness of the radiation scattered by
molecules of atmospheric gases (Rayleigh or molecular
scattering); Ba();) is the SB scattered by atmospheric
aerosol particles (aerosol scattering); t();) is the
diffusive transmittance of the atmosphere; S(A;, 1) is
a coefficient which accounts for the spectral
dependence of aerosol scattering; and 2, is the average
wavelength of the i-th spectral band.

The components Br(%;) and B(%;) in Egs. (1)
and (2) include both radiation which has only been
scattered by the atmosphere and radiation which has
also been reflected by the sea surface.
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where B(};) is the SB of the radiation scattered by
the atmosphere (brightness of atmospheric haze):
Bas(};) is the SB of the radiation scattered by the
atmosphere and reflected by the sea surface; Bsa();)
is the SB of the direct solar radiation reflected by the
sea surface and then scattered by the atmosphere,
and Bs();) is the SB of the direct solar radiation

reflected by the sea surface without scattering in the
atmosphere.

When using Eq. (3) in the correction algorithm!
the effect of wind waves is neglected and the sea
surface is assumed to be flat. In this case we have
Bs(h) = 0 and the values Bas(A) and Bsa(L) are
described by simple equations (see, e.g., Ref. 2). The
purpose of this paper is to take into account the effect
of wind waves on the spectral brightness of the
“ocean-atmosphere”  system in  problems  of
compensation for atmospheric distortions in the remote
sensing of the ocean.

To account for the effect of wind waves on
radiation reflected by the sea surface, the components
B,s and Bsy, may be described by the following
integral equations:
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where 0s is the solar zenith angle; 0, is the observation
zenith angle; 7 is the optical depth of the atmosphere;
rr is the Fresnel reflection coefficient; y and ' are the
corresponding incident angles; 0, and ¢, are the zenith
and azimuthal angles of the facet normal,
B'(n) = 0.25 Scosds g(y) O(zg, 0, 0s) is the SB of the
reflection scattered by the sky in the single scattering
approximation®, S is the solar spectral constant;
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is the facet slope probability distribution4;
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ov are the wind velocity and the azimuth of the wind,
o(n”, ny) = 0.25 g(y) Oy, 0", 0y) is the transmission
coefficient in the single scattering approximation®; g(y)
is the phase function; v is the scattering angle; and
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The observation direction ny, the incident direction n’,
the reflection direction n” and the direction of the sun
are related to the direction of the normal n by the
specular reflection relations n’ = —n; + 2ncosy and
n” = —ng + 2ncosy’. The scattering angle y and the
cosines of the incident angles cosy and cosy' are
determined by equations describing the relative
positions of the vectors in the spherical coordinate
system.

For illumination of the sea surface by parallel
solar rays, integral (4) is easily evaluated, giving the
following equation for the SB of the solar radiation

reflected by the sea surface
e
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where (87, ¢°) is the direction of the normal of the
facet, .which specularly reflects the solar radiation in
the direction ny; %° is the corresponding incident angle.

After some transformations and assuming ¢y = 0,
¢s = n, and 7p = const, we obtain approximate
formulas for integrals (4) and (5)
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The form of the function g(cosy) and its
derivatives depend on the form of the phase function
used. In particular, for the Henyey— Greenstein
function we have
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where gy e [0, 1] is the phase function parameter
(the asymmetry parameter).

Analysis of the results of numerical integration
shows that the correction for the effect of wind waves



M.L. Belov et al.

can reach a considerable value compared with the SB of
the radiation reflected from the flat sea surface.

Figure 1 shows the angle dependence of the
relative  correction & calculated according to
approximate formulas (7) and (8) and by numerical
integration of Egs. (4) and (5).
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FIG. 1. Effect of wind waves on radiation
reflected by the sea surface.

Vol. 2, No. 5 /May 1989/ Atmos. Oceanic Opt. 449

The calculations were carried out with the
following parameters for the Henyey— Greenstein
formulas (the dashed curves) from the results
obtained by numerical integration (the solid curves)
are rather small outside the sun’s glitter pattern,
thus enabling us to recommend that these formulas
be used to account for wind waves in algorithms
intended for use in compensating for atmospheric
distortions when measuring concentrations of
chlorophyll and mineral particles in sea water by
remote sensing methods.
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