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0il pollution of natural waters represents a serious threat for aquatic ecosystems, and the assessment of the degree of pollution requires
measurement strategies including remote sensing and modeling. While surface oil pollution is relatively easy to detect with radar or optical
remote sensing, underwater oil emulsions can only be detected using visible light as an information carrier. Here the Michelson contrast of
sea area polluted by an oil-in-water emulsion under various wind conditions is simulated through Monte-Carlo modeling. The results show
the premise for optimal direction of observations in which the possibility of detecting the emulsified oil is maximized.
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1 INTRODUCTION

Optical remote sensing provides a valuable tool for synoptic
and long-term observations of natural water masses. The re-
motely sensed water-leaving radiance, after normalization to
the incoming irradiance, carries information about the vari-
ous water constituents. Such information is often interfered
by frequent sun glint on the sea surface [1]. On the other hand,
the presence of sun glint also facilitates observing surface oil
films [2]. The effectiveness of receiving information about the
processes taking place in the water column, however, is re-
duced with sun glint. In this paper, the possibility of detecting
“clouds” of oil-in-water emulsion in the water column is an-
alyzed under various conditions using Monte-Carlo simula-
tions. The objective is to understand how the various observ-
ing conditions may affect the observed reflectance contrast for
realistic water environments.

2 METHOD
2.1 Model

The deep sea (up to 200 m to eliminate the impact of the
seabed light reflection), filled with water characterized by in-
herent optical properties (IOPs) as described in Figure 1, rep-
resents the environment studied by the model. To study the
optical properties of oiled water in the ocean environments,
the volume scattering function of Petzold [3] is used, and
other IOPs are derived MODIS measurements over the north-
eastern Gulf of Mexico where the Deepwater Horizon oil spill
occurred between late April and mid July 2010.

The cloud of oil emulsion is immersed at 1 m depth. Its thick-
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ness is 5 m. Solar light falling on the sea surface contains dif-
fused sky photons and direct solar radiation at a zenith an-
gle of 30°(Table 1, after the RADTRAN model developed by
Gregg and Carder [4]).
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FIG. 1 Schematic representation of the seawater polluted with an oil-in-water emulsion
in the model applied in this paper. Symbols a, b, and VSF refer to, respectively: ab-
sorption coefficient, scattering coefficient, and volume scattering function. Parameters

awater, bwater, aoil, Doil and VSFy; are all dependent on wavelength (Tables 2a and 2b).
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2.2 Monte Carlo simulation settings

Two billion photons were traced in the Monte Carlo simula-
tion in every measurement scenario. The above-water hemi-
sphere was divided into 1836 solid angle sectors in which pho-
tons in their final destination were detected and summed up.
Probabilities of absorption and scattering of photons, as well
as angular distribution function of photon scattering were
calculated from IOPs of natural seawater and emulsified oil.
For water IOPs, total water absorption coefficient (ayater) and
particulate backscattering coefficient (b,,) were derived from
MODIS measurements in May 2010 over waters not contami-
nated by surface oil, and total particulate scattering coefficient
(bp) was derived from by, by applying the Petzold phase func-
tion. These IOPs were estimated from MODIS remote sensing
reflectance (a result of the SeaDAS processing software) us-
ing a quasi-analytical algorithm [5, 6] (Table 2a). For 0il IOPs,
the data were extracted from seawater polluted by dispersed
oil [7]. Statistics of wave slopes named after Cox and Munk
were applied [8] (Table 2b).

2.3 Calculation of reflectance contrast

The initial results of the Monte Carlo simulations were format-
ted into a table representing radiance for 1836 directions of the
upper hemisphere. A similar table for radiance reflectances
was also derived through dividing radiance by above-surface
solar irradiance. The radiance reflectance is also called remote
sensing reflectance (Rgy). The contrast C(6, ¢) of an area of the

Wavelength | Egy/Esun | Esun | Esky
(nm) (%) | (%)
412 0.42145 | 704 | 29.6
443 0.359117 | 73.6 | 264
547 0.268517 | 78.8 | 21.2
645 0.238818 | 80.7 | 19.3
678 0.233072 | 81.1 | 189

TABLE 1 Percentage of direct solar and diffuse sky photons for various wavelengths.

Wavelength | awater | bwater
(m) | ) | m7
412 0.066 | 0.516
443 0.050 | 0.395
547 0.059 | 0.198
645 0.345 0.121
678 0.520 | 0.106

TABLE 2a 10Ps of the seawater

Wavelength Aol boir
(nm) m™) | (m™)
412 4.30 6.40
443 3.80 6.95
547 2.50 8.40
645 2.19 9.10
678 1.81 9.12

TABLE 2b 10Ps of the oil-in-water emulsion (10 ppm).

sea polluted with oil, as compared with an oil-free area, was
calculated using Michelson formula, Eq. (1).

~ L(6,9) —LOL(0,¢)  R(6,¢) — ROL(6,¢)
CO9) = L6,9) 7 LOT(0,9) ~ R(6,9) + ROL(8,9) )

where:

e (6, ¢) is the radiance above the sea free of oil in direction

6, 9),

o LOIL(9,¢) is the radiance above the sea polluted with oil
in direction (6, ¢),

e R(6,¢) is the radiance reflectance of the sea free of oil in
direction (6, ¢) and

e ROIL(9,¢) is the radiance reflectance above the sea pol-
luted with oil in direction (6, ¢).

3 RESULTS

3.1 Angular distribution of reflectance

Exemplary results (radiance reflectance for 36 azimuth x 51
zenith angles) are presented in Figure 2 in polar coordinates
in 3D view using a color scale. This case applies to the sea free
of oil for the central part of the visible light spectrum (547 nm).
Results are shown for zenith angles up to 70°only, because for
larger angles the accuracy of the Monte Carlo simulation de-
grades significantly.

Figure 3 shows the radiance reflectance for the same case as
in Figure 2 in two visualizations as 2D contour maps and

3D contour maps, respectively. Light diffused in the water
column and skylight reflected by the sea surface shape the

0.02

0.014

Radiance REFLECTANCE R, [sr]

FIG. 2 Illustrative radiance reflectance angular distribution above sea surface visual-
ized in cylindrical coordinates. Cold colors (blue-green) represent low values, while
warm colors (yellow-red) represent higher values. Position of the sun: zenith - 30°,

azimuth - 0°.
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FIG. 3 Exemplary radiance reflectance distribution just above sea surface.
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FIG. 4 Comparison of above-surface radiance reflectance angular distributions at 547 nm for two weather conditions (wind speeds). The yellow dot represents the sun’s position.

wind speed vector is perpendicular (to the right) to a plane of sunlight.

reflectance distributions. In addition to the above-water re-
flectance, underwater reflectance (at 1 m depth) distributions
are also shown in the Figure 3. The underwater radiance is in-
fluenced by seawater constituents (through their IOPs). After
propagating into the atmosphere it also modulates the above-
water reflectance distributions. Similar to the angular distri-
bution of radiance reflectance, the radiance transmittance is
also shown in the bottom panel of Figure 3, which is useful
to derive radiance or reflectance contrast for an under-water
observer.

Radical modification of the angular distribution is observed
when wind is considered in the simulation. Briefly, glitters
from wave slopes induce changes in the radiance reflectance,
especially close to the direction responsible for specular reflec-

tion of the direct sunlight. This phenomenon is demonstrated
in Figure 4 where reflectance distributions of oil-free waters
and oiled waters are shown. The effect of the oil is the de-
creased reflectance in the direction close to zenith. However,
it should be noted that the presented situation corresponds to
547 nm, and in other wavelengths this phenomenon may be
different, which is shown below in Figure 5.

3.2 Angular distribution of the contrast

The reflectance contrast, as the final product of numerical sim-
ulations, is visualized in Figure 5 for the chosen wavelengths
and wind speeds. The 3D contour graphs are presented in
cylindrical coordinates, similar to those in Figure 2. To facil-
itate visualization the results are also presented in Figure 6,
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FIG. 5 Angular (in cylindrical coordinates - see Figure 2) contrast distributions of underwater oil-cloud for an “observer” (human eye, camera, radiance meter etc.) positioned

above the sea surface. Every image corresponds to nadir angle from o°(image center) to 9o°(image periphery). The yellow dot indicates the sun’s angular position.
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FIG. 6 Contrast angular distributions in the solar light plane for three wavelengths
(412 nm, 547 nm, and 678 nm) under three wind conditions (absolutely plane sea

surface, rough sea surface at wind speed of 1 m/s and 10 m/s).

where the reflectance contrast is plotted in the plane of the di-
rect sunlight.

4 CONCLUSIONS

Monte Carlo simulations were used to understand the influ-
ence of oil-in-water on above-water reflectance under vari-
ous wind conditions. In general, an increase of the sea surface
roughness results in a decrease of the contrast of the polluted
seawater compared to the oil-free water. The results presented

here show examples only for demonstration purpose, but it is
clear that in the case of roughened surface the greatest contrast
is observed from the direction close to the direction of the solar
radiance independently of the wavelength. This suggests that
an above-water observing camera should be oriented in par-
allel to the solar radiance in order to maximize the observed
contrast.

It is worth to notice that the contrast can be both positive and
negative. Namely, for short wavelengths one can expect that
the contrast of oil-in-water would be negative, whereas for
longer wavelength the contrast would be positive. This phe-
nomenon is a result of interplay between light absorption and
scattering processes by natural and alien substances in the wa-
ter column. Although the purpose of this demonstration is for
oil-polluted water, the methodology should also be applica-
ble to studying other suspended or dissolved substances pro-
vided that their IOPs are known.
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