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Abstract: This paper analyses the radiance reflectance modelling of a sea area and the case of a water
column polluted with an oil emulsion in relation to various depths of the occurrence of an oil-in-water
emulsion in all azimuth and zenith angles. For the radiance reflectance modelling, the simulation of
large numbers of solar photons in water was performed using a Monte Carlo simulation. For the
simulations, the optical properties of seawater for the open sea typical of the southern Baltic Sea were
used and Petrobaltic-type crude oil (extracted in the Baltic Sea) was added. Oil pollution in the sea
was considered for oil droplet concentrations of 10 ppm, which were optically represented by spectral
waveforms of absorption and scattering coefficients, as well as by angular light scattering distribution
determined using the Mie theory. The results of the radiance reflectance modelling in the whole
spectrum of both angles, azimuth and zenith, allowed us to select 555 nm as the optimal wavelength
for oil emulsion detection. Moreover, the parameter contrast was defined and determined using
radiance reflectance results for eight light wavelengths in the range of 412-676 nm. The contrast
is discussed in relation to the various thicknesses of polluted water layers. Changes in contrast
for a thickness layer 5 m under the sea surface were noted, whereas for thicker layers the contrast
remained unchanged.

Keywords: oil-in-water emulsion; seawater; oil pollution; radiance reflectance; contrast; contrast of
radiance reflectance

1. Introduction

Over the last few decades, a wide range of scientific literature has indicated that oil
substance occurrence in the marine environment creates an unfavourable situation due to
the threat posed to the natural seawater ecosystem. The problem of large oil spills is well
known—for example, there was a very large oil spill in the Gulf of Mexico in 2010. After
that oil spill, various space-borne remote sensors were investigated as possibly suitable
for oil detection or oil slick tracking [1–6]. Fortunately, there have been fewer oil spills
lately. Moreover, international conventions such as MARPOL [7], restrictive maritime
law controlled by the European Maritime Safety Agency (EMSA) [8] and the Helsinki
Commission (HELCOM) [9], and the technological development of the sea fleet have
reduced the frequency of oil spills at sea. However, the development of maritime transport,
the construction of offshore pipelines, and the exploration and production of crude oil
and natural gas increase the likelihood of oil discharges occurring in the sea space. This
may involve crude oil and its products, or fuels and consumables used in marine engine
rooms. Leaks from pipelines and mining equipment also cannot be ruled out. There are
also natural seabed seepages. Therefore, the prevention, detection, and combatting of oil
spills play an important role in the protection of the marine ecosystem.

The efficacy of the detection of oil in seawater depends on several factors, such as
the form or amount of oil in the water, the weathering state, and the scale of the oil spill.
Remote sensing methods for oil detection use a wide range of devices, such as photography
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from airborne platforms, ultraviolet and infrared imaging, and laser fluorosensors. If an oil
spill is visible on the sea surface, the most effective methods for quick oil detection and to
assess the scale of the spillage would be space-borne or airborne remote detection [10]. Even
if weather conditions are unfavourable or problems occur during the night, remote sensing
using Synthetic Aperture Radar (SAR) is possible, albeit with limited reliability, depending
on the state of the sea surface [11,12]. It is particularly challenging if oil pollution is present
in the water column and the effectiveness of receiving information about the processes
in the water column is reduced by glints of sunlight. Oil in a dispersed form appears in
the water column as a consequence of natural environmental conditions such as wind
and waves. Oil leaking from underwater transfer installations is also possible. The use
of chemical substances that increase dispersion in the water column cannot be ruled out.
Dispersed oil in the water column can also be detected by immersion oil sensors [13–15]
and above-water sensors analysing the light coming out of the sea [16]. Moreover, the
process of light transfer in the water column caused by oil dispersion in the water column
causes oil to manifest itself by colour changes in the ocean and it is possible to determine
whether these colour changes are caused by the presence of dispersed oil [17,18].

In the marine environment, continuous monitoring using remote methods for testing
the biological constituents of seawater is often carried out [19]. However, oil pollution
present in seawater can disturb the data readings of natural constituents such as chlorophyll.
Therefore, it is necessary to extend the data for algorithms, taking into account the oil
present in seawater. An oil film occurring on the water surface is not a problem, although it
would be a serious problem if dispersed oil was present deep in the water column. In that
case, oil is not visible to the naked eye, but the light transfer from the water column above
the sea surface is modified to some extent. Exploring the contrast between unpolluted
and polluted seawater using dispersed oil present in the water column is the goal of this
paper. Previously, the issue of optical contrast was discussed in several papers [20,21].
However, the novelty of the current paper is the study of the influence of the thickness
of a dispersed oil cloud in the water column on the light field above the sea surface. In
this paper, Monte Carlo simulations were used to model the radiance field above the
sea surface disturbed from the dispersed oil present in a water column. This paper is a
continuation of the authors’ previous papers [22,23], in which the influence of dispersed oil
on the spectral composition of reflected light was discussed in relation to the wide range of
possible viewing angles. This paper presents the results of the contrast for dispersed oil in
a water column, determined over a wide range of nadir and azimuth angles. The contrast
was determined for various light wavelengths and various thicknesses of a water layer
polluted with dispersed oil.

2. Materials and Methods
2.1. Scheme of Modelling of Light Conditions in the Marine Environment

The light conditions used in this paper include above-sea downward irradiance
consisting of light coming from the sky hemisphere and light falling on the sea surface from
the direction of the sun (details in Table 1) shaping the spatial and directional distribution
of radiance in the water column and shaping the upward distribution of radiance above
the water surface, all for different wavelengths of light. The distribution of radiance in the
water column and the upward radiance above the water surface are determined by the
simulation of the migration and destination of a large number of solar photons entering
the sea surface.

To obtain the contrast as a tool for assessing the limit of visibility of oil in seawater, the
three previous stages of action presented in Figure 1 should be performed. First, an optical
model of the sea surface covering the refractive index of the seawater and the statistical
distribution of the slopes of wind-generated surface waves is created. The optical water
column model includes the Inherent Optical Properties (IOPs) of water at various depths
in the southern Baltic Sea region.
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Table 1. Direct and diffuse solar irradiance contributions for various light wavelengths (RADTRAN
model developed by Gregg and Calder [24]).

Wavelength
[nm]

Diffused Solar Irradiance
Fraction

Direct Solar Irradiance
Fraction

412 0.353 0.647
440 0.338 0.662
488 0.318 0.682
510 0.312 0.688
532 0.306 0.694
555 0.301 0.699
650 0.288 0.712
676 0.286 0.714
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Figure 1. Stages of activities aimed at determining the visibility of a cloud of oil droplets dispersed
in seawater.

If there are oil droplets in the sea, the IOPs of the oil-in-water emulsion are attached
to the optical model (details in Figure 2).

Taking into account the sea model described above, the second stage can be performed—
i.e., the simulation of the course of a large number of photons—thus obtaining the directional
distribution of radiance reflectance for different wavelengths of light. In turn, in the third stage,
with these distributions, it is possible to establish the optical contrast between the clean and
polluted sea area.
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Figure 2. Scheme of the optical model of sea basin for various thicknesses of oil droplet clouds for a chosen wavelength
(555 nm) applied for Monte Carlo simulations.

2.2. Solar Irradiance Distribution

Models of direct and diffused solar irradiance for considered wavelengths are pre-
sented in Table 1. To obtain the value of both of these quantities, the RADTRAN model
developed by Gregg and Calder was applied [24].

2.3. Sea Basin Model with Oil-in-Water Emulsion Used for Modelling

A model of the sea basin and the same basin but polluted with oil is presented
in Figure 2. The model of the sea basin was divided into four layers with appropriate
thicknesses. The thicknesses of the layers of the sea basin model have been covered
by literature data on the inherent optical properties of seawater, such as the absorption
coefficient and the scattering coefficient typical for open waters (Figure 2) of the Baltic Sea.
The details are taken from Sagan’s publication [25]. These data refer to water in the area
delineated by the border of the Polish Exclusive Economic Zone, excluding the Gulf of
Gdańsk and the Bay of Pomerania (see Figure 3). The particular layers of seawater for four
appropriate thicknesses are described by optical properties: the absorption coefficients—
aw(λ)—specific to four particular layers of the sea; scattering coefficients—bw(λ)—specific
for four particular layers; and βw(λ)—the scattering phase function—for the simulations,
one of Petzold’s functions—i.e., the “costal ocean” type—was used [26]. A comparison
of the shape of the angular scattering function according to Petzold with an example of
the function for an oil emulsion can be found in this paper [27]. The shapes of the phase
functions of the oil emulsion (for various wavelengths and different types of oils) are
presented in this paper [28]. However, the oil-in-water emulsion in the model was located
at the start of the seawater surface and the depth of the oil layer was partially changed to
0.2 m, 0.5 m, 1 m, 2 m, 5 m, 10 m, 30 m, and 50 m. The oil-in-water emulsion in seawater
is described by its optical properties, such as the absorption coefficient of oil ao(λ), the
scattering coefficient bo(λ), and the scattering phase function of oil βo(λ) typical for this
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particular kind of oil. Figure 2 presents an optical model of the sea basin with example
optical properties for a 555 nm wavelength used to simulate photon destinations.
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2.4. Optical Properties of Seawater

To perform Monte Carlo simulations, the optical parameters of seawater were used,
which took into account the sea model described above. The absorption coefficients of
seawater—aw(λ)—specific for four particular layers of the sea and the considered wave-
length are presented in Table 2. The scattering coefficients of seawater—bw(λ)—specific for
four particular layers and for the considered wavelength are presented in Table 3.

Table 2. Absorption coefficient aw of seawater free of oil droplets for various light wavelengths at
various sea depths for the open sea [25].

λ [nm]
Absorption Coefficient [m−1]

Depth < 5 m 5–30 m 30–50 m Depth > 50 m

412 0.596 0.536 0.476 0.486
440 0.398 0.348 0.298 0.298
488 0.218 0.178 0.148 0.158
510 0.188 0.158 0.138 0.138
532 0.163 0.143 0.123 0.123
555 0.149 0.139 0.119 0.119
650 0.391 0.381 0.371 0.371
676 0.517 0.497 0.467 0.467
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Table 3. Scattering coefficient (bw) of seawater free of oil droplets for various light wavelengths at
various sea depths for open sea [25].

λ [nm]
Scattering Coefficient [m−1]

Depth < 5 m 5–30 m 30–50 m Depth > 50 m

412 0.63 0.39 0.14 0.20
440 0.60 0.37 0.13 0.18
488 0.60 0.37 0.14 0.18
510 0.60 0.37 0.14 0.18
532 0.60 0.37 0.14 0.18
555 0.59 0.37 0.15 0.19
650 0.54 0.34 0.14 0.17
676 0.51 0.32 0.14 0.18

2.5. Optical Properties of oil Dispersed in the Water Column

To determine the optical parameters of seawater polluted by dispersed oil, the sea
model described above was used. The absorption coefficients of seawater polluted by oil—
ao(λ)—specific for four particular layers of the sea and for the considered wavelength are
presented in Table 4. The scattering coefficients of seawater polluted by oil—bo(λ)—specific
for four particular layers and for the considered wavelength are presented in Table 5.

Table 4. Absorption coefficient ao of oil droplets for Petrobaltic-type crude oil dispersed in seawater
at a concentration of 10 ppm for various light wavelengths.

λ [nm] Absorption Coefficient
[m−1]

412 0.299
440 0.114
488 0.052
510 0.042
532 0.029
555 0.029
650 0.0125
676 0.0087

Table 5. Scattering coefficient bo of oil droplets for Petrobaltic-type crude oil dispersed in seawater at
a concentration of 10 ppm for various light wavelengths.

λ [nm] Scattering Coefficient
[m−1]

412 7.81
440 7.97
488 7.98
510 7.95
532 7.91
555 7.87
650 7.60
676 7.48

3. Results and Discussion

Figure 4b–f present the results of radiance reflectance modelling for various thick-
nesses of oil-polluted water (10 ppm), for an example wavelength of 555 nm and a sea
surface condition corresponding to a wind speed of 5 m/s (according to the Cox and
Munk algorithm [29]). Figure 4a presents the results for seawater free of oil. The results of
the values of radiance reflectance from light diffused in a water column and a sky light
reflected from the sea surface are visible for the case of no oil pollution shown in Figure 4a.
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The influence of dispersed oil in a water column on the values of radiance reflectance are
presented in Figure 4b–f for various thicknesses (0.2 m, 0.5 m, 1 m, 2 m, and 50 m) of the
oil-polluted layer. Changes in values of radiance reflectance in the case where there is no
oil pollution in relation to the dispersed oil are visible for a polluted layer with a thickness
of 0.2 m. Moreover, in Figure 4b–f the changes in radiance reflectance are visible for a
thickness of 2 m. For greater thicknesses, the differences in values of radiance reflectance
are not as visible, while the radiance reflectance values are negligible for thicknesses greater
than 10 m.
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Figure 4. Radiance reflectance values in cylindrical coordinates (left side—2D maps; right side—3D contour maps) for the
example wavelength λ = 555 nm determined from the Monte Carlo simulations for cases where there is (a) no oil pollution
in seawater and seawater polluted by oil for a 10 ppm oil concentration for a different thickness (b–f) of a layer of oil
dispersed in seawater: the yellow spot marked on the left side of the 2D maps refers to the sun position, as described by the
zenith angle θ = 30◦ and azimuth angle ϕ = 180◦.

The radiance reflectance for the selected azimuth angles is shown in Figure 5. The
reflectance maximum is located near the direction of the spectacular reflection of light
coming directly from the sun. However, it depends on the actual viewing azimuth angle.
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azimuth ϕ = 180◦.

The current study aimed to determine the possibility of detecting oil dispersed in
seawater corresponding to the optimal wavelength when viewing the sea surface under
the zenith angle θ and the azimuth angle ϕ. Therefore, based on the results obtained for
the radiance reflectance L(θ,ϕ), the parameter radiance reflectance contrast C(θ,ϕ) was
defined. The definition of the radiance reflectance contrast C(θ,ϕ) is described by Formula
1 as the quotient of the difference in radiance reflectance above the unpolluted seawater
Lseawater(θ,ϕ) and the radiance reflectance of the oil-polluted seawater Loil(θ,ϕ) to the sum
of the radiance reflectance above the unpolluted seawater Lseawater(θ,ϕ) and the radiance
reflectance of the oil-polluted seawater Loil(θ,ϕ).

C(θ, φ) =
Lseawater(θ, φ)− Loil(θ, φ)

Lseawater(θ, φ) + Loil(θ, φ)
, (1)

where C(θ,ϕ) is contrast, Lseawater(θ, φ) is the radiance above the unpolluted seawater, and
Loil(θ, φ) is the radiance above the seawater polluted by oil.

To determine the optimal wavelength suitable for dispersed oil detection in seawater,
the calculation of the contrast parameter for the thickness of the layer with dispersed oil in
seawater of 50 m was first performed. Figure 6a–h presents the results of the calculations
of contrast C(θ,ϕ) for eight wavelengths (412 nm, 440 nm, 488 nm, 510 nm, 532 nm, 555 nm,
650 nm, and 676 nm, respectively).
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In Figure 6a–h, the results of the radiance reflectance contrast C(θ,ϕ) are presented
in cylindrical coordinates (θ,ϕ) for 45 zenith angles and 36 azimuth angles. The obtained
results for the contrast of radiance reflectance C(θ,ϕ) indicate the influence of wavelengths.
The values of contrast increase with the values of wavelengths. However, in Figure 6f
it can be seen that the contrast becomes weaker when observed at wavelengths above
555 nm. To select the optimal wavelength value for the depth of oil detection in seawater,
the determined results for contrast were presented for selected observation angles θ = 0◦

and θ = 30◦ for ϕ = 180◦. The contrast results for the selected angles θ = 0◦ and θ = 30◦

are presented in Figure 7 as a function for selected wavelengths 412 nm, 440 nm, 488 nm,
510 nm, 532 nm, 555 nm, 650 nm, and 680 nm, respectively. The results presented in
Figure 7 confirm that 555 nm is the optimal wavelength for dispersed oil detection.
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In the next step, an analysis of the role of the thickness of the water layer polluted
with dispersed oil is performed. The contrast of radiance reflectance C(θ,ϕ) for different
depths of dispersed oil in seawater (0.2 m, 0.5 m, 1 m, 5 m, 10 m, 20 m, and 50 m), for the
previously established optimal wavelength of 555 nm was calculated. Figure 8a–h present
the results of calculations of the radiance reflectance contrast C(θ,ϕ) for various thicknesses
of the layer polluted with dispersed oil. The obtained results for the contrast of radiance
reflectance C(θ,ϕ) indicate the changes in values in relation to the depths of polluted water.
The contrast values increase along with the depths of dispersed oil up to 5 m (see Figure 8e)
and remain unchanged for further thicknesses of the contaminated layer (Figure 8f–h). The
contrast results for the selected angles θ = 0◦, θ = 30◦ for ϕ = 180◦ (in the plane of incidence
of sunlight) as a function of the thickness of the polluted layer are presented in Figure 9. It
appears that it would be more useful to observe the sea surface from the direction of the
sun rays than from a perpendicular direction.
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4. Conclusions

Monte Carlo simulations of photon migration in a marine environment and the final
fate of photons passing to the atmosphere were used to determine radiance reflectance as
the data to calculate the optical contrast between a clean sea area and a polluted area with
an oil-in-water emulsion for a relatively low concentration (10 ppm). Radiance reflectance
modelling for the whole spectrum of azimuth angles and zenith angles was performed
to obtain information about the optimal angles for the optical detection of oil sunk under
the sea surface. Moreover, the modelling of radiance reflectance was performed to select
the optimal wavelength for the sea surface to be viewed. For the given sea area (southern
Baltic Sea) and kind of oil (Petrobaltic type extracted from the bottom of the Baltic Sea), our
results indicate that 555 nm is a suitable wavelength.

Moreover, the influence of the thickness of the contaminated water layer on the
possibility of the optical detection of the presence of oil in seawater was analysed. An
analysis of the results indicated that for a concentration of 10 ppm, detection is already
possible for a contaminated layer thickness of 0.2 m. An increase to above 5 m in layer
thickness does not influence the contrast value change and shows that the possibility of
detecting the dispersed oil cloud does not change.

The most favourable situation for the detection of oil dispersed in the sea happened
when the observation of the sea was made from the direction of the sun. An observation
perpendicular to the sea surface also produced good results, although the contrast value
was several dozen percent lower.

The obtained results confirm that it is possible to detect clouds of oil dispersed in water
by using the optical contrast observed at a specific wavelength of oil-polluted water masses
against a surrounding clean contrast. There is currently no information as to whether
analogous conclusions could be drawn for sea areas with different optical properties, other
oils, or other optical models of the upper sky hemisphere. Undertaking similar actions to
those described in this paper but in other regions of the ocean is associated with the need
to establish water IOPs in these regions. The optical parameters of the water used in this
paper are representative of a semi-open sea with a relatively low transparency. Moreover,
the data characterizing the optical model of the sea come from the summer season. In the
remaining seasons of the year, since the water transparency is better, it can be assumed that
the detection of dispersed oil clouds could be easier.
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