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ABSTRACT: Remote sensing technology is one of the important means to monitor marine
petroleum pollution. Its core physical quantity, remote sensing reflectance (Rrs), is the
comprehensive embodiment of the optical characteristics of water components. Clarifying the
influence of oil substance, suspended sediments and chlorophyll on remote sensing reflectance is
of great significance for constructing and improving the accuracy of remote sensing inversion
model for oil pollution concentration. Based on the apparent and inherent optical data of oil-
contaminated water bodies measured in the sea area of Dalian Port in Liaoning in August 2018,
we use the radiation transfer model Hydrolight to simulate the Ry of the single component and
mixed water of different components by the proportioning method. The results show that: (1) In
the water body containing only oil, the shape of the spectral curve of Ris decreases with the increase
of wavelength, and its value decreases with the increase of oil concentration in the wavelength
range of 400-480 nm, but increases with the increase of oil concentration in the range of 480-700
nm; (2) In the oil-sand mixed water, the Ry value will decrease with the increase of the
concentration of oil substances, but the spectral shape will not change with the wavelength; with
the increase of suspended sediment concentration, the value of Rys will increase, and the shape of
the spectrum will change significantly with the wavelength; (3) In the oil-algae mixed water, the
Rrs of chlorophyll will increase with the increase of oil concentration; (4) For the oil, sand and
algae mixed water body, the Rrs spectrum shape is mainly affected by chlorophyll, and secondly
by suspended sediment, and the oil substance has little effect on it; (5) The influence of oil on the
Rrs of the water body should consider the relationship between the concentration of algae and
suspended sediment. When the concentration of these two is large, the effect of oil concentration
will be masked; (6) The presence of chlorophyll limits the "red shift" phenomenon of suspended
sediment; (7) The combined effect of suspended sediment and oil can affect the fluorescence peak
of chlorophyll. The research on the Rys of oil-contaminated water by Hydrolight is helpful to enrich
the basic research of ocean color remote sensing, and has important theoretical significance for
improving the bio-optical model of various water bodies.

1. MANUSCRIPT

Remote sensing reflectance (Rrs) is a basic physical quantity of ocean color remote sensing, which
contains the optical properties of water layer in a certain depth. Ry is one of the important
parameters of remote sensing inversion model of water component concentration. To improve the
inversion accuracy of the corresponding model, the contribution of each component to the Ris
should be determined. In petroleum polluted water, oil substances as a kind of water color factor
affects Rrs. At present, great progress has been made in the extraction of petroleum pollution
information by remote sensing technology, mainly focusing on the inherent optical properties
(10Ps), apparent optical properties (AOPs) and fluorescence characteristics of oil substances in
water (Huang et al., 2014, 2017; Krol, 2006). Remote sensing inversion models for oil content in
water body were established based on these characteristics (Huang et al., 2016). It is helpful to
improve the accuracy of remote sensing inversion of oil concentration model to master the
influence of oil substances on Rys in oil sand algae mixed water. And understanding the "role™ of
oil in water plays an important role in building a bio-optical model with high accuracy for



retrieving the components of oil-bearing water body and promoting the related research of this
field. Huang et al. (2017) studied the contribution about each component of oil and quartz sand
mixed water body to the backscatter coefficient based on the proportioning experimental data, and
proposed a separation algorithm to provide technical support for the separation of oil and particle
backscattering coefficients. There are many studies on the effects of suspended sediment and
chlorophyll on the spectral characteristics of Rys. For example, Gitelson (1994) showed that the
most significant spectral characteristics of Rys in algae bearing water body was the reflection peak
at the wavelength of 685-715 nm, and the secondary peak of chlorophyll appeared near 700 nm,
and its position began at 680 nm, and the peak reached the highest near 700 nm, which was closely
related to chlorophyll concentration; Han (1994) shows that in the visible and near-infrared band,
with the increase of suspended sediment content, the reflectivity of water body increases, and the
position of reflection peak moves to the long wave direction. So far there are few reports on the
influence and contribution of oil substances to the Ry in the mixed water of oil substances and
water components (such as chlorophyll, suspended sediment, etc.).

The radiation transfer model Hydrolight is an internationally recognized effective tool for the study
of radiation transfer process in water bodies, and is widely used in the field of international ocean
color remote sensing, focusing on the simulation of Rys and underwater light field, as well as the
evaluation of remote sensing inversion algorithm (Pahlevan et al., 2017; Sundarabalan et al., 2016).
The existing analysis shows that Hydrolight is an effective model for the study of radiative transfer
characteristics of petroleum polluted water bodies (Huang et al., 2019). However, in order to apply
Hydrolight to the study of radiation transfer characteristics of petroleum polluted water bodies, it
IS necessary to know the parametric models of 10Ps of water components with wavelength and
depth, such as absorption coefficient, scattering coefficient and scattering phase function, as well
as external environmental parameters (such as wind speed, bottom medium, etc.). Nowadays, the
research about the distribution, absorption coefficient and backscattering coefficient of water color
factors (chlorophyll, suspended sediment, yellow matter and so on) of class Il water body is
relatively mature, and many parametric models have been formed (Martin et al., 2017; Charles et
al., 2002; Song et al., 2006), which lays a foundation for the simulation of the influence and
contribution of oil bearing water components on the Rys.

In this paper, based on the measured data of oil content and absorption coefficient measured in
Dalian port, Liaoning Province, combined with some parameters provided by Hydrolight, the Rys
spectral simulation of the single and mixed components of oil, suspended sediment and chlorophyll
is carried out. It can theoretically explore the influence of oil-bearing water on the variation of Rys
spectrum, and provides a reference for improving the accuracy of remote sensing inversion of oil
concentration model and developing the characteristics of underwater light field variation of
petroleum polluted water.

2. METHOD

2.1 Test Area and Observation Time

The experimental area is located in the sea area of Dalian port, Liaoning Province, where oil
pipeline explosion has occurred and crude oil remains. In addition, this area brings certain oil
pollution to crude oil terminals, production activities and shipping channels. It is an ideal area for
the study of apparent optical properties and inherent optical properties of petroleum water. The
measurement time is from August 25th to 27th, 2018, starting at 8:00 and ending at 16:00 every
day, with observations every 2 hours.

2.2 Field Data Collection

Oil concentration measurement



The measurement of oil concentration adopts the TD-500D fluorescent oil test of American Turner,
and the measuring principle of the equipment is the same as that of molecular fluorescence
spectrometry (SL366-2006 Water quality - Determination of petroleum oil — molecular fluorescence
spectrometric method). Firstly, the petroleum in the sample is extracted with n-hexane, and then the
extracted petroleum is irradiated by ultraviolet light of specific wavelength to release fluorescence.
Finally, the concentration of petroleum is calculated according to the close linear relationship
between fluorescence intensity and petroleum concentration in a certain range.

Measurement of oil absorption coefficient

The absorption coefficient of oil is determined by the Japanese Hitachi UV-3900 ultraviolet-visible
spectrophotometer, and the wavelength is set to 400-700 nm during the measurement. In addition,
the sample preparation, measurement and analysis process all follow the NASA water color
observation specification. The absorption coefficient of oil-free water sample and oil-bearing water
sample are measured respectively, and then the oil-free water sample is taken as the background
value, and the absorption coefficient of oil-bearing water sample is subtracted from the absorption
coefficient of oil-free water sample to obtain the absorption coefficient of oil substances.

Measurement of backscattering coefficient

The backscattering coefficient was measured by Hydroscat-6 (HS-6) of HOBI labs. The
measurement method was carried out according to the technical specification for marine optical
survey. In order to reduce the influence of sea water temperature and air bubbles on the measurement
results of the instrument, the instrument was immersed in water and placed at rest for 2 min before
deploying it. The data measured by HS-6 is taken as the average value of the surface layer (0-0.5m)
as the backscattering coefficient.

Calculation of specific absorption coefficient and specific scattering coefficient of oil

The absorption coefficient (a) of oil can be calculated by the specific absorption coefficient (a”) and
the oil concentration (C) (Bricaud et al., 1995), and the relationship is as follows:

a=a" *C (2)

Where a is the absorption coefficient (m™), a” is the Specific absorption coefficient (m?smg™), and
C is the concentration (mg/m?3).

The backscattering coefficient obtained by HS-6 includes the contributions of oil substances and
suspended sediments. The oil sands mixed separation algorithm proposed by Huang et al. (2017) is
used to obtain the backscattering coefficient of pure oil substances, followed:

by, = 0.02821n(b,,) + 0.1703 )

Where by s are the backscattering coefficients (m™) of oil and sand mixed water samples, and by,
are the backscattering coefficients (m™) of pure oil water bodies.

For the fitting relationship between the mass specific backscattering coefficient and the concentration
of petroleum substances proposed by song et al. (2010), see formula (3):

by, =Ax C° 3)

Among them, A and B are the fitting coefficients, and the specific values are shown in Table 1; b}, , is
the specific backscattering coefficient of oil substances (m?emg™?).



Table 1 Petroleum mass-specific backscattering coefficient of different band (song et al., 2010)

Wavelength/nm 442 488 532 589 676 852
A 0.6269 0.5382 0.4566 0.4301 0.3388 0.2381
B -1.3085 -1.2962 -1.3135 -1.3247 -1.2882 -1.301
R? 0.773 0.7646 0.8191 0.8044 0.82 0.8198

Hydrolight simulation parameter setting

In this paper, the function of "a user defined model" provided by Hydrolight 5.3 is selected to
simulate the Rrs of single water component and mixed water body. Water components include pure
water, oil, chlorophyll and suspended sediment. Considering that most orders of magnitude changes
in nature are in accordance with the exponential law, the concentrations of oil substances, suspended
sediment and chlorophyll are set as 0.1, 0.2, 0.3, 0.5, 1.0, 1.5, 2.0, 3.0, 5.0, and 10.0 mg/L
respectively; The specific absorption coefficient and specific scattering coefficient of oil are 0.019
and 0.1472 (m?smg™), respectively. The 10Ps setting of chlorophyll and suspended sediment is in
reference Li et al. (2010). But the difference is that the depth is set as infinite depth; as for the
selection of phase function, the typical particle phase function provided by Hydrolight is selected,
which is suitable for most radiative transfer operations. Based on petzold (1972) data, Mobley (1993)
proposed a method of taking bs/b = 0.0183 and substituting it into Fournier and Ford (FF) volume
scattering function is solved to obtain the particle scattering function which varies with wavelength
and depth.

3. RESULTS AND DISCUSSION

3.1 Single Component Simulation Results

Changes of Rrs spectra of oil

Previous studies have shown that the oil in water before the formation of oil film can be regarded
as a water color factor (Huang et al., 2009), so Hydrolight can be used to simulate the Ry of oily
water, as shown in Figure 1. It can be seen that according to the spectral characteristics of pure oil
water, it can be roughly divided into two characteristic sections: 400-480 nm and 480-700 nm. In
the wavelength range of 400-480nm, the Rs decreases with the increase of wavelength A and also
decreases with the increase of oil concentration Coii, and the difference of Rys gradually decreases.
This is due to the low Coii mainly affected by pure water. With the increase of Coi, the
characteristics of oil gradually reflect, making the Ry of this band gradually decrease; In the 480-
700 nm range, the Rrs decreases with the increase of A, but increases with the increase of Coil. Pure
water has strong absorption in this band. In addition, the reflection characteristics of oil substances
increase with the increase of A.
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Figure 1 The Rys of oil substances



Changes of Rrs spectra of suspended sediment

Figure 2 shows the simulation results of Rrs under various suspended sediment concentrations Cspm.
It can be seen from Figure 2 that: (1) the Rys intersection point of different concentration values is
about at 440 nm. Before 440 nm, the shape of Rs spectrum corresponding to each concentration
value increases linearly with A, and the difference of magnitude is not obvious. (2) when the
concentration of suspended sediment is higher than 2.0 mg/L, the spectral change of R appears
obvious peak, and the peak position gradually moves to the long wave direction with the increase
of Cspm, Which is called "red shift" phenomenon; (3) in the range of 560-700 nm, with the increase
of A, the Rys decreases gradually, and the difference of Rys decreasing trend between different Cspm
becomes larger, which is consistent with the research results of Han et al.(1994).
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Figure 2 The Rys of suspended sediment

The change of Rrs spectrum of chlorophyll

Figure 3 shows the simulation results of Rys at each chlorophyll concentration Ceni. Figure 3 (a) and
(b) are the Rys spectra in the case of low Ccniand high Ccni respectively. Figure 3 (a) shows that the
Rrs of low Ceni reflects the spectral characteristics of pure water; and figure 3 (b) shows that, under
high Ccni, due to the strong absorption of chlorophyll in violet blue band, there are valley values at
440 nm and 675 nm; and there is a reflection peak at the wavelength range of 510-610 nm, which
are caused by the weak absorption of chlorophyll, and the peak gradually decreases as the
concentration increases. Additionally, a second reflection peak caused by the fluorescence
characteristics of chlorophyll is at the wavelength of 675-700 nm. This is consistent with the results
of Gitelson et al.(1994).

0.00045

0.00035 4
C oy (mglL)

—01
—02

03 5
—05 =

= 0.00025 -

—1
0.00015 4

S e = E : /,4'
5e-05 T——— ~ =

T T T 1 T T T T T 1
400 450 500 550 600 650 700 400 450 500 550 600 650 700
A‘nm Ainm

(a) low chlorophyll concentration (b) high chlorophyll concentration

Figure 3 The Rys of suspended sediment



3.2 Mixed Component Simulation Experiment
Variation of Rrs spectra in oil sand mixed water

Figure 4 shows the curve of Rys versus Cspm When oil concentration Coj is 1.0 and 10.0 mg/L. The
results show that: (1) in the oil sand mixed water, with the increase of Coi, the value of Rys will
decrease, but the spectral shape with wavelength X does not change; (2) with the increase of
suspended sediment concentration Cspm, the peak value of Rrs gradually increases and moves to the
long wave direction, that is, "red shift", which mainly reflects the characteristics of suspended
sediment; (3) with the increase of Cspm, the spectral shape is similar to that of suspended sediment,
that is, the Rys curve of pure oil changes due to the influence of suspended sediment.
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Figure 4 Variation of Rys of oil-sand mixed water with suspended sediment concentration when
the oil concentration is fixed

Figure 5 shows the curve of Ry with oil concentration Coii when the suspended sediment
concentration Cspm is 1.0 and 10.0 mg/L. It can be seen from Figure 5 (a) - (b) that with the increase
of Coil, the Rrs decreases. This may be because the suspended sediment adsorbs oil substances,
which makes the particle size of suspended sediment larger, resulting in the increase of forward
scattering and the decrease of backward scattering, thus reducing the Rrs. However, the change
trend of spectrum with wavelength X is little affected by Coil, which indicates that the presence of
oil only changes the value of Ry, but does not change the variation trend of spectrum.
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Figure 5 Variation of Rys of oil-sand mixed water with oil concentration when the suspended
sediment concentration is fixed

Variation of Rrs spectra in oil algae mixed water

The spectral characteristics of oil algae mixed water are mainly reflected in the characteristics of
chlorophyll, even at low chlorophyll concentration or high oil concentration. Figure 6 shows the
change of Ry with oil concentration Coii when the chlorophyll concentration Ccni is constant and
not less than 1.0 mg /L. The results show that with the increase of Coil, the Rrs gradually increases,



which may be adsorbed on the algal substances with oil substances, making the absorption of algal
substances weaken and the reflection enhanced. The existence of oil affected the fluorescence peak
of chlorophyll at 670-700 nm. Due to the "blocking" effect of oil substances, the fluorescence peak
of chlorophyll decreased with the increase of Ceni, but the spectral characteristics of chlorophyli
were not affected. In conclusion, the spectrum of mixed water is mainly the spectral characteristics
of chlorophyll, and the presence of oil increases the Rrs of chlorophyll, but does not change the
spectral shape.
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Figure 6 Variation of Rys with oil concentration under fixed chlorophyll concentration
Interaction of oil substances, suspended sediment and chlorophyll

Figure 7 shows the spectral curve of the variation of Rys with Cspm under the condition of fixed oil
concentration Coi and chlorophyll concentration Ceni. Coir is 0.1mg/L in figure 7 (a) - (c), belonging
to low concentration. Analysis of them shows that with the increase of Ccni, the value of Rys
decreases under different Cspm, the peak value of 550-600nm always exists, and the shape of Rys
spectrum does not change; Coi is 1.0 mg/L in figure 7 (d) - (f), belonging to medium concentration.
On the whole, the influence of oil substances on Rrs has not been shown, and the shape and value
of Rrs with the increase of Ceni is similar to figure 7 (a) - (c); Coir is 5.0 mg/L in figure 7 (g) - (1),
belonging to high concentration. At this time, the shape change of Ry is not affected by Coi, which
is consistent with the change curve of low and medium oil concentration, but the influence on the
value of Rys is obvious, which all reduces the Rrs. This shows that the effect of Coil 0n Rys appears
when the concentration is greater than 1.0 mg/L.
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Figure 7 Spectral curve of Rrs with suspended sediment concentration under fixed oil and
chlorophyll concentration

Figure 8 shows the spectral curve of Rys with the change of chlorophyll concentration Ccn under the
conditions of fixed oil concentration Coil and suspended sediment concentration Cspm. Analysis of
figure 8 (a) - (c) shows that in the oil sand algae mixed water body, with the increase of Ccni, the
spectral characteristics of the influence of chlorophyll on Rrs gradually become prominent, but the
value of Rrs gradually decreases. In addition, due to the influence of oil and suspended sediment,
the characteristics of chlorophyll fluorescence peak change, which may be due to the increase of
Ceni, the absorption of chlorophyll in the visible light band is strengthened, the absorption of oil and
the scattering of suspended sediment are weak, resulting in the decrease of Rys with the increase of
concentration. It also shows that the contribution of chlorophyll absorption to the Rys is greater than
that of the scattering of suspended sediment and oil in the 400-700 nm band.
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Figure 8 Spectral curve of Ris with chlorophyll concentration under fixed oil and suspended
sediment concentration

Figure 9 shows the spectral curve of Rrs versus oil concentration Coj in the case of fixed chlorophyll
concentration Ceni and suspended sediment concentration Cspm. Figure 9 (a) shows that the Rys
increases with the increase of Coii when the concentration of suspended sediment is low and
chlorophyll is high. Meantime, the Rys spectrum reflects the effect of Coii on chlorophyll; Figure 9
(b) shows that when the concentration of suspended sediment is low and the concentration of
suspended sediment is high, the Ry gradually decreases with the increase of Coii. The spectral



characteristics reflect the influence of Coii on suspended sediment; Figure 9 (c) shows that when the
concentration of both is high, the Ry increases with the increase of Coii. The shape of the spectrum
is mainly affected by Ccni. With the increase of Coil, the size and shape of the spectrum do not change
significantly, that is, under the high concentration of suspended sediment and chlorophyll, the
information of oil substances will be covered up. In conclusion, the relationship between Ccn and
Cspm should be considered in the influence of oil on the Rys. Rudz et al. (2013) studied the oil-bearing
water bodies in the Baltic Sea and found that oil droplets with different particle sizes also increased
and decreased the Rys, which proves to a certain extent that the influence of oil substances on the Rys
can not only increase but also reduce.
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Figure. 9 Spectral curve of Rys with oil concentration under fixed chlorophyll and suspended
sediment concentration

4. CONCLUSION

In order to explore the effect of oil substances on Rrs of water body, the concentration and inherent
optical parameters of oil substance were calculated based on the measured data of Dalian port. The
results show that the relationship between the concentration of chlorophyll and suspended sediment
should be considered in the influence of oil substances on the Rys of water body. Therefore, different
concentrations of chlorophyll and suspended sediment should be considered separately when
establishing the model of oil concentration inversion based on Rs.

The conclusion obtained in this paper is carried out under ideal conditions and fixed parameters,
which may be different from the measured spectra, mainly reflected in : (1) wind speed and tidal
current may affect the measurement of inherent optics properties of oil substances; (2) For the
calculation of specific absorption coefficient and specific scattering coefficient of oil substances,
empirical algorithm and fixed value are used. Its applicability and accuracy need more data to

verify.
References

Bricaud, A., Babin, M., Morel, A. and Claustre, H., 1995. Variability in the chlorophyll-specific



absorption coefficients of natural phytoplankton: Analysis and parameterization. Journal of
Geophysical Research, 100 (C7), pp. 13321-13332.

Charles, L.G., 2002. Partitioning spectral absorption in case 2 waters: discrimination of dissolved and
particulate components. Appl Optics, 21 (41), pp. 4220-4233.

Rudz, K, Darecki, M, Toczek, H., 2013. Modelling the influence of oil content on optical properties of
seawater in the Baltic Sea. Journal of the European Optical Society-Rapid Publications, 8, 13063
Fournier, G.R. and Forand, J.L., 1994. Analytic phase function for ocean water. Proceedings of SPIE
- The International Society for Optical Engineering, 2258, pp. 194-201.

Gitelson, A., Mayo, M., Yacobi, Y., Parparov, A. and Berman, T., 1994. The use of high spectral
resolution radiometry data for detection of low chlorophyll concentration in Lake Kinneret. J. Plankton
Res., 16 (8), pp. 993-1002.

Han, L., Rundquist, D.C. and Sensing, R., 1994. The response of both surface reflectance and the
underwater light field to various levels of suspended sediments: preliminary results. Photogrammetric
Engineering & Remote Sensing, 60 (12), pp. 1463-1471.

Huang, M.F., Song, Q.J., Tang, J.W., et al, 2009. Analysis of backscattering properties of petroleum
polluted water: a case study at the Liaohe River and the Raoyang River in Laoning Province , China.
Acta Oceanologica Sinica, 31 (03), pp. 12-20.

Huang, M.F., Xing, X.F., Song, Q.J., et al., 2014. Analysis of Fluorescence Specrum of Petroleum-
Polluted Water. Spectroscopy and Spectral Analysis, 34 (9), pp. 2466-2471.

Huang, M.F., Xing, X.F., Song, Q.J. and Liu, Y., 2017. New Algorithms to Separate the Contribution
of Petroleum Substances and Suspended Particulate Matter on the Scattering Coefficient Spectrum
from Mixed Water. Spectroscopy and Spectral Analysis, 37 (1), pp. 205-211.

Huang, M.F., Xing, X.F., Song, Q.J., Liu, Y. and Dong, W.T., 2016. A new algorithm of retrieving a
petroleum substances absorption coefficient in sea water based on a remote sensing image. Acta
Oceanologica Sinica, 35 (11), pp. 97-104.

Huang, M.F., Xing, X.F., Liu, Y, et al., 2019a. Analysis of temporal and spatial variation of petroleum
content in Dalian port. Journal of Dalian Ocean University, 40 (1), pp. 1-8.

Huang, M.F., Luo, W.J., Liu, Y, et al., 2019b. The Key Technology for Studying the Radiation
Transmission Characteristics of Petroleum-Polluted Water Using the Hydrolight Mode. Journal of
Ocean Tenchnology, 38 (3), pp. 7-14.

Li, Y.M., Wang, Q, Huang, J.Z., et al., 2010. Optical properties of Taihu Lake and remote sensing of
water color. Beijing: Science Press, pp.129.

Krol, T., Stelmaszewski, A. and Freda, W., 2006. Variability in the optical properties of a crude oil -
seawater emulsion. Oceanologia, 48 (S), pp. 203-211.

Martin L, Kutser T, Kari K, et al., 2017. Testing the performance of empirical remote sensing
algorithms in the Baltic Sea waters with modelled and in situ reflectance data. Oceanologia, 59 (1), pp.
57-68.

Mobley C, Gentili B, Gordon H, et al., 1993. Comparison of numerical models for computing
underwater light fields. Appl Optics, 32, pp. 7484-7504.

Pahlevan N, Schott J R, Franz B A, et al., 2017. Landsat 8 remote sensing reflectance (Rrs) products:
Evaluations, intercomparisons, and enhancements. Remote Sens Environ, 190, pp. 289-301.

Petzold, T.J., 1972. Volume Scattering Functions for Selected Ocean Waters.

Sundarabalan, V.B., Shanmugam, P. and Ahn, Y.H., 2016. Modeling the underwater light field
fluctuations in coastal oceanic waters: Validation with experimental data. Ocean Science Journal, 51
(1), pp. 67-86.

Song Q.J., Tang J.W., 2006. The study on the scattering properties in the Huanghai Sea and East China
Sea. Acta Oceanologica Sinica, 28 (4), pp. 56-63.

Song Q.J, Huang M.F., Tang J.W., et al., 2010. Influence of Petroleum Concentration in Water on
Spectral Backscattering Coefficient.Spectroscopy and Spectral Analysis, 30 (9), pp.2438-2442.



