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Abstract: The Bi-directional Reflectance Distribution Function (BRDF) of
both clean seawaters and those polluted with oil film was determined using
the Monte Carlo radiative transfer technique in which the spectrum of
complex refractive index of Romashkino crude oil and the optical properties
of case Il water for chosen wavelengths was considered. The BRDF values
were recorded for 1836 solid angular sectors of throughout the upper
hemisphere. The visibility of areas polluted with oil observed from various
directions and for various wavelengths is discussed.
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1. Introduction

The studies focused on the visibility of oil slicks for light detectors positioned in the plane of
solar light of incidence were described in our previous paper [1]. However, recent
improvements in the Monte Carlo code used by us made it possible to calculate relatively
precisely the radiation field for the whole hemisphere. The Bi-directional Reflectance
Distribution Function (BRDF) - as a function of incidence zenith angle, incidence azimuth
angle, reflection zenith angle and reflection nadir angle, as well as wavelength - is widely
implemented in land remote sensing, especially for vegetation quality assessment [2].
However, it has only been occasionally applied in marine optics to date. One of the few
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recent examples isin the paper by Mobley et al. [3] in which BRDF was used to characterise
optically shallow bottoms. However, the more frequent utilisation of sea/ocean BRDF should
be anticipated as it provides much more information than the ‘traditional’ reflectances used in
ocean optics, i.e., radiance reflectance, remote sensing reflectance, irradiance reflectance, etc.
[4]. Additionally, the continuous refinement of satellite techniques [5] makes the modelling
of BRDF a useful tool in remote sensing studies.

A rigorous Bi-directional Reflectance Distribution Function r definition has the
following differential form (1):

d., 6, 9.%)
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where: 6; and ¢; are angular coordinates for incident radiance and 6, and ¢, — coordinates for
radiance leaving the sea surface (often called as reflected radiance). The denominator
expresses the infinitesimal contribution to incident irradiance which is generated by the
incident radiance L; from direction 6;, ¢;. The numerica counterpart, related to a defined
wavelength, isa simple ratio of reflected radiance to incident irradiance (2).
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where: E; expresses a number of virtual incident photons multiplied by the cosine of the angle
of incidence 6;, whereas L, is a number of photons captured in a defined solid angle
multiplied by the cosine of the angle of reflection 6, and divided by value of that solid angle.

2. Model of theinvestigated environment

Both clean sea areas and those polluted with oil film are studied in this paper. In both cases,
the model of the sea body is identical. Namely, the optical properties of the water are
represented by absorption coefficient a, scattering coefficient b and by volume scattering
function PB. Typical values of the absorption coefficient and the scattering coefficient for
turbid coastal case |l sea water appropriate for the Gulf of Gdansk in the southern Baltic Sea
(Tab. 1) [6] were used, whereas volume scattering function 3 characteristic for turbid water
after Petzold [ 7] was applied.

Table 1. Optical parameters of natural seawater at various wavelengths.

at at at at at at

Optical parameter 450 n1 450 nm 500 nm 550 nm  600nm 650 nm 700 nm

Ligntabsorption 7 535 03 027 04 05 08
coefficient a(m™)
Light scattering

coefficient b (m?) 0.7 0.6 0.5 0.5 0.45 0.45 0.55

Qil film floating on water surface modifies its optical features, which is manifested in the
Monte Carlo ssimulation by replacing traditional Fresnel rules with the four following angular
functions (1): two transmittances - different for upward (T1) and downward light (T,); two
reflectances - also for upward (Ry) and downward light (R,). The transmittances and
reflectances were derived using traditional solutions appropriate for thin films[8]. The optical
properties of Romashkino crude oil (one-day artificially aged as oil film on sea surface) were
used during the derivations (Fig. 1). The optical characteristics of most aged crude oils are
similar to those applied.
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Fig. 1. Spectra of components of complex refraction index of Romashkino crude oil.

The transmittances and reflectances at wavelengths of 420, 450, 500, 550, 600, 650 and
700 nm were calculated. Distinct differences between the shapes of angular dependencies of
reflectances and transmittances are visible mainly in the wavelength range from 420 nm to
550 nm. Angular dependencies of transmittances and reflectances for two wavelengths (420

and 550 nm) are presented in Fig. 2.
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Fig. 2. Exemplary angular dependencies of transmittances and reflectances for water surface
covered by an oil film of 1um thickness, for two wavelengths: 420 nm (the left chart) and
550 nm (the right chart). Solid lines presents transmittances, broken lines — reflectances. Thick

lines represent downward light, thin ones — upward light.

3. Monte Carlo model settings

Every Monte Carlo simulation was carried out using 1 billion incident photons. The upper
hemisphere was covered by 1836 virtual receivers (of various solid angle values), 1296 of
which captured aguatic-living photons in sectors of a size of 0.004363323130 sr; 252 —
0.001745329252 sr; 144 — 0.000872664626 sr; 144 — the narrowest and closest to the zenith
sectors of a size 0.000436332313 sr. Thus, it was possible to obtain values of BRDF for a
given angle of solar light incidence for all 1836 directions as the output data.

4, Results

The clearest way to graphically represent BRDF is by presenting the plots in cylindrical
coordinates. The left part of Fig. 1 shows traditional placement of the nadir/zenith and
azimuth angles in space; the right one explains the samein cylindrical coordinates suitable for
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a graphic showing the BRDF. Exemplary (for two wavelengths) results of simulations -
separately for aclean sea areaand for that polluted by oil film - are presented in Fig. 4.

Fig. 3. Explanation of coordinates for presenting the Bidirectional Reflectance Distribution
Function (BRDF) r: transformation from hemisphere coordinates (left plot) to cylindrical
coordinates (right plot).

BRDF appears azimuthally symmetric only for vertical solar illumination. In other cases,
the graphs become azimuthally asymmetric with the increase of the solar incident light zenith
angle. The graphsin Fig. 4 relate to an angle of incidence of 40°. Here the shape of the BRDF
observed is characterigtically bimodal, i.e., two local maximums occur. The first maximum
appears near the direction of light incidence (backscattering light), the second is near the
direction of specular reflection. There is displacement between the second maximum and
specular reflection direction. Other tests reveal the variability of this displacement depending
on the direction of solar incident radiance.

The shape of BRDFs appears to be similar for clean sea areas and those polluted by thin
oil film. To display the difference between the BRDF for clean and polluted areas contrast C
(3), that represents the visibility of oil film at defined wavelength, was calculated:

fo—Te¢
C== 3
where: r, indicates BRDF for a polluted sea area, r. —for a clean one.
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Fig. 4. Bidirectional Reflectance Distribution Function (BRDF) r for a clean sea-surface and for
one polluted with ail film (the graphs on the left represent the clean surface, those on the right —
the polluted one) and for two wavelength (420 nm — upper graphs; 550 nm — lower graphs). The
white dots indicate the direction of specular reflection.

The shape of the contrast is circularly symmetric around the zenith direction (unlike
BRDF), with no visible dependence on the direction of solar light incidence (Fig. 5). Thereis
aplateau of contrast values when the zenith angle is less than 60°. For greater values, it starts
to increase rapidly towards the value of minus one when the zenith angle approaches 90°.
Additional tests performed reveaed that the plateau moves to high values by about 10% when
the angle of solar light incidence increases from 0 to 60°.
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Fig. 5. Contrast C calculated for sea areas polluted by ail film for two wavelengths: 420 nm (I eft
chart) and 550 nm (right chart), observed at 1836 various angles throughout the hemisphere.
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Fig. 6. Contrast of seawater polluted by an oil film vs. angle of observation for various

wavelengths. The Avery plot consists of 1836 points (covering the whole hemisphere) obtained
from Monte Carlo simulations.

It is characteristic that the contrast of areas polluted with oil film to clear sea areas
strongly depends on wavelength. To display this, the angular dependencies of contrast for
various wavelengths were presented in the same coordinates (Fig. 6). Greater values of
contrast are observed at short wavelengths than at long wavelengths. Contrast decreases
rapidly between 420 and 550 nm. Afterwards, the rate of decrease becomes smaller. It is
worth mentioning that results obtained can be distorted by specular reflections from surface
wave slopes. Therefore, the direction of observation should be chosen far from the direction
where thereis a high probability of sun glitter occurrence.

5. Conclusions

The values of BRDF for the sea surface are aways smaller for the short-wave segment of the
light spectrum than for middle and long-wave ones. The angular distribution of BRDF
strongly depends on the direction of solar light incidence and is axially asymmetric around
the zenith direction - excluding the case of vertical solar incident radiance. On the other hand,
the distribution of the contrast of polluted area vs. observation direction is aways axially
symmetric. Additionally, the 3-D charts of contrast distribution have a plateau up to zenith
angle of 60°% at alarger zenith angle the contrast increases rapidly and approaches minus one
at 90°. Within the plateau, the absolute value of contrast is several times greater at the short-
wave end of the light spectrum than for wavelengths from the middle and long end of the
spectrum.
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