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Light penetration in seawater polluted by dispersed oil:
results of radiative transfer modelling
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The downwelling light in seawater is shaped by natural seawater constituents as well as by some external substances which can occur
locally and temporally. In this study we focused on dispersed oil droplets which can be found in seawater after an oil spill or in the
consequence of intensive shipping, oil extraction and transportation. We applied our modified radiative transfer model based on Monte
Carlo code to evaluate the magnitude of potential influence of dispersed oil droplets on the downwelling irradiance and the depth of the
euphotic zone. Our model was validated on the basis of in situ measurements for natural (unpolluted) seawater in the Southern Baltic Sea,
resulting in less than 5% uncertainty. The optical properties of dispersed Petrobaltic crude oil were calculated on the basis of Mie theory
and involved into radiative transfer model. We found that the changes in downwelling light caused by dispersed oil depend on several
factors such as oil droplet concentration, size distribution, and the penetration depth (i.e. vertical range of oil droplets occurrence below
sea surface). Petrobaltic oil droplets of submicron sizes and penetration depth of 5 m showed a potentially detectable reduction in the
depth of the euphotic zone of 5.5% at the concentration of only 10 ppb. Micrometer-sized droplets needed 10 times higher concentration to
give a similar effect. Our radiative transfer model provided data to analyse and discuss the influence of each factor separately. This study

contributes to the understanding of the change in visible light penetration in seawater affected by dispersed oil.
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1 INTRODUCTION

The processes of attenuation of visible light in seawater have
been studied since the development of modern oceanogra-
phy in the 20 century in order to provide understanding
of primary production of the oceans and marine ecosystem
dynamics [1, 2]. Many studies have demonstrated that the
penetration of solar visible light in the upper layer of the
ocean plays an important role in heat transfer and sea surface
temperature [3]-[5]. Light penetration into seawater depends
on local seawater composition of various dissolved and sus-
pended materials [6, 7]. It is described by the spectral depth-
dependence of downwelling irradiance E;(z, A) [8] or diffuse
attenuation coefficient [9]. Spectral downwelling plane irradi-
ance, considered in this study, is defined as the energy of pho-
tons headed in downward directions in a time unit per unit
surface and unit wavelength [Wm 2 nm~1][10]:

_ AQ(z, M)
where AQ(z,A) is the radiant energy measured within the time
interval At at the depth z below sea surface, AA is the area of
detector’s diffusing surface and AA is the wavelength interval
(centered on wavelength A).

Another quantity significant for light field analyses in seawa-
ter is the depth of the euphotic zone, z;9,. It reflects the depth
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where the visible light (400-700 nm) drops to 1% of its sur-
face value [11]. Euphotic zone depth has been incorporated
into global or basin scale remote sensing algorithms and it has

become an important product of many biogeochemical stud-
ies [12].

Natural decrease of the downwelling light below sea sur-
face is caused by light absorption and scattering processes
of seawater constituents. Relationships between light attenua-
tion and concentration of different seawater constituents have
been precisely investigated for the purpose of water qual-
ity monitoring and management. The most numerous stud-
ies focus on phytoplankton biomass [13]-[15] including differ-
ent algae species as cyanobacteria [16]. Moreover, other rela-
tionships between light attenuation and seawater constituents
have been studied locally, e.g., colour dissolved organic mat-
ter [17], mineral particles [18, 19], or even air bubbles [20].
However, there is very poor knowledge available considering
the influence of external substances that can occur acciden-
tally in seawater, such as dispersed petroleum derivatives.

Nowadays oil droplets become quite common constituent of
some closed water basins (such as the Baltic Sea), estuaries
and routes of intensive shipping or oil extraction and trans-
portation [21, 22]. Moreover, dispersed oil stays in seawater
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for days to month after oil spill [23, 24]. When oil droplets
occur in the marine environment, they become additional ab-
sorbents and scattering centres affecting light penetration in
the water body, and in the consequence - photosynthesis, pri-
mary productivity and other biogeochemical processes.

In this study we have modelled and evaluated the possible in-
fluence of dispersed Petrobaltic crude oil on the downwelling
irradiance and the euphotic zone depth within the water body,
taking into account different droplet size distributions, differ-
ent oil concentrations, and different depths of oil droplets oc-
currence below sea surface (hereafter referred to as “oil pene-
tration depths”).

2 MATERIAL AND METHODS

2.1 Optical properties of natural seawater

Inherent optical properties (IOPs) of natural seawater were
measured in the Southern Baltic Sea at a coastal station L4
(N 54.8, E 17.5) on 25t May 2012. These measurements in-
cluded spectral absorption a(A) and attenuation c(A) coeffi-
cients, and were performed using a flow-through absorption-
attenuation meter (AC-9, WetLabs; see Appendix A). They
represent typical values for case 2 waters with chlorophyll a

concentration of 0.73 mg-m~3.

In order to determine the scattering phase function for nat-
ural seawater we run a set of radiative transfer (RT) sim-
ulations using our model described in [25] with different
Fournier-Forand (F-F) phase functions parameterized by dif-
ferent backscattering ratios, by, /b (see [26, 27]). We compared
the remote sensing reflectance (R;s) from the model with in
situ measurement performed by a set of Ramses Trios devices.
The R;s has been calculated as a ratio of upwelling radiance,
L., measured just below the sea surface (a modified radiome-
ter with narrower diameter has been mounted on the special
float positioning kit 2-5 cm below the sea surface) and down-
welling irradiance, E;, measured on the radiometer mounted
on the deck. All measurements have been carried out simulta-
neously to the IOPs measurements at the station L4. Then the
F-F functions that resulted in the best fit between the R,s mod-
elled and measured in situ were chosen for further analysis.

2.2 Optical properties of seawater polluted
by dispersed oil

In our study we considered two kinds of Petrobaltic light crude
oil dispersions characterized by different droplet size distri-
butions. We assumed that crude oil dispersed in marine en-
vironment presents most commonly a log-normal size distri-
bution [28]-[30]. We applied the formula given by Jonasz and
Fournier [31]:

N (Ind —Indy)?

n(d) = \/ﬁodoexp(%(ﬂ) &P | —pm | @

202

where d is the droplet diameter (considered in the range of
0.01-100 pum), dj is the peak diameter of the size distribution,
o is the width parameter of the log-normal size distribution,
and N is the total number of oil particles in 1 m3 of seawater.
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FIG. 1 Two Petrobaltic (PB) oil droplet size distributions characterized by peak diame-

ters of 0.3 um (solid line) and 5.0 ym (dashed line).

1,8 7
/

1,6 L6
= 1,4 1 ppm PB 0.3 um —
E ——— 1ppmPB5.0 ym L5 E
E 1,2 A E
% 10 { —— 1ppmPB 0.3 um r4 g
S ——— 1ppmPB5.0 ym 3
0,8 1 L4 ©
§ 3 2
2 06 g
§ \\\ 2 s
c 0,4 SN %}

_—:>< ——————— L1

0,0 , , , , —t 0

400 450 500 550 600 650 700
wavelength [nm]

FIG. 2 Spectral absorption (black lines) and scattering (blue lines) coefficients for two
Petrobaltic oil dispersions: characterized by size distribution peak diameter of 0.3 um

(solid lines) and of 5.0 pm (dashed lines).

Parameter o was approximated on the basis of experimentally
measured size distributions [32]. In this study we present the
results obtained for two oil dispersions: one characterized by
peak diameter of 0.3 pm (representing very small droplets,
and hereafter referred to as “submicron oil droplets”), and
another characterized by peak diameter of 5.0 pm (repre-
senting medium sized droplets, and hereafter referred to as
“micrometer-sized droplets”) (Figure 1). Some previous stud-
ies showed that micrometer-sized oil droplets are present
from hours to days in the regions affected by extent oil
spills [24, 33], while submicron oil droplets form stable emul-
sions, lasting in seawater from days to months [34].

After choosing oil droplet size distributions we applied Mie
calculations, as described by Bohren and Huffman [35], to ob-
tain the IOPs for both dispersions. Complex refractive index
for Petrobaltic crude oil was taken from [32]. The scattering
angle resolution for phase function calculations was varying
from 0.05 deg for small scattering angles to 2 deg for large
scattering angles. The results of Mie calculations are shown in
the Figure 2 (spectral absorption and scattering coefficients)
and Figure 3 (angular phase functions for 555 nm). Visible
light absorption is much lower (3 to 10 times) for submicron
oil droplets than for micrometer-sized ones. On the contrary,
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FIG. 3 Angular dependence of scattering phase function at 555 nm for two oil dis-
persions: characterized by size distribution peak diameter of 0.3 pm (solid line) and
of 5.0 ym (dashed line). Dotted line represents the F-F phase function for natural

seawater (station Lg) at 555 nm parametrized by backscatter ratio by/b = 0.011.

scattering in the same spectral region is significantly higher
(5 to 8 times) for submicron droplets. The analysis of the shape
of angular phase function dependence (see Figure 3) indicates
that micrometer-sized oil droplets scatter mostly in forward
directions (forward scattering is about 7-8 orders of magni-
tude more probable than backscattering), while submicron oil
droplets tend to scatter more symmetrically (showing 4-5 or-
ders of magnitude difference between the probability of for-
ward and backscattering).

2.3 Radiative transfer simulation

For radiative transfer modelling we applied our previously
described model based on Monte Carlo code [25, 36]. The
boundary conditions were chosen as follows: 10% sky over-
cast, actual sun elevation (zenith angle) of 58°, wind speed of
5 ms~!, actual seabed at 11 m, lambertian bottom reflectance
of 10% including 2% of specular reflection and 8% of diffuse
reflection. Oil dispersion penetration depth (i.e. the vertical
range of oil droplets occurrence below sea surface) was set
from 1 to 5 m, and oil concentrations varied from 10 ppb to
5 ppm. As a result of numerous runs of RT simulations we ob-
tained the depth-dependence of downwelling irradiance for
natural seawater (station L4) and seawater virtually polluted
by previously described dispersions of Petrobaltic crude oil.
The euphotic zone depth was calculated as the depth where
the downwelling irradiance E;(555) drops below 1% of its sur-
face value.

3 RADIATIVE TRANSFER MODELLING
RESULTS AND DISCUSSION

In this section we present the results of radiative transfer mod-
elling for natural seawater and seawater polluted by different
oil dispersions described in the Subsection 2.2. Natural sea-
water is represented by the coastal station L4 in the Southern
Baltic Sea with the IOPs typical for spring-summer season (see
Appendix A).
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FIG. 4 Remote sensing reflectance measured in situ (solid line) and modelled (dots)

on the basis of AC-9 data and different scattering phase functions.
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FIG. 5 Backscattering ratios representing the best fit between measured and mod-
elled Rys for the station L4 (N 54.8, E 17.5) in the Southern Baltic Sea; green line
represents the backscattering ratio for Petzold phase function commonly used in

ocean modelling.

3.1 Wavelength-dependent scattering phase
function

In our study we took into account the wavelength-
dependence of scattering phase function, which is rarely
included in radiative transfer studies, despite it seems to be
significant, especially in optically complex water basins [37].
We compared the remote sensing reflectance measured in
situ and modelled using different F-F functions for each
wavelength (Figure 4). Then the best fit was chosen for
further analysis.

The spectral-dependence of scattering phase function implies
the significance of backscatter spectral variability in case 2 wa-
ters. Spectral dependence of the by, /b ratio is shown in the Fig-
ure 5. Commonly used Petzold phase function [38] which has
a backscattering ratio b, /b = 0.0183, did not give satisfying
results in RT modelling (see the green dots in Figure 4 and
the green line in Figure 5), as in the recent studies by Freda
and Piskozub [39], and Freda [37]. The inclusion of spectral-
dependent phase function in RT analysis resulted in the model
uncertainty of less than 5%.
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FIG. 6 Spectral downwelling irradiance at 5 m depth modelled for seawater polluted by
Petrobaltic oil dispersions of droplet size distributions characterized by peak diameter

0.3 um and 5.0 ym and different oil penetration depths.
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FIG. 7 The influence of oil penetration depth on downwelling irradiance modelled for
seawater polluted by Petrobaltic oil dispersions of droplet size distributions charac-

terized by peak diameter 0.3 pm (top graph) and 5.0 ym (bottom graph).
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FIG. 8 Spectral downwelling irradiance at 8 m depth modelled for seawater polluted
by different concentrations of Petrobaltic oil dispersions of droplet size distributions

characterized by peak diameter 0.3 pm and 5.0 pym.

3.2 Downwelling irradiance - the influence
of oil penetration depth

Petrobaltic oil droplets when present in seawater tend to de-
crease the downwelling irradiance E; in the visible spectral
range. In Figure 6 we show spectral dependence of E; at 5 m
depth below sea surface for two considered oil dispersions
and two different oil penetration depths. E; in central bands
(corresponding to the green spectral region) was the most af-
fected by the presence of oil, and therefore in the Figures 7
and 9 we present the results for 555 nm. What is interesting,
submicron oil droplets caused an increase in the downwelling
irradiance just below the water surface, in comparison to the
natural (unpolluted) seawater, usually up to 0.5 m depth. This
increase varied in our study from 4-6% at the oil droplet con-
centration of 100 ppb to 26-30% at the concentration of 1 ppm.
On the contrary, micrometer-sized oil droplets, did not show
any increase in the downwelling irradiance within the water
body.

The influence of oil penetration depth on the decrease of
downwelling irradiance depends on oil droplet concentration
and size distribution (see Figure 7). 100 ppm of submicron oil
droplets which reached 1 m below sea surface caused a de-
crease in the downwelling light of 48% at 5 m below sea sur-
face and 52% at 10 m below sea surface. The same oil concen-
tration and penetration depth of micrometer-sized droplets
caused a decrease in E; of 12% at 5-10 m below sea surface.
The increase of oil droplet concentration to 1 ppm enhanced
the effect of E; drop to 98% for submicron oil droplets at
5-10 m below sea surface, and to 73% for micrometer-sized
oil droplets at 5-10 m below sea surface. Further increase of
oil droplet concentration caused the downwelling light to 99%
decrease at shallower depths in the water.

3.3 Downwelling irradiance - the influence
of oil concentration

In Figure 8 we show spectral dependence of E; at 8 m depth
below sea surface for different concentrations of considered
oil dispersions. The impact of oil droplet concentration on
the decrease of downwelling light within seawater depends
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Petrobaltic 0.3 pm Petrobaltic 0.5 pm
T P — 1 m of oil penetration | 5 m of oil penetration | 1 m of oil penetration | 5 m of oil penetration
10 100 1 10 100 1 100 1 5 100 1 5
ppb ppb ppm | ppb ppb ppm | ppb ppm ppm | ppb ppm ppm
21.7 214 196 5.0 205 149 5.0 215 195 13.1 202 122 3.5

TABLE 1 The influence of dispersed oil on the depth of the euphotic zone [m] at 555 nm (station L4).

mainly on droplet penetration depth and their size distri-
bution (see Figure 9). Submicron oil droplets, when present
in the 5 m water layer, caused small but noticeable E; de-
crease starting from the concentration of 10 ppb (8% at 5 m
and 10% at 10 m), while micrometer-sized droplets needed
10 times higher concentration to produce a similar effect (12%
at 5-10 m). The increase of submicron droplet concentration
resulted in 48% E; decrease at 5 m below sea surface and 52%
E; decrease at 10 m depth for 100 ppb. Finally, the decrease
of the downwelling light reached 98% at 5-10 m depth for the
submicron droplet concentration of 1 ppm. On the other hand,
1 ppm of micrometer-sized Petrobaltic oil droplets caused 73%
E; drop at 5-10 m depth below sea surface, while the con-
centration of 5 ppm resulted in a 99% decrease of the down-
welling light below 4 m depth in comparison to the natural
seawater.

3.4 Euphotic zone depth

Petrobaltic oil droplets in seawater reduced the depth of the eu-
photic zone, z19,(555), calculated for the central visible wave-
length of 555 nm (see Table 1). The degree of changes in-
creased with oil concentration as well as with oil penetration
depth. Moreover, we noticed that submicron oil droplets had
caused greater decrease in the depth of the euphotic zone than
micrometer-sized ones. Petrobaltic oil dispersion characterized
by the peak diameter of droplet size distribution of 0.3 pm and
penetration depth of 5 m showed a potentially detectable re-
duction in the depth of the euphotic zone of 5.5% at the con-
centration of only 10 ppb. The concentration of 1 ppm resulted
in 77% reduction of z1¢,(555). On the other hand, the disper-
sion characterized by the peak diameter of droplet size distri-
bution of 5.0 ym gave similar z19,(555) reduction by 10 times
higher droplet concentrations.

4 CONCLUSIONS

Radiative transfer modelling is a great tool to predict opti-
cal signatures in underwater light fluxes after oil pollution,
as long as the IOPs of natural seawater and dispersed oil
are known. The Mie-modelled IOPs of Petrobaltic oil disper-
sions have been successfully included into presented radiative
transfer modelling. The inclusion of spectral-dependent scat-
tering phase function for natural seawater has significantly
improved our model accuracy, and therefore we recommend
its application in optically complex water basins, such as the
Baltic Sea.

Vertical changes of natural sun light within the water body
have been analysed, and potential impact on downwelling
light from dispersed Petrobaltic crude oil droplets has been
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FIG. 9 The influence of oil droplet concentration on downwelling irradiance modelled
for seawater polluted by Petrobaltic oil dispersions of droplet size distributions char-

acterized by peak diameter 0.3 um (top graph) and 5.0 ym (bottom graph).

demonstrated. Depending on oil concentration and size of oil
droplets, dispersed oil can have significant effect on the level
and depth profile of the downwelling irradiance. For a typ-
ically considered oil concentration of 1 ppm, the reduction
of downwelling irradiance can reach almost 75% at 5 m be-
low sea surface, what in consequence can significantly affect
all underwater processes which depend on light availability,
like photosynthesis, underwater visibility as well as sunlight-
induced vertical heat transfer in the oceans. Dispersed oil has
significant impact on all remote sensing applications and op-
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tical parameters derived using remotely sensed methods. We depth | c412 440 488 510 582
find it worthy to perform such analyses for a wider range of (m |m™") @mh mb) m" m
droplet size distributions and different types of oil. 0 1145 0893 0.664 0.600 0.539

1 1181 0931 0.697 0.622  0.564
2 1229 0973 0735 0.669 0.606
B 1.069 082 0.604 0.544 0.490
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A INHERENT OPTICAL PROPERTIES OF 6 | 0568 0434 0420 039
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Tables 2 and 3 show the inherent optical properties of natural 9 0456 0350 0.337 0321
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tion L4 (N 54.8, E 17.5) on 25" May 2012 using a flow-through 11 | 0447 0353 0338 0.324

absorption-attenuation meter (AC-9, WetLabs).

depth | a412 a440 a488 a510 ab32
m |[@) @Y @) @m)H m)
0 0.704 0456 0238 0.177 0.131
1 0714 0465 0245 0.181 0.136
2 0.724 0472 0249 0.186 0.139
3 0.688 0441 0229 0.169 0.127
4 0691 0444 0231 0172 0.129
5 0751 0495 0263 0.194 0.146
6 0730 0477 0250 0.18  0.140
7 0.688 0.441 0228 0.168 0.127
8 0.689 0441 0227 0.167 0.126
9 0.684 0439 0227 0166 0.126
10 0.687 0440 0227 0.167 0.125
11 0.686 0.443 0228 0.166 0.126
depth | ab55  a650 a676  a715
m | m?bH mbH mhH @m?h
0 0.094 0.024 0.022 0.000
1 0.096 0.025 0.023 0.000
2 0.098 0.025 0.024 0.000
3 0.089 0.022 0.020 0.000
4 0.090 0.024 0.022 0.000
5 0.103 0.028 0.028 0.000
6 0.099 0.027 0.025 0.000
7 0.089 0.022 0.022 0.000
8 0.087 0.022 0.022 0.000
9 0.090 0.023 0.023  0.000
10 0.088 0.023 0.023  0.000
11 0.087 0.025 0.023  0.000

TABLE 2 Values of absorption coefficient in m~" given for g different wavelengths and

depths in m, normalized to the pure water.

TABLE 3 Values of attenuation coefficient in m~" given for 9 different wavelengths and

depths in m, normalized to the pure water.
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