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Abstract

The paper discusses the possibilities of modelling the bi-directional reflectance
distribution function (BRDF) in sea areas polluted by oil. Three sea basin models
are considered: a coastal one free of oil, one polluted by an oil film and one
polluted by an oil emulsion. The following concentrations of oil were compared:
for the film, 1 cm3 of oil per 1 m2 water surface, for the emulsion 1 cm3 of oil
in 1 m3 of water. The optical properties of Romashkino crude oil were taken into
consideration, as were various angles of incident solar light. The conversion of
BRDFs into a directional distribution of the optical contrast of polluted areas is
demonstrated.

1. Introduction

Oil pollution in the sea is a very serious problem for both the petroleum
industry and the management of the marine environment. Oil-stress
indicators have therefore been established for selected marine areas. For
example, in the Baltic Sea, the HELCOM indicators are the number and
size of spillages detected every year thanks to international air surveillance
with remote sensing equipment (HELCOM 1991). So far, a total of almost
900 spillages have been recorded in the Baltic and North Sea areas covered
by aerial inspections (HELCOM 2002). At the same time it should be
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mentioned that aerial inspections are suitable for detecting surface forms of
oil (films), whereas immersed forms are invisible to current remote sensing
equipment.

There are a number of ways in which the optical phenomena generated by
oil in the sea can be analysed. The principal questions relate to the detection
of oil pollution, the form that such pollution takes, the concentration or
overall mass of oil, and the estimation of the spatial extent of the polluted
sea area. The impact of various forms of oil on reflected light is also
important for the remote sensing of aquatic environments. The possibilities
of detecting oil immersed in the sea by methods other than optical ones
are poor, since only visible light can relatively easily penetrate water; if the
sea water contains an additional oil emulsion, the diffuse component of the
water radiance field is modified.

Both factors – the oil film and the oil-in-water emulsion – can be
investigated as modifiers of this water light field by the use of the Monte
Carlo method. This has become possible since the optical features of
oil films and emulsions can now be quantified. It has been found that
oil films on the water surface are optically represented by the following
four functions: they are the angular distributions of transmittance and
reflectance, separately for the upward and downward directions (each
function for a definite wavelength and oil film thickness) (Otremba 2000).
However, oil emulsions are represented by two quantities: the absorption
coefficient a and the volume scattering function β(θ) (the scattering function
β(θ) is usually represented by two quantities: the scattering coefficient
b and the phase function p(θ)). As far as remote sensing is concerned,
the complete optical characteristics of both land and sea areas are given by
the bi-directional reflectance distribution function (BRDF). The BRDF is
a strictly defined, inherent optical quantity that allows the reflected radiance
field to be calculated, which for a particular wavelength is expressed by
integral (1), in which the BRDF is denoted by fr(θi, ϕi, θr, ϕr).

Lr(θr, ϕr) =

2π π
2∫

0

∫

0

fr(θi, ϕi, θr, ϕr) Li(θi, ϕi) sin θi cos θi dθi dϕi, (1)

where
Lr(θr, ϕr) – reflected radiance,
r(θi, ϕi, θr, ϕr) – BRDF,
Li(θi, ϕi) – incident radiance,
θi – nadir angle for incident photons (0 < θ < π/2),
ϕi – azimuth angle for incident photons,
θr – nadir angle for reflected photons (π/2 < θ < π),
ϕr – azimuth angle for reflected photons.
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The BRDF definition was first put forward by Nicodemus (1963, 1970,
1977) to describe the optical features of a land area. This concept and its
methodology have since undergone considerable development (Martonchik
et al. 2000). In recent years the BRDF has also been applied to the
characterisation of marine areas (Otremba 2002, Mobley et al. 2003).
Preliminary tests were carried out to include the BRDF in operational
satellite activity (Liang & Strahler 1999, Schaaf et al. 2002). Unfortunately,
the BRDF is very hard to measure directly in an aquatic environment,
but there is a possibility of modelling the BRDF using the Monte Carlo
method, if the inherent optical parameters of all the dissolved and suspended
components of waters (IOPs) are known.

Oil is a substance that can persist in the marine environment for a long
period of time. It was chosen for the present study, because it is by volume
the greatest single source of pollution in seas and oceans, the input of which
is estimated at millions of tonnes per year (NRC 2003).

Models of the environments studied

Three environmental models were used. The first one (Fig. 1a) was
a coastal sea area in which the optical parameters of case II water were
applied. Real values of IOPs appropriate to the Gulf of Gdańsk (southern
Baltic Sea) for the middle of the visible spectrum (λ=550 nm) were
taken: the absorption coefficient a = 0.3 m−1 and the scattering coefficient
b = 0.5 m−1. The phase function of light scattering p(θ) (after Petzold 1977)
was applied: two quantities – the scattering coefficient a and the phase func-
tion p(θ) – replaced the volume scattering function β(θ). The second model

water: = 0.3 = 0.5
p( ) - after Petzold

a b

�

oil film: =1 md µ

�i �i �i

water: = 0.3 = 0.5
p( ) - after Petzold

a b

�
water: = 0.3 = 0.5
p( ) - after Petzold

a b

�

emulsion
25 84
modelled

:
= 0. = 0.

p( ) -
a b

�

a b c

Fig. 1. Models of the environments studied
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Fig. 2. Angular dependencies of the optical features of a 1 µm thick oil film
floating on a sea water surface for wavelength λ = 550 nm
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Fig. 3. Phase functions of an oil-in-water emulsion (Romashkino crude oil in sea
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(Fig. 1b) was the same as the first one, except that the water surface
was covered by an oil film 1 µm thick. The oil film was of Romashkino
crude oil (the optical properties of this oil are similar to those of most
oils). The optical properties of such an oil film have been published
(Otremba 2000): the real part of the refractive index n = 1.488, the
imaginary part of the refractive index k = 0.004, the angular dependencies
of the reflection coefficients (R ↓, R ↑) and transmission coefficients (T ↓,
T ↑) are presented in Fig. 2. The third model (Fig. 1c) was also like
the first, but the water was polluted by an oil emulsion produced from
the same oil as in the second model. The optical features of this oil-in-
water emulsion were: absorption coefficient a = 0.25, scattering coefficient
b = 0.84, phase function of light scattering p(θ) (Fig. 3) cited after Otremba
& Piskozub (2004).

In all cases the sea surface was flat, and the sea was sufficiently deep
(100 m) for the radiative transfer to remain unaffected by the seabed.

Monte Carlo model settings

The solar incident irradiance was represented by 1 billion virtual photons
incident on the sea surface under a given angle θi. The upper hemisphere
was covered by one thousand eight hundred and thirty-three virtual receivers
of photons, including photons entering solid angles of various values. One
thousand two hundred and ninety-six receivers captured photons in sectors
0.004363323130 sr in size; 252 receivers were 2.5 times smaller, 144–5 times
smaller, while 144 were closest to the zenith sectors, which were 10 times
smaller in size.

2. Results

Simulations were carried out for 5 directions of solar light incidence
θi (0◦, 20◦, 40◦, 60◦, 80◦), separately for a sea area free of oil, for a sea
area polluted by an oil film, and for a sea area polluted by an oil-in-
water emulsion (15 cases in all). The output data of the simulations are
51× 36 matrices (51 nadir angles, 36 azimuth angles). The step method
for smoothing all the matrices was applied. Examples of a raw matrix and
a smoothed one are illustrated in Fig. 4. All matrices were developed so as
to present them in cylindrical coordinates in which the radius coordinate is
a nadir angle and the azimuth coordinate is an azimuth angle. The results
shown in Fig. 4 in Cartesian coordinates are replicated in Fig. 5 in cylindrical
coordinates, which are more suitable for BRDF visualisation.

The BRDFs for four azimuth angles ϕr were extracted from the output
matrices in pairs as follows: 0◦ & 180◦, 30◦ & 210◦, 60◦ & 240◦ and 90◦ & 270◦.
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Fig. 6. The bidirectional reflectance distribution functions (BRDFs) of a sea area
free of oil vs the angle θr of light reflected in planes incident at the following
azimuth angles ϕr: 0◦ & 180◦, 30◦ & 210◦, 60◦ & 240◦ and 90◦ & 270◦ (profiles
extracted from BRDFs whose 3D shapes are illustrated on the right-hand side).
The upper graphs refer to the angle of solar light incidence θi = 0◦; middle – to
θi = 40◦; lower – to θi = 80◦ (each of three graphs for ϕi = 0◦). The BRDFs relating
to specular light have been removed from the graphs
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Fig. 7. The bidirectional reflectance distribution functions (BRDFs) of a area
polluted by an oil film vs the angle θr of light reflected in planes incident at the
following azimuth angles ϕr: 0◦ & 180◦, 30◦ & 210◦, 60◦ & 240◦ and 90◦ & 270◦

(profiles extracted from the BRDFs whose 3D shapes are illustrated on the right-
hand side). The upper graphs refer to the angle of solar light incidence θi = 0◦;
middle – to θi = 40◦; lower – to θi = 80◦ (each of three graphs for ϕi = 0◦). The
BRDFs relating to specular light have been removed from the graphs
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Fig. 8. The bidirectional reflectance distribution functions (BRDFs) of a sea area
polluted by an oil emulsion vs the angle θr of light reflected in planes incident
at the following azimuth angles ϕr: 0◦ & 180◦, 30◦ & 210◦, 60◦ & 240◦ and 90◦

& 270◦ (profiles extracted from the BRDFs whose 3D shapes are illustrated on
the right-hand side). The upper graphs refer to the angle of solar light incidence
θi = 0◦; middle – to θi = 40◦; lower – to θi = 80◦ (each of three graphs for ϕi = 0◦).
The BRDFs relating to specular light have been removed from the graphs
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Figs 6–8 illustrate these extractions, apart from the three-dimensional
shapes of the BRDF on the right-hand sides of the figures. Only selected
results of the simulations are represented in the figures: for three angles θi

of solar light incidence – 0◦, 40◦ and 80◦. The graphs in Fig. 6 represent
a sea area free of oil, whereas Fig. 7 represents the same area but polluted
by an oil film, and Fig. 8 the same area again, but now polluted by an oil
emulsion.

3. Discussion

It is obvious that both superficial and deep-lying forms of oil, if they
occur at high concentrations, radically modify the light conditions above
and below the sea surface. On the other hand, the scale of the light field
modification caused by low concentrations of oil is interesting. The oil
concentrations used in the simulations were relatively low: when the oil
film acts as a factor perturbing the light field, the concentration is 1 cm3

of oil per 1 m2 (thickness 1 µm) of water surface, but when the oil-in-water
emulsion is considered, the concentration is 1 cm3 of oil in 1 m3 of water
(1 ppm).

All the BRDFs are plane symmetrical in shape. The plane of symmetry
is identical to the plane of solar light incidence. There is only one exception:
when sunlight falls perpendicularly on to the sea surface, there is axial
symmetry around the perpendicular to the sea surface. There are two BRDF
maxima in the plane of light incidence. The first one is situated close to the
direction of light incidence, the second in the direction between 240◦ and
260◦. The first maximum is caused by backscattered light, the second one
by light entering the atmosphere after single and multiple scattering. The
differences between the BRDF for oil-polluted and oil-free areas are shown
in Fig. 9. The BRDFs of the area free of oil and that polluted by an oil-film
are very similar in shape, whereas the area polluted by the oil emulsion
displays a distinct increase in the value of the BRDF near the direction of
solar light incidence and a reduction in this value near the perpendicular to
the sea surface direction.

It should be mentioned that in current oceanological practice, the
quantities describing optical features most commonly measured are apparent
optical properties (AOPs) like the remote sensing reflectance RSR and the
radiance reflectance RE . Both RSR and RE are measured in situ. The values
of both RSR and RE depend on the inherent optical properties of water,
and there are numerous practical algebraic models of this dependence known
to marine optics. If the BRDF and incident solar radiance Li (θi, ϕi) are
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known, both the remote sensing reflectance RSR and the radiance reflectance
RE can be derived. However, these quantities are of little use unless they are
presented in the form of spectral relationships. These spectral relationships
of RSR and RE for a sea area polluted by an oil-in-water emulsion are
currently being investigated – the preliminary data derived from the BRDF
have just been described (Otremba 2004).

Another aspect of BRDF implementation is the directional distribution
of the optical contrast of an oil-polluted sea area versus an oil-free one. Two
examples of this contrast, derived using eq. (2), are presented in Fig. 10.
The first example relates to an oil-in-water emulsion in the sea body, the
second, to an oil film on the sea surface.

C =
frp − frc

frc
, (2)

where
frp – BRDF for a polluted sea area,
frc – BRDF for a sea area free of oil.

Comparing the graphs in Fig. 10, one can see that the directional
distribution of contrast for the area polluted by the emulsion is more
complicated than for the area polluted by the oil film. It is characteristic
that the distribution of contrast for the area polluted by the oil film is
axially symmetrical around the perpendicular direction. The contrast is
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oil-in-water emulsion (left) and by an oil film (right) vs a surface free of oil. The
contrast was obtained using the results presented in Figs 6, 7 and 8 for an incident
solar light angle of 40◦

negative at the level –0.1 from the perpendicular direction (θr = 180◦) to
θr = 120◦. For wider angles, the contrast increases rapidly to –0.9, close to
θr = 90◦. On the other hand, the angular distribution of the contrast of the
sea area polluted by the oil emulsion is plane symmetrical (like the BRDF).
In this case, the contrast of the area polluted by the oil emulsion is negative
for a nadir observation (–0.18). But a positive peak appears around the
direction of solar light incidence, and the contrast reaches a value of 0.16.

The BRDFs presented here relate to selected models of the marine
environment (Fig. 1). They indicate the possibility of modelling BRDFs
for sea areas polluted by surface or in-water oil substances and also the
differences between the shapes of BRDFs for clean and oil-polluted sea
areas. Investigations into the influence of sea surface roughness and of the
inherent optical properties (IOPs) on the above-water radiance field and on
the BRDF are being continued. For surface waves, the preliminary results
have been published by Otremba (2002). The roughness factor can be tested
relatively easily for in-water pollution using e.g. the Cox-Munk distribution
(Cox & Munk 1954); however, for surface oil films, this problem is more
complicated (because questions arise relating to the impact of an oil-film on
the wave slope distribution).

Although the BRDF modelling process described in this paper relates
to oil, other substances can be treated analogously, with extension to
other wavelengths. Regardless of whether one takes into consideration
natural components of sea water like plankton, microbes or air bubbles,
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or external substances like sand-dusts, their inherent optical properties
– their absorption coefficients, scattering coefficients and phase functions of
those substances – should be established.
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