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a b s t r a c t

Oil spill incidents contaminate water bodies, and damage the coastal and marine environment including
coral reefs and mangroves, and therefore, monitoring the oil spills is highly important. This study dis-
criminates the Wakashio oil spill, which occurred off Mauritius, located in the Indian Ocean on August
06, 2020 using the Sentinel-1 and 2 data acquired before, during and after the spill to understand the
spreading of the spill and assess its impact on the coastal environment. The interpretation of VV po-
larization images of Synthetic-Aperture Radar (SAR) C-band (5.404 GHz) of Sentinel-1 acquired between
July 5 and September 3, 2020 showed the occurrence and distribution of oil spill as dark warped patches.
The images of band ratios (5 þ 6)/7, (3 þ 4)/2, (11 þ 12)/8 and 3/2, (3 þ 4)/2, (6 þ 7)/5 of the Sentinel-2
data detected the oil spill. The images of decorrelated spectral bands 4, 3 and 2 distinguished the very
thick, thick and thin oil spills in a different tone and showed clearly their distribution over the lagoon and
offshore, and the accumulation of spilled oil on the coral reefs and along the coast. The distribution of
post-oil spill along the coast was interpreted using the images acquired after 21 August 2020. The ac-
curacy of oil spill mapping was assessed by classifying the SAR-C data and decorrelated images of the
MultiSpectral Instrument (MSI) data using the Parallelepiped supervised algorithm and confusion ma-
trix. The results showed that the overall accuracy is on an average 91.72 and 98.77%, and Kappa coef-
ficient 0.84 and 0.96, respectively. The satellite-derived results were validated with field studies. The MSI
results showed the occurrence and spread of oil spill having different thicknesses, and supported the
results of SAR. This study demonstrated the capability of Sentinel sensors and the potential of image
processing methods to detect, monitor and assess oil spill impact on environment.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Studies have demonstrated the use of data from both active and
passive satellite sensors to detect, map and monitor oil spills
(Garcia-Pineda et al., 2017, 2020; Akinwumiju et al., 2020; Bhangale
et al., 2017; Pisano et al., 2015; Arellano et al., 2015). Synthetic
e by Maria Cristina Fossi.

n).
Aperture Radar (SAR) beams are capable of interacting with phys-
ical surface of seawater and detect waves, ships, oil spills, or any
physical object different from water surface (Ozigis et al., 2020;
Suneel et al., 2019; Lang et al., 2017; Alpers et al., 2017). The dual-
polarized (VV and HH) SAR C-band of Sentinel-1 is considered to
be the most efficient tool to study oil spills (El-Magd et al., 2020;
Xue et al., 2020; Bayramov et al., 2018; Prastyani and Basith, 2018;
Stopa and Mouche, 2017). Recently, Chaturvedi et al. (2020)
examined the oil spills of Persian Gulf using Sentinel-1 (SAR-C)
imageries and demonstrated the significance of VV polarization for
recognizing the oil-spills. SAR is capable of detecting marine oil
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spills, independent of time of the day or weather conditions,
although the images have difficulty in separating oil spills from
look-alikes. In such cases, optical sensor data is used to detect and
map the areas of oil spills and validate the results of SAR (Arslan,
2018; Bayramov et al., 2018).

The high-resolution multispectral data of Sentinel-2A and 2B
are available since June 2015 and March 2017, respectively, and
these data can be used to map oil spill very effectively (Garcia-
Pineda et al., 2020; ESA, 2020; Lu et al., 2019; Sun et al., 2018a, b;
Kolokoussis and Karathanassi, 2018; Nadia et al., 2018). Literature
review shows that oil film has a reflectance in the range
400e700 nm wavelength in contrast with background seawater
(Liu et al., 2016; Otremba et al., 2013; Klemas, 2010; Ma et al., 2009;
Lu et al., 2013a; Sun et al., 2011; Clark et al., 2010; Otremba and
Piskozub, 2001). Several studies demonstrated the assessment ac-
curacy of mapping the oil spills (Mdakane and Kleynhans, 2020;
Ozigis et al., 2019; Sun et al., 2018b; Zhang et al., 2017). However, it
is important to demonstrate suitable methods to map and monitor
oil spills from satellite data, and assess the accuracy of mapping to
evaluate the impacts of oil spills in the coastal and marine envi-
ronments. Therefore, the present study aims at developing image
processing methods to map the oil spill of Wakashio, which
occurred off Mauritius in the Indian Ocean (Fig. 1) on August 06,
Fig. 1. True color image (R:4; G:3; B:2) of Sentinel-2 showing the distribution of coral
reefs, directions of water circulation and wind in and around the study region (Dashed
rectangle: Study area; Star: Incident site). (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)
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2020 and assess the accuracy of mapping as well as understand the
impacts of the spill in and around the incident sites. The major
objectives of the study are: 1) to characterize the spectral band’s
absorption of Sentinel-1 and 2 sensors and develop image trans-
formationmethods tomap the oil spill, 2) to detect andmonitor the
oil spill using the data acquired before, during and after the oil spill
event, 3) to assess the accuracy of mapping and capability of sen-
sors using the field studies and 4) to understand the spread of spill
and its impacts on the coastal and marine environments.

2. Oil spill of Wakashio and study area

Oil spill from the Japanese bulk carrier ‘Wakashio’ (300 m long
vessel built-in 2007; AFP, 2020a) occurred on August 06, 2020 near
Pointe d’Esny about 3.2 km (star in Fig. 1) off the southeast coast off
Mauritius (latitude: 20�100 S and longitude: 57�300 E), when she ran
aground on a coral reef while carrying 3900 metric tons of low-
sulfur fuel oil, 200 metric tons of diesel from china to Brazil
(Lewis, 2020). The British Admiralty Chart (WGS84-711 at
1:125,000 scale) shows that water depth around the incident site is
20 m. The spill has occurred after 12 days when a crack developed
on its hull, and the spill continued in the following weeks. The ship
broke apart on August 16, 2020, and scuttling of the forwarding
section of the ship started on August 20, 2020. According to
Mobilisation Nationale Wakashio, the sinking of the forward hull
section was completed (the hull was submerged and no longer
visible from the surface) on August 24, 2020 (Hand, 2020). The spill
had occurred in an environmentally sensitive area protected under
an international treaty for the conservation and sustainable use of
wetlands known as the ‘Ramsar Convention on Wetlands’, which
has rare biodiversity (Lewis, 2020). There was a big challenge to
assess the oil spill and pollution in and around the site due to the
remoteness of the location. Therefore, in this study, the area be-
tween Blue Bay and Beau Champ including the oil spill site is
chosen for the study. It covers Grand Port (lagoon engulfed by coral
reef ridges) and the coastal areas of Pointe d’Esny, Mahebourg,
Vieux Grand Port, Pointe Bambou, Pointe du Diable, Grand Sable,
and Pointe aux Feuilles including the IIe aux Aigrettes, a small is-
land close to the Pointe d’Esny in the lagoon. The coastal area
consists of a variety of habitats including beaches, sand or mud
swamps, sand beds, reef zone lagoon channels, mangroves, sea-
grass beds, coral heads and colonies (Daby, 2003, 2006). There are
dense fields of mixed coral colonies in the lagoons. Daby (2006)
stated that the lagoons are generally shallow (average depth:
2 m) and seagrasses often grow close to beaches and help to sta-
bilize the sediments and provide nursery grounds for reef species.

3. Satellite data and image processing methods

In this study, detection of the oil spill of Wakashio was carried
out using the available SAR-C data (frequency: 5.405 GHz) of
Sentinel-1B acquired between July 05 and September 15, 2020 and
MSI data of Sentinel-2 acquired between July 17 and September 10,
2020. Initially, the data were preprocessed and subsets of data that
cover the area of oil spill in and around the incident site were
performed. Subsequently, detection of the oil spill was studied
using SAR-C data, and mapping of the oil spill was carried out using
MSI data by image transformation methods, viz., band ratios and
decorrelation stretch. An assessment of accuracy of mapping was
performed by the classification of images using Maximum likeli-
hood method and confusion matrix. Finally, the results were vali-
dated through field studies. All the Sentinel-1 and 2 data for the
period between July 05 and September 15, 2020 were downloaded
freely from the Copernicus Open Access Hub of European Space
Agency. The sensor characters of Sentinel-1 and 2 and details of



Fig. 2. Schematic diagram showing the pre-processing and image analysis of Sentinel-
1 and 2 data and assessment of accuracy for mapping of the oil spill of Wakashio.
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data used in this study are given in Tables 1 and 2 of Appendix-A.
The image analyses were carried out using the Environment for
Visualizing Images software (ENVI 5.5, Harris Geospatial Solutions,
Broomfield, CO, USA; https://www.harrisgeospatial.com). The
schematic diagram showing the method and workflow of the
present study is presented in Fig. 2.

Detection of the oil spill of Wakashio has been carried out using
the Sentinel-1B data acquired at ground range detected high-
resolution (GRDH) processing level in the interferometric wide
swath (IW) mode, having a spatial resolution of 5 m � 20 m in VV/
VH polarization. Pre-processing of the data was performed using
the Sentinel Application Platform (SNAP; https://step.esa.int/main/
toolboxes/snap/) of European Space Agency (ESA), and the steps
included removal of thermal and border noises, calibration, speckle
filtering, terrain correction and conversion of images to dB (Fig. 2).
SNAP extracts dark spots of the oil spill based on the contrast in the
image using a pre-determined threshold. The resulted images were
interpreted by analyzing the brightness of pixels by visual method,
and pixel intensity values by developing horizontal profiles of oil
spill areas and seawater (Chaturvedi et al., 2020; El-Magd et al.,
2020). To understand the spreading of the oil spill and support
the results of SAR data, we used the MSI spectral bands of Sentinel-
2 that have high spatial (10, 20 and 60 m) and 12-bit radiometric
resolutions. Clouds affect the temporal resolution of optical images,
and therefore, we have chosen data that have minimum cloud
cover over the study area. The data used in this study were not
processed for removing the clouds, as many pixel characteristics to
the oil spill will be lost from the data in this process. Kolokoussis
and Karathanassi (2018) stated that oil and oil/water mixtures
have absorption features that are distinct from water and clouds.
The data were preprocessed using the Quantum GIS (QGIS 3.6,
https://qgis.org/) a free and open-source Geographic Information
System.

Mapping of oil spill was carried out using the band ratios (5þ 6)/
7, (3þ 4)/2, (11þ12)/8 and 3/2, (3þ 4)/2, (6þ 7)/5 (Rajendran et al.,
2020a, b; 2013, 2011). We interpreted the image spectra of MSI to
understand the spectral band absorptions, developed band ratio
images and decorrelated images to map the oil spill (Sun et al.,
2018a; Kolokoussis and Karathanassi, 2018). The occurrence and
distribution of different thickness of oil spills of the study areawere
studied by decorrelation of the spectral bands 4, 3 and 2 by
decorrelation stretch method (Gillespie et al., 1986; Rothery, 1987;
Rajendran et al., 2012, 2020a; Rajendran, 2016; Abrams et al., 1988).
In this study, the visual interpretation of images has been consid-
ered as one of the most effective methods to study the spread of oil
spills and associated features (Bradford and Sanchez-Reyes, 2011;
Vergara et al., 2016). The accuracy of the mapping of Wakashio oil
spill was assessed by classifying the SAR-C data and the decorre-
lated images of MSI data using Parallelepiped supervised algorithm
and confusion matrix (Congalton, 1991; Richards and Jia, 1999;
Ganasria and Dwarakisha, 2015; Rajendran et al., 2016, 2018; Lee
et al., 2018). The Parallelepiped algorithm is one of the most sim-
ple and accurate classification techniques works on the division of
every axis of a multidimensional feature vector (Castillejo-
Gonzalez et al., 2009; Ganasria and Dwarakisha, 2015; Lee et al.,
2018). The confusion matrix assesses the accuracy of classification
when the mapping of oil spills is costlier and time-consuming in
the incident site (Sun et al., 2018b; Zhang et al., 2017). In this study,
the overall accuracy (OA) and kappa coefficients (KC) are calculated
quantitatively to evaluate the classification of the Wakashio oil
spills. The overall accuracy is calculated by summing the number of
correctly classified values and dividing it by the total number of
values. The kappa coefficient is a measurement from the agreement
between classification and truth values. The kappa values of 1 and
0 signify perfect agreement and no agreement, respectively. During
3

this process, the SAR-C data (1964 � 2031 pixels) were classified
into three classes, viz., oil spill, seawater and land, based on the
training ROIs (region of interests, the truth values) using the back-
scatter values obtained from the horizontal profiles (17 to �26
representing oil spill, �14 to �18 for water surface and �8 to �15
for land feature; section 5.1.1). The decorrelated images of MSI
(469 � 454 pixels) were classified for very thick, thick and thin
types of oil spills based on the training ROIs and an analyst’s prior
knowledge of the study area. To select ROIs, the image interpreta-
tion of oil spills over the decorrelated images were considered
(section 4.2). The accuracy of the classified images was assessed by
estimating the overall accuracy and Kappa value (Congalton, 1991).
Moreover, several field studies were carried out during the incident
to assess the occurrence and spread of the oil spill and validation of
the results of image analysis. Aerial images and field photographs
were taken during the fieldwork using a drone (DJI Mavic Air 2) and
a field camera.
4. Results and discussion

4.1. Oil spill mapping of SAR

In this study, to understand the oil spill of Wakashio and the
accumulation of spilled oil in the study area, we interpreted the VV
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images of SAR (Fig. 3). The image acquired on July 17, 2020 before
the incident is given in Fig. 3a. It shows the Indian Ocean monsoon
waves, lagoonwith calmwater, distribution of coral reefs and coral
reef ridges that protect the lagoon and coast from offshore waves as
fine to medium texture and grey to dark tone. The absence of ship
and oil spill, i.e., before the spill, can be interpreted in the incident
site (star marked, also checked with the image of July 05, 2020,
Fig. 1a in Appendix-B). The water in the southern and northern
entrances appear clearly. The land and its features (including
manmade features) exhibit light to dark tone with fine to medium
textures. The coastline of the study area is sharp and distinct be-
tween land and lagoon water. The images of August 10 and 16
(Fig. 3b and c) show the presence of Wakashio and visiting ships as
bright objects in the longitudinal orientation of the incident site.
The Wakashio was oriented in the NE direction on August 10 and
the broken parts were in different directions on August 16, 2020.
The image acquired on September 15, 2020 shows the absence of
Wakashio (Fig. 3d). Also, the interpretation of images acquired on
August 21 and 22 show the presence of poop section as a spot in the
incident site and absence of the section on September 03, 2020
(Fig.1b, c& d in Appendix-B). The interpretation of images confirms
that the ship was broken on August 16 (AFP, 2020b) and the for-
ward hull section of the ship was absent due to scuttling which
started on August 20, 2020 (Hand, 2020). The study of all images
shows that the direction of approach of winds and waves were
towards NE in July and August 2020 (Fig. 3), that is towards the
coast, which can be assessed from the direction of movement of oil
spill in the lagoon.
Fig. 3. VV images of SAR showing the occurrence of oil spill as dark patches i

4

The interpretation of oil spills over the images acquired during
August 2020 shows the presence of oil spill clearly, as dark warped
patches with the spreading width (Fig. 3b and c). The spilled oil
moved towards the coast over the coral reefs by crossing the coral
reef ridge and Ile aux Aigrettes (Fig. 3b). Though the images are not
able to show the thickness of the spilled oil and oil types (Garcia-
Pineda et al., 2020), the variations in the thickness can be inter-
preted and assessed from the shades of the darkness, especially
when the oil spill was adequate in the site (could be seen from the
backscatter values of oil in the horizontal profile). The detection of
oil spills and surface waves is due to the VV polarization of SAR that
provides more radar backscatter and high dielectric constant of the
sea surface (Weib et al., 2020). The image acquired on August 10,
2020 shows the accumulation of spilled oil along the coast near the
Blue Bay, Pointe d’Esny, Mahebourg, Vieux Grand Port, Pointe
Bambou, Pointe du Diable, Grand Sable, Pointe aux Feuilles and
Beau Champ. The image exhibits the concentration and spread of
oil along the coast and in the lagoon (Fig. 3b). The oil spill patches
observed at the northern entrance may be due to the movement of
oil parallel to the reef ridge when a huge volume of oil spill
happened on August 06, 2020 (see section 5.2.2). The images ac-
quired on August 16, 2020 show less oil spills from the incident site
(Fig. 3c). The study of images of the August 21 and 22, and
September 03 and 15, 2020 episodes presents the occurrence of
post-oil spill that found after the forecastle section was taken away
from the incident site (Figs. 3d and 1b, c & d in Appendix-B). The
occurrence of post-oil spills over the lagoon may be due to the
circulation of water and accumulation or concentration of oil or oil
n the lagoon during and after the incident (Star locates the incident site).
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sludge over the coral reefs. The image of September 15, 2020, shows
poor accumulation of spilled oil in the lagoon, compared with the
images of previous dates. The analysis of horizontal profiles over
the offshore, lagoon, and oil spill using the VV image acquired on
August 10, 2020 shows significant variations in the backscatter
values (Fig. 4). However, it is unfortunate that no images show the
presence of oil spills in and around the ship and in the offshore
clearly, while the aerial images show the release of huge volumes of
oil and different thickness of oil spill in and around the ship (section
6).

4.1.1. Horizontal profiles of oil spill
Fig. 4 shows the locations (Fig. 4a) and horizontal profiles

(Fig. 4b) measured (left to right) for 241 pixels over the offshore,
lagoon, oil spill and land areas. The backscatter values between the
incidence near 30.29� and incidence far 45.69� angles for the fea-
tures show significant variations. The interpretation of profiles of
offshore (HP1_SEA to HP3_SEA) and lagoon (HP1_GP to HP3_GP)
does not showmuch variation in the backscatter values. The values
range between�12 and�18, whereas, the profiles measured across
the oil spill areas, viz., 1) across a linear oil spill (red, HP1_GP_OIL),
2) across the three linear oil spills (orange, HP2_GP_OIL) and 3)
across an oil spill accumulation (from land to sea) (magenta,
HP3_GP_OIL) show a significant variation in the backscatter values.
The profile of linear oil spill (Fig. 4b; red, HP1_GP_OIL) shows low
backscatter values (�18 to �24), where the pixels 169-201 repre-
sent the oil spill. Similarly, the profile measured over the three
linear oil spills (orange, HP2_GP_OIL) shows low backscatter values
from �17 to �26 at three locations. Values from �14 to �18 are for
water surface. The water surface that occurred in-between the oil
spills show backscatter values from �17 to �18. As well, the profile
measured from land to lagoon through an oil accumulation
(magenta, HP3_GP_OIL) shows high backscatter values from �8
to �15 representing the land feature, and low values from �16
to �18 represent the water surface of lagoon. The profiles showing
very low values from �17 to �24 represent the occurrence of oil
accumulation. Overall, the profiles show backscatter values
from �14 to �18 representing the water surface and from �17
to �26 representing the oil spill and its accumulation; the hori-
zontal profiles well distinguished the land, water and oil spill
(Fig. 4b; El-Magd et al., 2020). However, the detection of oil spills by
the SAR depends on the type of oil, thickness, concentration, spread
of oil, and interpretation of images having look-alike features,
which are commonly found in the SAR images.
Fig. 4. (a) SAR image (August 10, 2020) showing the locations of horizontal profile and (b) p
(HP1_GP to HP3_GP) and the oil spill (HP1_GP_OIL to HP3_GP_OIL).

5

4.2. Oil spill mapping of MSI

We analyzed image spectra of MSI to understand the spectral
bands that characterize the oil spill (Rajendran et al., 2020a, b). The
analysis shows that the spectral bands 3 and 4 of MSI are good to
detect the oil spill (Rajendran et al., 2020a, b; Fingas and Brown,
2018; Sun et al., 2018a; Kolokoussis and Karathanassi, 2018; Lu
et al., 2013b, 2009, 2008; Clark et al., 2010). Based on the spectral
band’s absorption, band ratios and decorrelated stretch images
were developed using the data acquired between July 17, 2020 and
September 10, 2020 that cover before, during and after the oil spill
incident. The results are given in Figs. 5e7, and Appendix-B.

The images of the ratio (5 þ 6)/7, (3 þ 4)/2, (11 þ12)/8 show the
land, Ile aux Aigrettes and reef ridge in cyan blue and coarse
texture, the offshore water in red to light magenta with medium to
fine textures, and the lagoon in light brown to orange with fine
texture (Fig. 5). The clouds over the images appear light blue to light
green and medium texture. The image acquired on July 17, 2020,
before the oil spill, shows the absence of ship (Fig. 5a), whereas the
images acquired during August 01, 06, 11, and 16, 2020 show the
presence of ship and the oil spill around the incident site. The image
acquired on September 05, 2020 did not show the ship since it was
under scuttling fromAugust 20, 2020 (Fig. 5f). The images of August
01 and 16, 2020 show the presence of suspended sediments around
the ship due to the grounding and breaking of the ship. The oil spills
in and around the ship appear in light blue (very thick oil spill) to
bright white (thick oil spill) to light orange (thin oil spill) with fine
texture, and the spills are distinguishable from light tone (Fig. 5b
and c). The distribution of spilled oil over the lagoon show shades of
orange, and the spread can be well interpreted on the image ac-
quired on August 06, and 16, 2020 compared to the image of August
11, 2020 (Fig. 5c, d & e, and Fig. 2aee in Appendix-B). The occur-
rence of post-oil spill over the lagoon and offshore is very evident
on the image acquired on September 05, 2020 (Fig. 5f). The MSI
images do not exhibit the direction of approach of winds and waves
in offshore as observed in the SAR images (Figs. 3 and 5).

The images of band ratio 3/2, (3 þ 4)/2, (6 þ 7)/5 show the land,
Ile aux Aigrettes and reef ridge in purple and coarse texture, the
offshore in dark brownish blue and fine texture, and the lagoon in
shades of orangewith fine tomedium textures (Fig. 6). The oil spills
in and around the ship exhibit dark grey (very thick oil spill) to
bright yellow (thick oil spill) to light orange (thin oil spill) with fine
texture (Fig. 6c). The distribution of oil in offshore and over the
lagoon exhibits shades of orange and can bewell interpreted on the
lot of horizontal profiles collected over the offshore (HP1_SEA to HP3_SEA), the lagoon



Fig. 5. Band ratio R: (5 þ 6)/7; G: (3 þ 4)/2; B: (11 þ12)/8 images showing the occurrence and distribution of oil spill in the incident site and from the site to lagoon (Stars locate the
incident site).

Fig. 6. Band ratio R: 3/2; G: (3 þ 4)/2; B: (6 þ 7)/5 images showing the occurrence and distribution of oil spill in the incident site, and from the site to lagoon (Stars locate the
incident site).
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image acquired on August 06, and 16, 2020 and assessed from the
transparency of the coral reefs (Fig. 6c and e, and Fig. 3aee in
Appendix-B). The suspended sediments due to the grounding and
breaking of the Wakashio exhibit brighter tone on the images ac-
quired on August 01 and 16, 2020 and the concentration of sedi-
ments can be assessed from the intensity of brightness. The image
6

of September 05, 2020, shows the presence of post-oil spill in the
lagoon and offshore. The oil spill in the offshore dispersed and
moved towards the northeast parallel to the coral reef ridge
(Fig. 6f). The interpretation of regional images of band ratios
showed clearly the dispersion of oil spills on both the sides of Ile
aux Aigrettes and spread over the lagoon (Fig. 3aee in Appendix-B).



Fig. 7. Decorrelated images of the spectral bands 4, 3 and 2 of MSI showing the occurrence and spatial distribution of very thick, thick, and thin oil spills in different tone (Stars
locate the incident site).
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The accumulation of oil can be interpreted along the coast near the
Blue Bay, Pointe d’Esny, Mahebourg, Vieux Grand Port, Pointe
Bambou, Pointe du Diable, Grand Sable, Pointe aux Feuilles, and
Beau Champ, in the lagoon and over the coral reefs in light grey and
fine texture. No significant occurrence of oil spill observed on the
image acquired on September 10, 2020 after the oil spill event
(Fig. 3e in Appendix-B). Both the band ratios (5 þ 6)/7, (3 þ 4)/2,
(11 þ12)/8 and 3/2, (3 þ 4)/2, (6 þ 7)/5 detected well the oil spills,
but still the thickness of the oil spills and spread is not well
distinguished from other features by the band ratios images. Thus,
we decorrelated the spectral bands 4, 3, and 2 to understand the
thickness and spread of the oil spills (Rajendran et al., 2020a). The
resulted images are given in Fig. 7.

The images show the thin oil spill in light bluish-green, fine
texture, and wide flow pattern distinctly (Fig. 7c). The thick oil spill
appears in greenish-yellow, fine texture, and narrow flow pattern
with the thin oil spill in the images. The very thick oil spill exhibits
brown tone, fine texture, and linear flow pattern in the image ac-
quired on August 06, 2020 (Fig. 7c). All the images show clearly the
distribution of spilled oil offshore in light blue, bluish-green and
brown, and can be compared with the band ratios images (Figs. 5
and 6). The detection allows assessing the thickness of spilled oil,
which also depends on the presence of suspended sediments. The
images show the spread of oil from the incident site towards lagoon
by crossing the coral reef ridge and confirm the spread of oil
offshore. The suspended sediments of the region appear in bright
yellow to yellow. The interpretation of regional images (Fig. 4aee in
Appendix-B) well confirms the dispersion of oil spills on both sides
of Ile aux Aigrettes and spread over the lagoon. The accumulation of
oil along the coast near Blue Bay, Pointe d’Esny, Mahebourg, Vieux
Grand Port, Pointe Bambou, Pointe du Diable, Grand Sable, Pointe
aux Feuilles, and Beau Champ, over the lagoon and coral reefs can
be well interpreted in the shades of light blue tone and fine texture.
For example, the existence of shades of light bluish tone along the
coral reef boundaries over the images of August 11 and 16, and
7

September 05 compared with the image of August 01, 2020. The
image of September 05, 2020 (Figs. 7f and 4d in Appendix-B),
shows the oil spill that moved towards the northeast parallel to
the coral reef ridge from the incident site. The image acquired on
September 10, 2020 shows no significant occurrence of oil spill
except near the Blue Bay and Pointe Bambou (Fig. 4e in Appendix-
B). The decorrelated images (Fig. 7) detected well the thickness and
showed well the spread of the oil spill. The detections support the
interpretations of band ratios images (Figs. 5 and 6). A comparative
study of the results of MSI images (Figs. 5e7) with the results of SAR
images (Fig. 3) shows that the SAR images did not exhibit the very
thick, thick and thin oil spills as observed in the MSI images. In
addition, the SAR images did not show the occurrence of oil spills
around the ship and offshore as interpreted over the MSI images.
Thoughmost of theMSI images were not cloud-free, still the results
of the images support the detection of the oil spill of SAR. However,
interpretations depend on the date and time of data acquisition,
sensor characters including their resolutions and external factors
such as winds, waves and currents.

4.3. Accuracy assessment of oil spill

Assessment of accuracy of a classified image refers to the extent
up to which it agrees with a set of reference data. The results of
classification accuracy and Kappa coefficient of different classes of
SAR-C and MSI data carried out by confusion matrix are given in
Table 1. The Parallelepiped algorithm classified images are given in
Fig. 5 in Appendix-B. Table 1a shows the oil spill, seawater and land
that are classified over the SAR-C images (Fig. 5a in Appendix-B)
acquired before, during and after the oil spill incident. The pixels
of the oil spill (CP) is classified to a maximum of 3.92% over the
image acquired on August 10, 2020 after the incident (August 06,
2020) and about 1.64% on the image acquired on August 16, 2020
when the Wakashio was broken (Table 1). The algorithm did not
classify the oil spill over the images acquired before the incident



Table 1
Accuracy assessment statistics of the Parallelepiped supervised algorithm for (a) the classification of the oil spill, seawater, and land classes using SAR-C data and (b) the
classification of very thick, thick, and thin oil spills using MSI data (UC¼Unclassified pixels; CP¼Classified pixels; UA¼User's Accuracy; PA¼Producer's Accuracy; OA¼Overall
Accuracy; KC-Kappa Coefficient. All values are provided in percentages except the values of KC).

(a)

Date of Acquisition Oil Spill Seawater Land OA KC

UC CP UA PA CP UA PA CP UA PA

After incident 15092020 0.11 0.63 90.70 100.00 63.99 88.20 99.87 35.25 100.00 91.61 94.76 0.89
03092020 2.03 3.07 100.00 99.26 61.15 100.00 99.84 33.73 100.00 99.68 99.67 0.99
22082020 0.23 2.61 95.28 100.00 60.95 100.00 96.60 36.20 99.77 99.66 99.63 0.99
21082020 0.02 4.76 93.44 100.00 58.34 99.96 99.57 36.87 99.93 98.77 99.23 0.98

During incident 16082020 0.08 1.64 45.69 100.00 71.00 15.57 99.52 27.27 99.94 49.37 53.68 0.14
10082020 0.07 3.92 99.54 100.00 61.68 84.37 99.88 34.30 99.88 77.07 90.36 0.83

Before incident 17072020 0.62 0.00 0.00 0.00 64.23 99.09 99.97 35.14 100.00 97.85 98.29 0.96
05072020 0.24 0.00 0.00 0.00 64.44 97.74 99.84 35.30 99.78 96.44 98.18 0.96

Average 91.72 0.84

(b)

Date of Acquisition Very Thick Oil Spill Thick Oil Spill Thin Oil Spill OA KC

UC CP UA PA CP UA PA CP UA PA

After incident 05092020 94.37 0.03 100.00 100.00 0.08 100.00 100.00 5.50 100.00 98.00 98.38 0.95
During incident 16082020 82.86 0.10 78.57 100.00 5.27 100.00 96.49 11.75 100.00 99.63 98.74 0.97

11082020 88.67 0.04 100.00 100.00 0.05 100.00 100.00 11.22 100.00 100.00 100.00 1.00
06082020 89.53 0.30 100.00 100.00 3.21 100.00 92.06 6.95 100.00 97.89 97.04 0.92

Before incident 01082020 82.16 0.00 0.00 97.85 12.48 99.45 100.00 5.35 100.00 98.15 98.50 0.96
17072020 99.85 0.00 100.00 100.00 0.00 100.00 100.00 0.12 100.00 100.00 100.00 1.00

Average 98.77 0.96
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(July 05 and 17, 2020). Moreover, the table shows the largest oil spill
that classified over the images acquired during the post-oil spill
period, i.e. about 4.76% and 2.61% on August 21 and 22, and 3.07%
and 0.63% on September 03 and 15, 2020. The classification may be
due to the occurrence of the thin oil spill by the expansion of
accumulated spilled oil over the water surface by the increase of
heat and the spread of thin oil by the hydrodynamic transport
process during the period. The classification of pixels for the
seawater and land did not show much variation except over the
image acquired on August 16, 2020, which showed 71% of seawater
and about 27.27% of the land (Fig. 5a in Appendix-B). The study of
the Producer’s accuracy (PA) of the oil spill, seawater and land
classes show an accuracy > 99% to all classes except for land, which
is 77% and 49% on August 10 and 16, 2020, respectively. Moreover,
the assessment of User’s accuracy (UA) shows > 90% in most clas-
ses, and exhibit variation in the classes of the oil spill and seawater
that classified over the images acquired on August 16, 2020. The
interpretation of the overall accuracy (OA) and Kappa coefficient
(KC) for the classified images acquired during and after the oil spill
incident show the range between 90.36% and 99.67% and 0.83% and
0.99%, respectively. The classification of images acquired on August
16, 2020 produced the lowest OA (53.68%) and KC (0.14), compared
to other images. The observed variation in the accuracy and Kappa
coefficient on the image acquired on August 16, 2020may be due to
the detection capability of the SAR-C sensor.

Further, the algorithm applied on the decorrelated images of
MSI classified the pixels for the occurrence of the very thick oil spill
as 0.30% on August 06, 2020, during the day of the oil spill incident
and about 0.10% on August 16, 2020 during the day of ship breaking
(Table 1b). Similarly, the pixels of the thick oil spill is classified as
3.21% and 5.27% on August 06 and 16, 2020, respectively. The
assessment of results show the increase of thin oil spill fromAugust
06, 2020 to August 16 during the oil spill incident and decrease
towards September 05, 2020, the post-oil spill period (Fig. 5b in the
Appendix-B). The algorithm misclassified the pixels of the very
thick, thick and thin oil spill over the image acquired on August 01,
2020 due to the presence of sediments mixed turbulent water that
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occurred while aground of Wakashio. The study of Producer’s Ac-
curacy shows the values ranging between 92.06% and 100% for the
classification of the very thick, thick and thin oil spills. The
assessment of accuracy for the User’s shows the maximum value of
100% to almost all classes (Table 1b) and suggests that the algo-
rithm can be well utilized in the study of oil spill mapping. The
User’s accuracy of 0% is observed for the classification of very thick
oil spill on August 01, 2020 when the Producer’s Accuracy is 97.85%,
suggesting the absence of very thick oil spill. The producer’s and
user’s accuracies of the MSI data is relatively high when compared
with the accuracies of SIR-C data (Table 1a and b). The assessment
of Overall accuracy and Kappa coefficient to the classification of
very thick, thick and thin oil spills show the minimum of 97.04%
and 0.92, andmaximum of 100% and 1, respectively. The averages of
Overall accuracy and the Kappa coefficient in the classification by
the algorithm are 98.77% and 0.96, respectively. The overall study
shows the highest values of Overall accuracy and Kappa coefficient
in the MSI data (OA¼ 98.77% and KC¼ 0.96) when compared to the
SAR-D data (OA ¼ 91.72% and KC ¼ 0.84), indicating that the
Sentinel-2 image is classified more accurately.
5. Validation of oil spill mapping

The lagoon morphology of Mauritius Island varies from a single
lagoon consisting of a sandy beach and a reef zone to complex
systems comprising of a variety of habitats including beaches,
mangroves, sand or mud swamps, lagoon channels, seagrass beds,
coral colonies, sand beds and a reef zone (Daby, 2003, 2006). The
aerial photographs taken during the event evidence that the
Wakashio ran aground on a coral reef and the leaking of oil from the
ship started after cracks developed in its hull (Fig. 8a and b). The
photographs show clearly 1) the location of incident is near to the
coral reef ridge, where waves break as interpreted over the SAR
images (Fig. 3) and 2) the occurrence of oil spill from the ship and
its spread in and around of ship is as studied by the MSI images
acquired on August 06, 2020 (Figs. 3 and 5 to 7). The different
thicknesses of oil spills (very thick, thick and thin) can be identified



Fig. 8. Aerial and field photographs showing (a) and (b) the panoramic view for the distribution of the different thickness of spilled oil from Wakashio, (c) the spread of oil spill on
the sides of the Ile aux Aigrettes, (d) the breaking down of Wakashio and spilling of oil, (e) the spread of spilled oil towards the coast, (f) and (g) the spread and accumulation of oil
along the coast, (h) the removing of oil by volunteers, and (i) the contamination of oil in the southeast coast of Mauritius.
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in the photographs as interpreted by the decorrelated images of
MSI data (Figs. 8b and 7c). The spilled oil was pushed by waves
towards the lagoon crossing the coral reef ridge. The interpretation
of oil spills that spread both the sides of Ile aux Aigrettes, over the
lagoon and coral reefs and along the coast using Sentinel data can
be studied by aerial photographs (Fig. 8c, e, f& g) also. The breaking
of the ship into two parts and spread of oil as shown in Fig. 8d has
been as well interpreted over the images acquired on August 16,
2020. Fig. 8b and d shows the location of oil spill site and waves
breaking at the reef ridge, and thereby confirming the interpreta-
tion of SAR images (Fig. 3). In addition, the spread of oil towards the
coast and accumulation of oil along the coast could be observed
from the photographs (Fig. 8e, f, g). The field photographs show the
collection of spilled oil by the volunteers to protect the accumula-
tion of oil along the coast (Fig. 8h) and contamination of oil over the
sediments, fauna and flora (Fig. 8e, f, g & i). The field photographs
further allow us to assess the impacts of oil accumulation found
along the coast.

6. Conclusions

In this study, we detected the oil spill that occurred on July 25,
2020, in the offshore region near the Pointe d’Esny, southeast coast
of Mauritius Island using the SAR data of Sentinel-1 andMSI data of
Sentinel-2 acquired before, during and after the incident. The SAR
images exhibited the Wakashio as a bright object in the longitu-
dinal orientation and the oil spill as dark patches with spreading
widths. The images showed clearly the accumulation of spilled oil
along the coast. The study of the image spectra of MSI showed that
bands 3 and 4 are characteristics to the absorption of oil spills. The
9

developed band ratios images exhibited the types of oil spills and
showed the spread of oil spills from the incident site to the coast.
The decorrelated images well detected the thin thick and very thick
types of oil spills, spread over the lagoon and coral reefs and the
accumulation of oil along the coast between Blue Bay and Beau
Champ. The MSI images exhibited very thick, thick and thin oil
spills and the occurrence of spills around the ship offshore. The
study of images acquired after 21 August 2020 showed the occur-
rence and distribution of post-oil spill in the region.

The results of the MSI images with the results of SAR images
showed that the SAR images did not exhibit the occurrence of spills
around the ship and offshore. The SAR C-band penetrated the
clouds and best detected the oil spill and showed the direction of
wind and wave approach due to VV polarization and high dielectric
property, compared with the results of MSI images. An assessment
of accuracy has been carried out for mapping the oil spill by SAR-C
and MSI data using Parallelepiped supervised algorithm. The ac-
curacy assessment of oil spills, seawater and land using SAR-C data
provided the overall accuracy of 91.72% and Kappa coefficient of
0.84. The assessment of accuracy in the classification of very thick,
thick and thin oil spills using the decorrelated images of MSI pro-
vided the overall accuracy of 98.77 and Kappa coefficient of 0.96.
The results of MSI supported the detection of oil spills of SAR. The
data of Sentinel-1 and 2 collected before, during and after
confirmed the oil spill event and occurrence, spread and accumu-
lation of the spill. All the results were validated using the aerial and
field photographs taken during the incident. This study demon-
strated the application of Sentinel-1 and 2 sensors and the potential
of image processing methods to monitor and assess the oil spill.
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