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ABSTRACT. Reliable information on the spreading of oil pluorewater caused by massive oil spills is essential for making proper
cleanup measures. Satellite remote sensing technology has advantages over other methods in terms of larger coverage and without ex
pensive operating costs to detect oil spills. In ¢higly, an oil plume delineation method based on the-hé&ared (NIR) satellite data

is used to examine oil spill plume area and size for the BP Deepwater Horizon Oil Spill in the offshore water of Guf@ahtefor

the recent Norilsk oil spill in &lorthern inland water region. To get accurate results noise signals such as land from the data are masked
outusing SNAP based DEM data and Normalized Difference Water Index metheckas cloud signals are removed using MODIS

cloud masking. CoMunk model is used to compute the sun glint radiance. Results of DP oil spill case depicts a 483&&zké&m

oil plume along with the 20635.53 Rrthinner portion of the oil slicks using MODIS NIR data at a-&@&er resolution. It is
subsequently appliet the recent Norilsk Oil Spill using higher resolution Sentb@&IR data to test the method for detecting spill

plume in an inland river water system. Reasonable-tggblution results at 10 meter have been obtained for the smaller scale oil spill
ontoriver water compared to larger offshore area, considering that the river site has complex conditions including shalowd water
river reddish soil close to oil color. The developed method is suitable for detecting thick oil plume in ocean or deeptietdutlies.
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1. Introduction Satellite remote sensing, on the other hand, is often applied for
oil plume delineation due to its shorter revisit time and wider

Oil pollution entering the ecosystem has been an issue o§patial coverage (Gede Putra et al., 2015; Liu et al., 2D&T:
concern for many years and occur for various reasons. In thgets from a variety of satellites have been employed &g m
marine ecosystem, the leading sources of oil spills are operativging oil plumes. For example, synthetic aperture radar (SAR)
discharge of ships, accidents on ships, accidents relating to oj5 capable of detecting the returned signals reflected by small
drilling platforms, etc., (Lee et al., 2016). Whereas, for in|andcapillary waves, these waves can be dampened by oil jéyme
water systems, oil spills may confiem pipelines leakages ers and reduethe leturned signals to the SAR sens resulting
(Nielson et al., 2020) or failures of oil tanks (National Public iy darker areas in the image (Arslan, 2018).0B&Pineda et al.
Radio, Inc., 2020). These oil spills can lead to severe damaggzoog) used data from RADARSAT (0neSAR sensor) and em
to aquait life, habitat destruction, imperiling local flora, and ployed a texturelassifying neural network algorithCNNA)
fauna as well as human activities (Krestenitis et al., 2019). g achieve a good performance in oil slekiraction. Though

To reduce the adverse impacts of oil spills on the-envi SAR seisors have the advantageopferating under allveather
ronment, and to support the immediate remediation deeisioncondition, lookalikes (biogenic films, algae, etc.) cannotdis
making, accurate ojpplume mapping is often required (Liu et tinguished andhe SAR based approaches kmgted to wind
al., 2017; Fingas and Brown, 2018). Precise source identificaspeedanging from 3n/sto 10 m/s (Pisano et al., 2015; Arslan,
tion and oil spill monitor can be conducted through ship er air 2018).
craft surveillance, but these methods may be constrained by  optical sensors, on the other hand, may be affected by
time delays and narrower &l coverage (Lee et al., 2016). clouds but has the capacity to identify leaike oil slicksthrough
the sensed optical information (Arslan, 20X8gdePutra et al.
(2015) estimated the Fluorescent index fid@DIS data in the
Timor Sea and successfully estimated the oil covered area. Bul
ISSN:26636859print/266368670nline garelli and Djavidnia (2012) characterized the differdreteeen
© 2021 ISEISAll rights reserved10.3808/jeil. 202100050 the spectral properties of suspectedaat that of the surround
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ing sea water under the absentsunglint, usindODIS data easily be misidentifiedsaoil (Fingas and Brown, 2018). In the

in Gulf of Mexico in 2010. Althawadi and Hashim (2019} ex GOM case, oil in the neglinted area may have the same re
tracted oil spill information in Arabian Gulf from Sentir2l  flectance as water in the glinted area. Several models, including
image using the RGB (red, green and blue) bands and a+egiothe CoxMunk model Cox and Munk, 1954), Sha®@hurnside
based segmeation method. Kolokoussis and kthanassi model (Shaw and Chumside, 1997), \Wwdel (Wu, 1972),
(2018) also managed identify oil plumes in the South coast Mermelstein model (Mermelstein et al., 1994) are available for
of Athens, Greece using Sentifebata. Herein, data from the accessing the sun glint radiance. It is found that among these
Moderate Resolution Imaging Spectroradiometer (MORIR) models, the CoMunk model performs the besthich is used
Sentinel2 are being explored to delineate oil plumes. in this study (Zhang and Wang, 2010).

In past studies, different spectruimave been applied to Figure 1 presnts the main framework to quantify the area
detect the signal contrast of different optical characteristics beof oil plume over water based on the analysis of NIR data. The
tween oil plume and the surface water in marine environmentproposed approach includes data-ppeatment steps to remove
but scarcely in inland water systeri$ie optical contrast be  noise signals from each satellite image, including land mask
tween oil and the surrounding water mayffected by oitype, ing, cloud masking, glinlevel calculation, and the main NIR
oil evaporation degree, weather conditaom sun illumination  based oil mapping step. Software used in this study are the Sen
(Fingas and Brown, 2018). However, remsé@sing technolo  tinel Application Platform (SNAP) from the European Space
gy can identify oil and water based iir spectral absorption  Agency (https://step.esa.int/main/toolboxes/snagdng with
and scattering propertiés.the near infrare@NIR) range wa- SeaDAS toolbox (https://seadasfgynasa.gov/installers/sanp
ter has strong absorption rate and negligible scattenhde seadagoolbox/) and MATLAB. Details are discussed in bk
crude oil has a strong absorption rate in the short wavelengthwing sections.
but considered exponentially weaker with longer wavelength
(Sun and Hu, 2019). Clark et al. (2010) points that the re
flectance of emulsions formed by thick oil with water and other

Data Acquisition
(MODIS and Sentiel-2 data)

matters in the ocean is larger than the reflectance of water in ]

the NIR spectrum range. It is usually observed that both crude l : _

oil and emulsified oil have a higher reflectance han water Noise Removal ‘ Glint Level Calculation ‘

in the NIR range, making the detection of oil possible in this | Land Masking | '

spectrum. ¢ ’ NIR Based Oil Mapping l
The aim of this study is to develop an oil plume delineation \ Cloud Masking | 4

method for detecting oil spill plume in both offshore and inland ‘ Area Estimation

water areas based on satellite remote sgrisformation in the

NIR range. Particularly, the mariwable method is modified

for monitoring oil spill in an inland water system. The devel Figure 1. The framework with main steps for the proposed oil
oped approach is applied to two different cases, one based amapping method.

the Deepwater Horizon Oil Spill onto the offsbevater ofGulf

of Mexico (GOM) and another is the inland oil spill onto ariver 5 4 | and and Cloud Masking

basin in Northern Russia. . e .
The first step after data acquisition is to remove the noise

signals for better analysis. Satellite images may contain signals
2. Methodology that are not desired for analysis, including land (Lee 2G116)

and clouds (Liu et al., 2017). In some cases, signals faonh |

Satellite remote sensing has been long adopted for the eSthnd clouds may have the same reflectance level as signals

mation of water components in inland water bodies that absorl?he water surface, leading to misidentification ofptilmes. For
or scaftecolor presenting watercolor, referred as optically ac this reason, it is important to mask out noise pixels before the
tive waterbody constituents (OAC), those water components '

. ) analysis process. Land pixels from offshore marine enviro
include ChlorophyHa (Ch_la), total suspended solids (TSS), and ments can be masked out using SNAP based on the SRTM
ccr)]lored d|ssolveddaorga|n|c r(?att%r.fgCDOM) (qupp (lat al., joﬁo)'sec (Shuttle Radar Topography Mission launched in 20€8Y
The congept caneoexplore t.o ' ergnt@te o1t color an the digital elevation model (DEM) data.
surrounding water color possibly for oil spill detection in inland
waters. Satellite images usually contain noise signals lang., The method used for offshore land masking is not appli
cloud) especially for inland water systems due to the smalleicable to the removal of land pixels fromant water systems
areas in inland water region compared to vast marine environas the elevation of these systems can be larger than 0 m- There
ment. Noise signals, not related to oil and water, need to-be refore, the Normalized Difference Water Index (NDWI) is calcu
moved prior to the analysis of oil plumes on the sea ardsri  lated for each pixel using the following equation (Du et al.,
(Lee et al., 2016). It is challenging that these noise signals sucR016):
as land soil may have the same reflectance level as olil, leading
to misidentification of oil plumes. NDWi =/2 = & 1)

In remote sensing images, water in the glinted areas can rs + £
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where,} 3 and} g are the top of atmosphere (TOA) reflectance amined to gearate water and oil pixels for oil plume delinea

of the green band (band 3) and the NIR band (band 8) frontion. For instance, Band 2«€ 859 nm of MODIS and Band 8

Sentinel2, both two bands have a spatial resolution of 10 m.(a-= 842 nm) of Setinel2 are examined to estimate the area

The NDWI is also applied for offshore water area for additional size of oil spill plume as these two bands are the NIR bands

land pixel removal. with the finest spatiadesolution of their satellites and the band
Characteristics of water at different time and location may center of these two bands are close. Threshold values for each

vary and require specific thresholds for better water extractiordlint level area are determined based on the analysis of the oil
(Du et al., 2016). It is found that the optimized NDWI threshold Plume shape in that area and the total oil covered area, which
can provide better results with more accuracy than the standaré@n be crossedompaed with the reference data. When there
threshold (Acharya et al., 2018} cases that have insufficient 1S NO reference data, the largest reflgctance value in the middle
ground truth datathresholds are selected with the narrowest of the oilfree water area can be examined as the threshbld.
boundaries around the water bodies to minimizenilsédentt
ficationof oil plumes from water caused by thin water layers, 3. Results andDiscussion
poor water quality or other affecting factors. Clouds can be re
moved from the data which are flagged as clouds based on th&.1.Case 1: GOM Deepwater Horizon Qil Spill
MODIS cloud mask product (Roger et al, 2015). The first cae selected in this study is the DeepwaterHori
zon Oil Spill that occurred in the Gulf of Mexico on ApriltAp
22 Glint Level Calculation 2010. The oil spill originates around 28444L7.3®MN 88216
. ) . 57.4® W (Figure Za)) due to the failureof the Deepwater
_ After the removal of noise signals, unequal reflectance inyqyi,on grilling rig, causing 3.19 million barrels of crude oil
glinted area and neglinted area should be then dealt with. pain g continuously leaked into the ocean for three months (Sun
When an oil plume is in a glinted area like the GOM oil spill 4"y, 2019). MODIS surface reflectance data MODO9GA
area, the site area may reveal a high reflectance from water 'Broducts on May 1h, 2010 (data sourcéxttps://search.earth

the glined area with similar reflectance values from oil in the data.nasa.gq is extracted to build the model. The correspond
lessglinted areaTherefore, it is important to calculate the glint ing RGB image is obtained in Figuréy

levels of each pixel. Several models can be used to estimate the
sun glint radiance, among which the @dxnk model is se
lected n this study (Cox and Munk, 1954; Zhang and Wang, 3.1.1. Results of theSatellite Derivation

2010). The normalized sun glint radiance based on isotropic  The satellitederived results of the detected oil plume size
version (independent of wind direction) of the @dxnk mod or area and plume geometry shape in this study is cochpare

el can be computed (Pisano et al, 2015): the ground truth or reference data. As introduced in Section 2,

the method in the present study uses band 2 MODIS NIR data

L., = rimP( 4 ¥ ) and with threshold mechanisms to reduce noise for accurately
N

detecting oil plume size anplume geometry. The proposed
metod ishere tested by applying to the GOM offshore oil spill
wherer(¥) is the Fresnel reflection coefficient of the specular €ase. Literature methednd reference data for the GOM case

reflection angler; P(b, 0) is the probability distribution of sea IS €mployed to examine results of the proposed method. Clark
surface facet slopes relating to the zenith abgieeach facet €t @l. (2010) employed the coupled MODIS and plane based
and the isotropic sea surface slope coefficiedepending on ~ Nyperspectral AVIRIS alta to estimate the oil plume thickness

the lecal wind velocitydo andd represent the solar zenith angle @nd plume geometry shape and reported plume of 17763 km

and the sensor zenith anglespectively. (3363 kn#? of thick oi!) as shown in Figure(8) is used as a fe
ferencevalue. The oil plume area and geometry shape reported

y Clark et al. (2010) is comped tothe estimated identified
hick oil spill area of 3121.35 khwhich is obtained using the

" 4cogg, cosgcds

This methods used to calculate the sun glint radiabased
on the corresponding MODIS data. Given that the same type o
pixels has a similar range @dflectance level in a certain range roposednethod
of solar glint radiance, oil and water can then be distinguishedD P ) ' ] )
in that solar glint radiance range, the extracted water area can_Figure 3b) shows that the modelimgsultof the estimated

be divided into different zones based on their own glint level. Oil plume area of this study. Estimation of thicker oil slick areas
is vital for costeffedive cleanup actions. Figure Bj illustrates

the detected relatively thicker oil aré&838.84 k) is larger
2.3. NIR BasedEstimaton of the Water Oil Plume Size than the reportethick oil area (Clark et al., 201GParticularly,
After the abovaliscussegreprocessing of satellite data, the top parts of the relatively thicker oil plume marked orange
the oil mapping can be undertaken. Thick oil often forms emul and red in Figur&(a) and 3b) respectively are almoktentical
sions with water and other matters in the ocean. Past laboratoryloreover,results for the red circle region thicker oil plumes
experiments shoedthat the reflectance of oil emulsions has a are estimated with an area of 3121.35 iinicker oil plumes

greater reflectance as compared to water in the NIR (&Hgek in red circle area in Figure(l3) compared to the thicker oil
etal., 2010). As oil and water have different spectral absorptiorplumes marked orange at an reported area of 336%okrthe
and scattering properties in this range, a single thresheld same red circle region Figure 3a). For thelower portionof
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Havana ﬂ
L]

CUBR

Figure 2. (a) The selected study area (red box); (b) the retrieved MODIS RGB image of the Deepwater Horizon Oil Spill (blue
box is themajorspill zone).

[ Reference thick oil - [l Estimated thick oil area
area from MODIS; from MODIS NIR data;

[l Reference thick oil [ Suspected oil covered
area from AVRIRIS; area,

[ Reference oil sheen .o ‘
area from MODIS;

Figure 3. (a) A reported reference oil map for the same timedate (Clark et al., 2010) (Orange and green refers thick oil slick
while green is the plar@strument detected thick oil slick); (b) Corrected results of relatively clear (thicker) oil spill over oil spill
area results (red is the relatively thicker dittlg.

the oil plume as indicated in the blue circle of Figure 3b, an ad cloud flag information of M@IS. As shown in Figure 4b and
ditional area of relatively thicker oil slicks (marked red) with Figure 4c, there may still have some small pieces of scattered
an estimated area of 1717.48%is detectedThe differences  clouds which were not completely removed using the MODIS
between two studies are alpossibly attributed to thdiffer- cloud mask producfThese suspected cloud pixels are identi
ence in the data processinglimding the consideration of band fied as oil due to the similar reflectanex¢l in the NIR band
selection, cloud removaglint contamination, and interpreta compared to oil resulting in detection errors.

tion tools. Sun glinted area in the oil plume area poses another issue
to affect the accuracy of estimating oil plume geometrgokse
3.1.2. Discussion portion of the GOM oil plume is located in a glinted area, the

As shown in Figure 2, there are many clouds (white pixels)satellitederived result for that part of the oil area (i.e., green
overthe oil plume, these clouds have higher reflectance valud?0x area of Figure 5b) is darker than the water near tpeuaile
than water in the NIR band but in some cases similar to the oi(yellow box area of Figure 5Sbndicatingthat the ginted sea
plume when the oil plume is under glinted condition. Cloud re can have a higher NIR reflectance than oil in the-gianted
moval is sensitive for identifying the etovered water area. area.

Using dternative advanced cloud detection methods might pro For the above mentioned reason, if a single threshold is
vide better cloud removal results. Zhen (2019) developed applied to all the analyses, water in some glinted area will be
cloud detection algorithm for remote sensing image based ogounted as oil (e.g., the yellow boxes of Figure 5) evhil in
l'inear iterative cl uster tong otffenaeastintife les8Qlthted ared Wil bR ExBltEdS(e.gMeré h o d
achieveimproved reslts. Tarrio (2020) compared 5 different green boxes of Figure 5). Different levels of sun glinted area
cloud masking methods and suggested an ensemble approaghe examined based on the @dxnk model. It gives a closer
of aggregating results from multiple algorithms to remdved  result to the reference result (Clark et al., 2010) conspre
naoise. that without glint correction (Figure 5 summary, this study
Figure 4 presents the result of cloud removal based on th@roves that MODIS band 2 NIR based oil plume detedtieti
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od is applicable with high level of accuracy, and reasonablereflectance spike but the spatial resolution iséo(20 m) while

cloud noise removal and glint correction treatment. However,band 8 (842 nm) has a relatively high reflectance with higher
this method can be additionally explored to further renubwed spatial resolution (10 m) but not at tteflectance spikéClark

noise signalsaind detect very thin oil sheen to process high et al., 2010). A comparison between thegas of band 8 (B8)
resolution satellite data under higher computational witst and band 11 (B11) is presented in Figure 6. It is observed that
more local hydrogeological data (Hu, 2011; Pisano e2@15). oil is easier to be detected in the image of B8 with sharper edges
as compared to the image of B11. Hence, B8 of Seriiel
used for further analysis.

Figure 4. (a) Results of cloud removal (removed cloud pixels
shown in black) of the whole argd) in the red box are#c)
in the yellow box area

Figure 6. (a) Location of the studikarea indicated in the red
box (he blue dot represents the location of the oil tank
facility) with results of (bMultispectral analysis with B&nd
(c) Multispectral analysis with B1from Sentinel 2 on 31
May 2020.

3.21. High-ResolutionSatellite-DerivedResults

The method tested in the GOM case is applied to the No
rilsk Oil Spill with a same data pretreatment analysis. However,
characteristics of this area largely differ from Gulf of Mexico
) . ) . in terms of surface water typs;ale water quality, water depth,
Figure 5. lllustrative results of glint effect over the studied local climateand environmental conditions. For the noise re
area: (@) RGB image; (BJODIS band 2mage after land and 441 process, water pixels of Magrd,2020 (Figure §)) are
cloud removal using single threshold. (Area in the green box ey o4 4 pasis as water under oil can be screened out. Water pix
shows low glinted area and the yellow box gives high glinted 5 other dates are overlaid to the basis to analyze the miss
area). ing area due to spilled oil. During tbé spill period, the water

bodies in the interested area are either fully covered by clouds
3.2.Case 2: Norilsk Oil Spill or free of clouds, henaenly cloud free images were usedian

The Norilsk oil spill occurred on 29 May 2020 in northern cloud removal was not processddgure 7 presents the satel
Russia due to the failure of a fuel storage tank, causing a larglte-derived RGB image compared with the identifiedamil-
oil spill into the Ambarnaya River (TASS, 2020). This river is ered area after applying the pretreatment method proposed in
reported to be shallow and previously polluted by the localthis study for the selected dates. Before quantification of the
mining industry (Interperiodica, 1999). Due to the narrow river area 6 oil plume over the study site, initial results in RGB-im
channel, MODIS data with 500 m resolution NIR bands is notages are compared with a report from the European Space A

suitable. Therefore, Sentin2ldata (data sourckttps://schub. gency (ESA) with labeled oil in the same area based on the
copernicus.eu/dhus/) with much higher spatial resolution-is ex Sentinel2 data on May 23rd, May 31st and June 1st in 2020
tracted forthe spill area (Figure 6). (ESA, 2020). It vatlates that the modeling results of oil plume

Satellite data from Sentinglon May 23rd, May 31sfune ~ aréa size and geometry (based on Figure 7) are in line with the
8th, June 13th and June 20th in 2@26 used in thistudy due ~ ESA resullts.
to heavy cloud effects during other dal&iltispectral analysis Figure (b) and {d) show that a large amount of oil exists
gives that band 11 (1610 nm) and band(Z290 nm) have a in the middle of the study area. Also, a small proportion of oil
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(a) RGB image on 31st May 2020 (b) Detected oil (red area) on 31st May 2020

Il : Estimated thick oil area
from MODIS NIR data; 2
: Possible misidentifications; [Sad

> :Riverbed with oil-like
color;
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(g) RGB image on 13 June 2020 (h) Detected oil (red area) on 13 June 2020

(/) RGB image of 23 May 2020

Figure 7. RGB image of case study area showing spijion on 3%t May 2020,(a) without oil detection area (b) with identifie

oil detected area (in redRGB image of studarea showing spill region orstlJune 2020 (c) without identified oil detection area
(d) with identified oil covered area ; RGB image of study area showing spill regioth dar& 2020 (e) without identified oil
detection area, (f) with identified oil cexed area; RGB image of study area showing spill region on 13th June 2020 (g) without
identified oil detection area, (h) with identified oil covered area; (i) RGB images of 20th June 2020; (j) RGB imagevy23rd
2020.

enteedthe nearby lakes through small tributaries (e.g., FigureFigure qd). Qil is not detected after3th June, 2020 (Figure
7(f)). However, the two small oil plumes mapped in the top of 7(f) and Figure ¢h)), which may be due to prompt cleanup ac
Figure 1b) (yellow circlesmight be misidentified based tfel- tions. The satellitelerived results in this study give thaetes
lowing possible reason&) the majority of the oil did not pass timated area of oil coverage is 0.314PKM2268 ki without
throughthe affected area; 2) the small oil plume marked by amisidentified oil area), 0.2380 Knf0.2076 kmd without mis
yellow circle in Figure 7a), 7(b) and i) may be misidentified identified oil), 0.1617 ki) 0.0963 krA(0.0575 kmwithout mis-
as the same area due to shallow water level exposing the col@fientified oil) for 31st May, 1st June, 8th June and 1ithe,
of the lake bed or high sediment load. 2020, respectivelyShapovalova (2020) reported the oil spill
After few days, the majority of the oil plume moves further flowed into the local rivers aftevlay 29thaffecting an area
to the nortton 1st Junas indicated in Figure(@). On 8th Jung approximately of 180,000 hgi.e., 0.18 krd). This reported af
the identified oil area has dispersed to the nearby-lakerwa fected area is very close to but smaller than our estimation o
ter system in the bottom right area as shown in Fig(f)e Gil 31st May, 1sfiune (without misidentified oil) when the major
distribution in Figure {f) is similar to the oil distribution in ity of the fuel was still in the sceae

23



