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Abstract: The presented results of simulations take into account the optical parameters of the se-
lected sea region (from literature data on the southern Baltic Sea) and two optically extreme types
of crude oil (from historical data) which exist in the form of a highly diluted oil-in-water emulsion
(10 ppm). The spectral index was analyzed based on the results of modelling the radiance reflec-
tance distribution for almost an entire hemisphere of the sky (zenith angle from 0 to 80°). The
spectral index was selected and is universal for all optically different types of oil (wavelengths 650
and 412 nm). The possibility of detecting pollution in the conditions of the wavy sea surface (as a
result of wind of up to 10 m/s) was studied. It has been also shown that if the viewing direction is
close to a direction perpendicular to the sea surface, observations aimed at determining the spectral
index are less effective than observation under the zenith angle of incidence of sunlight for all az-
imuths excluding the direction of sunlight specular reflection.
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1. Introduction

Oily substances may be under the surface of the water, both as a result of the influ-
ence of the environment and deliberate transfer of oil from the form of the floating layer
on the surface of the water to the submerged form, which is justified in terms of ensuring
easier access of oil-decomposing bacteria, but may also be dictated by a desire to hide il-
legal oil discharge. In any case, there is a need to conduct research on the efficiency of
substances supporting the dispersion of 0il [1] and research on the possibility of detecting
oil contamination in the form of an emulsion [2, 3].

The use of aircraft, drones and satellites to remotely detect oil spills is possible over a
wide range of electromagnetic waves (from ultraviolet to microwave) [4]. But when the
oil remains in the water column, only the visible range of electromagnetic waves (VIS)
can be used because ultraviolet (UV), infrared (IR) and microwave (MW) radiation is
strongly absorbed by water [5]. The interaction of sunlight with water and its compo-
nents, as well as with oil droplets of oil-in-water emulsion, is reflected in the spectral and
directional distribution of the above-water radiance field. This effect was used to estimate
the contrast between the sea area containing the dispersed oil and the area free of il [6,7].
Research on the search for an appropriate spectral index has already been carried out
involving the waters of the Gulf of Gdansk (the Baltic Sea), which could potentially con-
tain types of oil with extremely different optical parameters. The analyses concerned
viewing directions perpendicular to the water surface [8] and various viewing angles in
the plane of incidence of direct sunlight [9] were carried out. In our earlier paper [10], the
effectiveness of the use of the spectral index was analyzed as a function of the viewing
direction within almost all possible directions of observation. That paper shows the de-
pendence of the spectral index on the thickness of the polluted sea layer for the waters of
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the southern Baltic Sea, taking into account the optical properties of crude oil extracted in
this region. On the other hand, this paper supplements this information by showing the
weakening of the spectral coefficient along with the increase in the degree of waving of
the sea surface. In addition, this paper uses oils with extremely different optical proper-
ties.

2. Materials and Methods

In the radiative transfer simulation, the optical parameters of seawater in the
southern Baltic region were applied (data published by Sagan [11] and further cited by
Baszanowska et al. [9]). On the other hand, as a factor disturbing the natural light trans-
fer, two types of crude oil were used, whose optical parameters are shown by Otremba
[12], and as an oil-in-water emulsion form by Baszanowska et al. [9]. The optical proper-
ties used in the study (i.e. the absorption coefficient spectra and the scattering coefficient
spectra) of the seawater and the oil-in-water emulsion that pollutes this water is shown in
Figure 2. Differentiation of the spectra shapes for seawater in relation to oils is also visible
in this picture. This encourages the search for the possibility of remote detection of oil
pollution in the water column.

The absorption coefficient for Petrobaltic crude oil is low across the spectrum in
contrast to Romashkino crude oil. Similarly, the refractive index for Petrobaltic has low
values, but for Romashkino it has high values. Petrobaltic crude oil is extracted in the
southern Baltic Sea, while Romashkino crude oil is extracted on land (Eastern Europe -
Romashkino Field, Russia). Other types of crude oil, lubricating oils and fuels have op-
tical properties in the range between Petrobaltic and Romashkino [12]. A schematic repre-
sentation of the optical model of the sea free of oil and contaminated with dispersed oil in
Figure 2 is shown. In this model, the water surface is wavy, according to the Cox & Munk
statistics [13].
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Figure 1. Spectra of both absorption coefficient (a) and scattering coefficient (b) of seawater and oil-in-water
emulsions (10 ppm).

Water virtually polluted with oil in a concentration of 10 ppm was analyzed in the
simulation tests. The principle and course of the procedure aimed at obtaining the radi-
ance distribution of light reflected from the sea are described by Baszanowska et al. [8,9].
In the study, it was assumed that the sky was cloudless. The optical model of such a sky
took into account both direct photons from the sun and photons scattered in the atmos-
phere [7]. Virtual detectors were located above the water surface (atmospheric modifica-
tion of the above-water radiance field was not taken into account).
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Figure 2. Optical model of sea basin for a sample wavelength (655 nm) applied for Monte Carlo simulations of radiative
transfer.

3. Results

The initial product of individual simulations was the radiance reflectance (Rr) for
1,620 directions related to various zenith angles (8) and azimuth angles (¢). Rc is the ratio
of the above-water upwelling radiance Lu(8,¢) in the viewing direction 6,0 to the
above-water downwelling vector irradiance Ed. In the ocean, optics R.(6=0) is often called
remote-sensing reflectance (Rs).

The spectral index 1(6, ¢, A, A,) was defined as the ratio of the radiance reflectance
for the longer wavelengths to the remote sensing reflectance for the lower wavelengths
for selected viewing direction 6,¢ (1):

Lo,o(n)

10, @, Ap, Amn) = Lo Orm) (D

where: An, Am - higher wavelength and lower wavelength.
1(6 = 0, Ay, Ayy) values were determined for every possible combination of wave-
lengths (a total of 28 - shown in Figure 3).
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Figure 3. Spectral indices of the sea free of oil and in conditions of dispersed oil contamination for a wind-induced rough sea surface (2 m/s).

By using this data, the differences between values of spectral indices of water pol-
luted with dispersed oil and values of indices of oil-free water were determined for
viewing angle 6 = 0° (shown in Figure 4).
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Figure 3. Differences between values of spectral indices of water contaminated by dispersed oil and values of indices of oil-free water contamina-

tion for a wind-induced rough sea surface (2 m/s).

After analyzing the bar graph in Figure 4, the combination 650/412 was selected
from all the wavelength combinations. This combination was found to be the most ad-
vantageous because, although these are high values, they are similar for various types of
oil.

The difference indices were determined for each of the 1,620 directions of sea surface
observation (zenith 8 from 0 to 80°, azimuth ¢ in full angle every 10°), both with the use of
simulation results using optical parameters of Petrobaltic type oil (Figure 5) and Romash-
kino type oil (Figure 6). Figures 5 and 6 show the range of directions for which observa-
tion is ineffective, i.e. directions around the direction in which the light coming directly
from the sun would be mirrored. Along with the increase in the degree of the sea surface
heaving (after wind speed increase), the range of unfavorable oil detection directions
becomes wider due to the solar light reflections from wave slopes.

The directions favorable for the detection of the dispersed oil appeared at zenith
angles close to the zenith angle of direct sunlight (in Figures 5 and 6, these directions are
revealed in yellow and white).

The tallest bar in Figure 4 falls on the differential index 555/412. It corresponds to the
substance with the optical properties of Petrobaltic crude oil. At the same time, the dif-
ferential index that corresponds to the Romashkino crude oil is relatively low for this
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wavelength combination. If it was possible to predict the possibility of spreading an oil
emulsion whose droplets are a hydrocarbon mixture similar to Petrobaltic crude oil, index
555/412 would clearly be the most advantageous.
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Figure 5. Difference index in cylindrical coordinates (left side- 2D maps, right side -3D contour maps) for the various
wind-induced sea surface states (wind speed indicated upper left) from the Monte Carlo simulations for seawater polluted by
Petrobaltic-type oil for a 10 ppm oil concentration.
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Figure 6. Difference index as in Figure 4, but for Romashkino type oil.

If the surface of the sea was smooth, the preferred direction of observation would be
close to the direction of reflection of direct sunlight, excluding the specular reflection of
the solar beam (which is visible in the upper right graph in Figures 5 and 6). It would be
impossible to detect the oil dispersed in the water column if the observation took place at
a large zenith angle (dark red and black in Figures 5 and 6).

5. Conclusions

Alien substances dispersed in the water column can manifest their presence above
the sea surface in a spectral and directional distribution of bottom-up radiance. The
findings reported in this paper suggest that a spectral index of 650/412 would be useful
for the detection of an oil-in-water emulsion under cloudless sky conditions. This index is
in outwardly contradiction with the index proposed in an earlier paper [10] (555/412),
where it was assumed that it would only be used to detect oil extracted in the southern
Baltic Sea. It is also confirmed that the orientation of the radiance detector is important.
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The viewing direction is optimal if it corresponds to the zenith angle of the sun, but in
terms when the azimuth angle falls to direction close to perpendicular one to the plane of
solar rays incidence. The source of credibility of the presented results lies in the optical
properties of the oils, and more specifically in their spectral courses of the refractive in-
dex and the absorption coefficient. If the water column contained dispersed non-oil sub-
stances with optical properties from the range of properties assigned to oils (crude oil
and petroleum derivatives), detection by measuring the spectral indicator could be false.
However, the appearance of an increased value of the spectral index creates a situation
that prompts the use of a chemical method to confirm the pollution of the sea with oil
substances.
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