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Abstract: A multi-mission satellite remote sensing (MSRS) approach is explored to detect and track
leaked oil from the Sabiti oil tanker accident that occurred in the central Red Sea on 11 October 2019
(RSOS-2019). The spilled oil spread rapidly and reached the coastal land near Jeddah, the second
largest city of KSA, on 17 October. Different oil spill detection algorithms were implemented on
SAR and optical sensor-based satellite images to track the oil spill. Sentinel-1 SAR images were
most efficient at detecting the spread and thickness of RSOS-2019, but their spatio-temporal coverage
greatly limits their use for tracking the oil movement. The spread and propagation of oil were well
captured by Sentinel-2 images up to three weeks after the accident day, in agreement with the SAR
images. MODIS successfully detected the narrow patch of oil that was leaked on the incident day
and the widespread oil patches two days after. Landsat-8 RGB composite and thermal infrared
images captured the oil spill on 13 October. By filtering clouds from the Meteosat images through
sequential analysis, the spread and movement of the oil patches were efficiently tracked on 13 October.
PlanetScope images available between 12 and 17 October enabled tracking of the oil near the coastal
waters. The inferred oil spill movements are consistent with the ocean currents as revealed by a high-
resolution regional ocean reanalysis. Our results demonstrate the potential of the MSRS approach to
detect and track oil spills in the open and coastal waters of the Red Sea in near real-time.

Keywords: Red Sea; oil spill; Sabiti; remote sensing; SAR; optical sensors; ocean currents

1. Introduction

Oil spills have adverse effects on the marine environment [1,2]. Oil tanker accidents
are major sources of oil pollution, having resulted in approximately 5.86 million tons of oil
being spilled globally to date [3,4].

The Red Sea has an average width of 280 km, length of 2000 km, and maximum
depth exceeding 2500 m along its axial trench (Figure 1). It contributes approximately
10–20% of the GDP of the Kingdom of Saudi Arabia (KSA) [5]. The Red Sea basin is the
main navigation route between east and west and has become one of the most important
commercial pathways for maritime shipping and transport of crude oil from the oil-rich
Arabian region [6]. Considering the massive transport of oil through its basin, the Red Sea
is at great risk of potential oil spills; for example, more than 187 million tons of oil products
crossed the Suez Canal in 2016 alone.
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Figure 1. Topography map of the study area in the Red Sea (top). The green dot in the zoomed 
images (bottom) indicates the location of the oil leak on 11 October 2019, and the red line indicates 
the extent of the oil spilled from the Sabiti oil tanker. 

The spread of an oil spill on the sea surface significantly depends on the physical and 
chemical properties of the ocean water, including viscosity, density, surface tension, and 
elasticity [7]. The dynamics of an oil spill are governed by various processes, such as 
spreading, evaporation, emulsification, and dispersion [7]. These processes, in turn, de-
pend on the oil type, thickness, and ocean and weather conditions [7]. The natural disper-
sion rate of oil under moderate wind speed is approximately 0.5–2% of the volume/hour 
[4,8]. Under typical conditions, one ton of oil can be physically transported to cover a ra-
dius of approximately 50 m with a thickness of 10 mm only ten minutes after the spill 
occurrence [8]. Oil spills can severely affect the marine environment [9,10], causing 
changes in the abundance of phytoplankton and other aquatic organisms [11,12], and 
threatening the coral reefs fringing the Red Sea coast [13]. Timely and accurate detection 

Figure 1. Topography map of the study area in the Red Sea (top). The green dot in the zoomed
images (bottom) indicates the location of the oil leak on 11 October 2019, and the red line indicates
the extent of the oil spilled from the Sabiti oil tanker.

The spread of an oil spill on the sea surface significantly depends on the physical
and chemical properties of the ocean water, including viscosity, density, surface tension,
and elasticity [7]. The dynamics of an oil spill are governed by various processes, such as
spreading, evaporation, emulsification, and dispersion [7]. These processes, in turn, depend
on the oil type, thickness, and ocean and weather conditions [7]. The natural dispersion
rate of oil under moderate wind speed is approximately 0.5–2% of the volume/hour [4,8].
Under typical conditions, one ton of oil can be physically transported to cover a radius
of approximately 50 m with a thickness of 10 mm only ten minutes after the spill occur-
rence [8]. Oil spills can severely affect the marine environment [9,10], causing changes
in the abundance of phytoplankton and other aquatic organisms [11,12], and threatening
the coral reefs fringing the Red Sea coast [13]. Timely and accurate detection of oil spills,
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and tracking of their spread, are therefore crucial to implement precautionary measures
to mitigate their damage [4,14–17]. Traditional oil spill monitoring techniques, including
aerial or field campaigns, are demanding in terms of logistics and human resources, and
not always efficient at achieving timely and accurate identification of large affected ar-
eas. Alternatively, remote sensing methods have become increasingly popular for oil spill
detection (e.g., [4,6,8,9,11,13,15–19]).

The synthetic aperture radar (SAR) is an active satellite sensor that has been broadly
used for oil spill detection as it provides high-resolution information about an oil spill
during day and night, and under all weather conditions [8,14,16,19–24]. SAR detects oil
spills through the dampening of the capillary waves generated as a function of wind
speed conditions, where oil spills appear darker than the surrounding waters [1]. The
surface roughness of the sea with wind speed ranges between 3–6 m/s provides ideal
conditions for oil spill detection with SAR [6,8,14,25]. The absence of developed waves
during calm wind conditions (i.e., <2 m/s) and high redistribution of the spilled oil during
high wind conditions (i.e., >10 m/s), on the other hand, are unfavorable conditions for
oil spill detection with SAR [6,19,25]. SAR sensors further suffer from low coverage, long
revisit time, and uncertainties in representing natural dark patches caused by various
factors, such as wind shadow near islands, high waves, algal blooms, ship wake, and
rain cells [4,6,14,21,26]. Optical sensors, which provide a wide swath, daily coverage, and
importantly are generally freely available, could complement SAR in detecting and tracking
oil spill movement [14,21].

Several studies have investigated the use of multispectral imageries [11,21,22] and
optical sensors for oil spill detection [14]. Operational remote sensing sensors, such as
Sentinel-2, MODIS, and Landsat-8 have been widely used for monitoring oil spills in
several regions around the world [8,15,17,19,27]. Satellite optical sensors acquire data
at different ranges of the electromagnetic spectrum, including the visible, near-infrared,
shortwave infrared, and thermal infrared regions, which have proven useful for detecting
oil spills [4,14,28]. The spectral characteristics of oil spills vary with the oil type and
depend on the physical oil characteristics, film thickness, weather, illumination conditions,
and the optical properties of the oil and sea [4,11,16,21,22]. An oil spill appears in the
visible region of the electromagnetic spectrum (from approximately 400–700 nm) and
exhibits relatively higher surface reflectance than the surrounding water. However, it
has no unique reflection/absorption features that can directly discriminate oil from the
surrounding background [11]. In contrast, the optically-thick oil exhibits different thermal
characteristics than the surrounding water [4]. Given that oil absorbs solar radiation and
re-emits a portion of this radiation as thermal energy, it exhibits a higher thermal infrared
emissivity than water, primarily in the 8–14 µm range depending on the thickness of the oil
slick [4,11]. For example, thick oil appears radiometrically hotter in infrared images than
the surrounding water during daytime as it absorbs a greater amount of solar radiation.
Oil with an intermediate thickness appears cooler; but thin oil or sheens may not be easily
detectable [28,29]. The short revisit time and wide coverage of optical satellite sensors
compared to SAR make them appealing tools for oil spill detection [19,28,29].

Moderate Resolution Imaging Spectroradiometer (MODIS) optical sensor images have
been used to monitor many large oil slicks around the world. For instance,
Hu et al. [30] demonstrated MODIS capability for operational oil spill applications in
the Gulf of Mexico and the East China Sea. Maianti et al. [22] applied an object-based image
analysis (OBIA) on MODIS bands to monitor the Deep Water Horizon oil spill in the Gulf of
Mexico. Zhao et al. [31] used different optical satellite missions, such as MODIS, Medium
Resolution Imaging Spectrometer Instrument (MERIS), Landsat-7 ETM, and Landsat-8
data to investigate three oil spill events that occurred in the coastal areas of the Arabian
Gulf. These studies also suggested that the detection of surface oil slicks with satellite
optical images remains challenging because of their sensitive dependence on the physical
oil characteristics, sea surface roughness, weather, and illumination conditions [15,28].
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This study investigates a multi-mission satellite approach to detect and track an
oil spilled into the central Red Sea from a vessel named Sabiti carrying a full load of
1 million barrels of crude oil on 11 October 2019 (RSOS-2019) at 05:00 local time [12,32,33]
(Figure 1). The vessel, en-route to Syria via the Suez Canal, started leaking oil approximately
100 km from the Saudi port city of Jeddah (38.33◦E, 21.13◦N, Figure 1) [8]. The oil patches
were observed for up to 17 days after the commencement of the spill. Here, different oil
spill detection algorithms are simultaneously implemented to infer the oil locations from
Sentinel-1A and 1B SAR images, and optical sensor measurements from Sentinel-2A and
2B, MODIS, Landsat-8, Meteosat, and PlanetScope. To track the time evolution of the oil
patches, only Meteosat offers very high temporal (15 min) and spatial coverage of the
whole Red Sea to continuously (at an hourly rate) monitor the movement of oil slicks, but
at a coarse 1 km resolution. Distinguishing clouds from oil patches with optical images is,
however, challenging [14]. We therefore carry out, for the first time, a sequential analysis of
Meteosat images to isolate the oil spill regions from clouds based on their brightness and
movement. The results suggest that high temporal information may be extracted from a
geostationary satellite to detect and track RSOS-2019 in the low-cloud coverage Red Sea
region. In addition, we use the high resolution (3 m and daily) PlanetScope images to
efficiently track the oil slicks in the coastal areas near Jeddah. The movement of the oil spill
is further analyzed based on surface currents from a high-resolution regional reanalysis
that has been specifically generated for the Red Sea.

The rest of this study is organized as follows. Section 2 describes the different datasets
and algorithms used for oil spill detection. The results of the implemented algorithms for
identifying RSOS-2019 are presented in Section 3. The analysis of the oil spill movement in
relation to the ocean currents is analyzed in Section 4. A summary of the main findings
concludes this work in Section 5.

2. Data and Methods

Sentinel-1 is a constellation of two polar-orbiting satellites (1A and 1B), forming the
European Radar Observatory for the Copernicus joint initiative of the European Com-
mission (EC) and the European Space Agency (ESA). It employs a C–band SAR sensor
with a central frequency of 5.4 GHz, corresponding to a wavelength of 5.55 cm, and can
operate in single polarization (HH or VV) and dual-polarization (HH + HV or VV + VH).
Sentinel-1A and 1B acquire microwave images in four exclusive modes: strip map mode
(SM), interferometric wide swath (IW), extra-wide swath (EW), and wave mode (WM),
providing images with a resolution range of 5–40 m under all weather conditions [18,34].
The two satellites collect data in IW mode and their VV + VH polarization, which allows
the combination of a large swath width (250 km) (Table 1). In practice, cross-polarization
(i.e., VH and HV) has a much lower intensity and is influenced more by background and
instrument noise than the co-polarization (i.e VV and VH) [8,14,35]. For this reason, SAR
data from the VV channel was used [35–37]. The revisit cycle of Sentinel-1A and 1B is
12 days, and approximately six days when combining both [4,14]. Sentinel-1B became not
operational since 23 December 2021 (06:53 UTC), reducing the revisit time back to 12 days.
A new Sentinel-1C is planned to be launched as soon as by the end of this year 2022.

A total of seven Sentinel-1A and 1B SAR images were available (Table 2) to detect
the oil patches during RSOS-2019. The Sentinel-1A and 1B Level 1 IW GRD data was pre-
processed with a series of corrections, including orbit file corrections, thermal noise removal,
conversion of digital pixel values to radiometrically calibrated SAR backscattering, speckle
filtering, terrain corrections, conversion to decibels (dB), etc., as illustrated in Figure 2.
Note that continuous scenes in the same track were merged during the pre-processing. The
pre-processing step was applied automatically using python programs available from the
Sentinel Application Platform (SNAP) Python API provided by ESA. The resolution of the
preprocessed SAR results is 20 m × 20 m, which is similar to the original products. The
details of each step-by-step pre-processing methodology, and the description of the main
parameters used in the methodology can be found in [35,38] and in Table 3.



Remote Sens. 2023, 15, 38 5 of 24

Table 1. Characteristics of Sentinel-1 [18].

Parameter Interferometric Wide Swath Mode (IW)

Swath width 250 km

Incident angle range 29.1–46.0◦

Sub-swaths 3

Azimuth steering angle ±0.6◦

Azimuth and range look Single

Polarization Dual VV + VH

Maximum Noise Equivalent Sigma Zero −22 dB

Radiometric stability 0.5 dB (3 σ)

Pixel size (meter) 10

Table 2. List of the Sentinel 1 SAR images used in this study.

Satellite Date Image

Sentinel 1B 13 October 2019 S1B_IW_GRDH_1SDV_018451_022C28_AA13

Sentinel 1B 13 October 2019 S1B_IW_GRDH_1SDV_018451_022C28_9E30

Sentinel 1A 14 October 2019 S1A_IW_GRDH_1SDV_029449_03598E_1B6C

Sentinel 1B 22 October 2019 S1B_IW_GRDH_1SDV_018590_023066_0FFE

Sentinel 1B 22 October 2019 S1B_IW_GRDH_1SDV_018590_023066_ECE4

Sentinel 1B 25 October 2019 S1B_IW_GRDH_1SDV_018626_023181_36B9

Sentinel 1A 26 October 2019 S1A_IW_GRDH_1SDV_029624_035F8D_0944
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Table 3. List of the main parameters used in SNAP pre-processor module to process Sentinel-1 SAR images.

Operator Parameter Value

Read Data format Any format

Apply orbit file Orbit state vectors
Polynomial degree

Sentinel precise
3

Calibration Polarizations
Output sigma0 band

VH, VV
True

Terrain correction

Source bands band
DEM

DEM resampling method
Image resampling method

Pixel spacing

Sigma0_VH, Sigma0_VV
SRTM 1Sec HGT (Auto Download)

Bilinear interpolation
Bilinear interpolation

10 m

Speckle filtering Source band
Filter

VV
Refined Lee

Convert to dB Source bands VV

Write Save as GeoTIFF—BigTIFF

The water surface roughness is a key factor for detecting oil spill with SAR [35,37].
Wind-induced friction between the air and water surface generates gravity capillary waves
in the range of millimeters to centimeters [8,14,23,35]. Oil slicks can dampen capillary waves
and short gravity waves, and thereby reduce the sea surface roughness. This reduces the
magnitude of radar backscattering over oil-covered waters compared to the surrounding
area, with the sea surface appearing as dark patches in SAR images [35,37].

The identification of oil slicks from SAR images depend on the weather conditions,
especially wind speed [8,14,35,37]. In general, suitable ranges of wind speeds for oil slick
detection by SAR are 1.5 to 10 m/s [14,35–37]. At high wind speeds (>10 m/s), waves
can break up oil into smaller droplets, which may prevent an effective detection of oil
slicks [35–37]. The oil detection with SAR also becomes more challenging at lower wind
speeds (<1.5 m/s), since calm sea conditions can be also seen as dark patches by SAR.
“Look-alike” features in SAR could also be caused by other natural phenomena, such as
natural films, wavefronts, wind sheltering by land, rain cells, internal waves, upwelling,
and eddies [14,35,39–41]. Distinguishing oil spills from look-alikes is a challenging task
for oil spill detection with SAR [14,35,37]. Here, we discriminated oil slicks based on:
(i) the referred range (−18 to −35 dB) of radar backscatter values [26,37,42], (ii) the tem-
poral changes in positions and shape of the oil [36,37], and (iii) the texture of the dark
features [8,14,35–37]. After determining the positions of the oil slicks, we further examined
the delineated oil slick through visual checks [35,37,43].

Multi-Spectral Instrument (MSI) spectral band images of Sentinel-2A and 2B, with
a swath width of 290 km and ten day revisit time at the equator, are also available to
detect the RSOS-2019. Sentinel-2A and 2B operate four visible, and one near-infrared,
bands at 10 m resolution, six red-edge shortwave infrared bands at 20 m resolution, and
three atmospheric correction bands at 60 m resolution. The Sentinel-2A and 2B Level-1C
data were converted to level-2A products by applying atmospheric corrections with the
commonly used ACOLITE processor [44]. ACOLITE was specifically developed for marine,
coastal, and inland waters by the Royal Belgian Institute of Natural Sciences (RBINS) and
supports the processing of Sentinel-2 images [44]. ACOLITE outputs reflectance in all
visible and NIR bands, sampled on a 10 m pixel grid for Sentinel-2. After that, to map the
oil, the Oil Spill Index (OSI) is implemented as described in Equation (1) using Sentinel-2A
and 2B visible bands (BO4, BO3, and BO2) [21,40].

OSI =
(BO3 + BO4)

BO2
(1)
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Bands BO3 and BO4 represent the shoulders, and BO2 represents the nearest band to
the absorption features.

We also processed Landsat-8 Level 1 (L1T) data from the Operational Land Imager
(OLI) and Thermal Infrared Sensor (TIRS) bands (Table 4). OLI is a push-broom sensor
that collects data in the visible, near-infrared, short wave infrared wavelengths, and a
panchromatic band [14]. It also operates a further two new spectral bands: a deep-blue
band for coastal water and aerosol studies (band 1), and a band for cirrus cloud detection
(band 9). TIRS collects data in two long-wavelength thermal infrared bands at 100 m spatial
resolution. Landsat-8 images cover an area of 185 km × 185 km with a revisit cycle of
16 days. The Landsat-8 RGB (Red (R), Green (G), Blue (B)) images are generated by filtering
the OLI bands 4, 3, and 2. We also estimated the brightness temperature using a digital
number (DN) from Landsat-8 thermal band 10 metadata. The algorithm for estimating
brightness temperature involves two steps [14]:

Table 4. List of satellite data used in this study.

Satellite Spectral Region (Bands) Range (µm) Spatial
Resolution

Revisit
Time Operation Level

MODIS
(Aqua)

VIS, NIR, MIR, SWIR, LWIR
(36 bands)

B1-19 (0.405–2.155),
B20-36 (3.66–14.28) 250, 500, 1000 m 1–2 day 2002 L1B

Landsat-8 VIS, NIR, SWIR, TIR (12
bands)

B1-9 (0.43–1.38),
B10-11 (10.6–12.51) 15, 30, 100 m 16 day 2013 L1T

Meteosat VIS, NIR, IR, HRV
B1-3 (0.6–1.7)
B4-11 (3.8–14)
B12 (0.5–0.9)

3 km, 1000 m 15 min 2002 Level 1.5

PlanetScope VIS, NIR
(4 bands)

B1 (0.45–0.51)
B2 (0.50–0.59)
B3 (0.59–0.67)
B4 (0.73–0.74)
B5 (0.78–0.86)

3 m Daily 2016 PS2

Sentinel-2 VIS, NIR, SWIR
(12 bands) 0.443–2.190 10, 20, 60 m 5 day 2015 L1C

(a) The Landsat 8 Level 1 (L1T) band 10 values are first converted into top of atmo-
sphere (TOA) radiance using the following equation [14]:

Lλ = MLQcal + AL (2)

where Lλ denotes the spectral radiance, ML (=0.000334) the band-specific multiplicative
rescaling factor, AL (=0.10000) the band-specific additive rescaling factor, and Qcal the
quantified and calibrated standard product pixel values.

(b) Calculation of brightness temperature (BT) using the DN values as:

BT =
K2

ln
(

K1
Lλ+1

) (3)

where BT denotes the brightness temperature, and K1 (=774.8853) and K2 (=1321.0789) are
the thermal conversion constants.

MODIS operates on Terra and Aqua spacecraft viewing swath width of 2330 km every
one to two days. It measures the radiance at the TOA in 36 spectral bands varying between
0.405 µm and 14.385 µm (Table 4). The fluorescence/emissivity index (FEI) was computed
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to account for the higher reflectance of oil in the blue wavelength (induced by reflected
light) and lower emissivity in the thermal infrared region using [11,22]:

FEI =
ρBlue − εThermal
ρBlue + εThermal

(4)

where ρBlue denotes the reflectance calculated from the MODIS spectral band
3 (0.459–0.479 µm), and εThermal denotes the emissivity calculated from the MODIS spectral
band 31 (10.780–11.28 µm).

We further analyzed the Meteosat Second Generation (MSG) satellite hourly data
available during daytime to track the RSOS-2019 oil patches. MSG is a geostationary
satellite providing continuous surface and atmospheric information every 15 min, but at a
coarse resolution of 1 km. The onboard Spinning Enhanced Visible and Infrared Imager
(SEVIRI) instrument measures the spectral and emitted radiances in 12 channels with
wavelengths of 0.6–1.6 µm for visible/near-infrared channels and 3.8–14 µm for infrared
channels. We processed the MSG High-Resolution Visible channel (HRV) Level 1.5 images
to identify the intensity of the RSOS-2019 on the sea surface.

We further acquired the PlanetScope RGB (bands 4, 3, and 2) composite images to track
the spread of RSOS-2019 near the coast. PlanetScope is a commercial constellation com-
posed of approximately 175 satellites, enabling full scanning of the entire earth land/water
surface within a day (https://www.planet.com/products/planet-imagery/ (accessed on
19 February 2021)). It provides four spectral bands (Blue, Green, Red, and Near-Infrared),
represented by visible and near-infrared (VNIR) with a spatial resolution of 3 m. We
used the pre-processed RGB composite images from 12 October 2019, to 17 October 2019
(except for 14 October 2019, for which an image was not available) and Sentinel Application
Platform (SNAP) 5.0 software to pre-process the images.

To analyze the oil spill movement in relation to the prevailing ocean currents, we ana-
lyzed the ocean velocity fields from a high-resolution regional ocean reanalysis specifically
produced for the Red Sea at 4 km resolution [45]. This new reanalysis has been generated
using an Massachusetts Institute of Technology general circulation model (MITgcm) and
a hybrid ensemble data assimilation system incorporating available in-situ temperature
and salinity profiles, and remotely-sensed satellite sea surface temperature and sea surface
height observations [45,46]. The MITgcm domain (30◦E–50◦E and 10◦N–30◦N) covers the
entire Red Sea, including the Gulf of Suez, the Gulf of Aqaba, and part of the Gulf of
Aden connected to the Arabian Sea. The model was implemented on a spherical polar
grid at an eddy-resolving horizontal resolution of 0.04◦ × 0.04◦ and 50 vertical layers, with
4 m spacing on the surface and 300 m spacing near the bottom. Full details of the model,
assimilation scheme, and the resulting reanalysis can be found in [45,47,48].

3. Remote Sensing RSOS-2019

The RSOS-2019 spread was detected using all available satellite imageries described
in Section 2. Specific algorithms were implemented for each imagery and inferred oil slicks
were segmented accordingly. SAR and optical sensors follow different mechanisms to
detect oil spills and the analysis presented here allowed us to examine the capability of
each imagery and their relevance for operational monitoring in the context of RSOS-2019.

The spread and propagation of RSOS-2019 was first inferred from the Sentinel-1A
and 1B SAR images available on (i) 13 and 14 October 2019 (two days after the spill),
(ii) 22 October 2019 (12 days after the spill), (iii) 25 October 2019 (15 days after the spill).
The images of the radar backscatter, due to the dampening of the short surface waves,
clearly indicate dark patches over the accident area between 13 and 14 October (Figure 3a).
Two days after the accident, the SAR images showed oil slicks following a circular pattern
with dark patches elongated both north and south of the incident location. The dark red
line indicates the outline of the oil slick (Figure 3b). The circular pattern area was observed
in the VV mode, and the movement of oil largely expanded to the south of the incident
location (Figure 3a,b) under the action of winds and ocean currents [4]. No oil patches

https://www.planet.com/products/planet-imagery/
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were observed at the incident location in the SAR images twelve days after the accident
(Figure 3c–f). After twelve days, the spilled oil moved eastward towards the coastal region
near Jeddah port.
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To examine changes in the intensity of the radar backscattering over the oil patches and
surrounding waters, we analyzed the radar backscattering intensity values (Figure 4a,b)
at two cross-sections AB and CD, as indicated in Figure 3a. The intensity values from
A to B and C to D show that pixels can be associated with low and high values, clearly
distinguishing the oil spill from the surrounding water, respectively. Although SAR oil
detection algorithms are widely considered to be the most efficient at demarcating oil
slicks [8,14,19,23], their relatively long revisit time (~12 days) limits their potential for
operational purposes, which clearly demands higher temporal resolution images.
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sections (a) AB and (b) CD (shown in Figure 3a) from Sentinel-1 SAR images on 13 October 2019 (two
days after the spill). The pixel numbers with low/high intensity values are associated with oil/water.

We then investigated the oil slick propagation by processing the optical satellite images.
The OSI was first computed to characterize the oil spill using different spectral bands from
the Sentinel-2A and 2B MSI images available on 12, 17, and 27 October 2019 (i.e., 1 day,
7 days, and 17 days after the spill) [25,29]. The OSI image on 12 October shown in Figure 5a
indicates the oil spill as a dark narrow line; the clouds over the region appear in red, and
the outline of the oil spill in dark red (Figure 5b). Seven days after the spill (17 October),
the OSI images show a wide spread of the oil (Figure 5c,d). The images on 27 October
(Figure 5e,f) suggest a reduction in the oil coverage. The Sentinel-2A and 2B OSI images
clearly demarcated the distribution of the oil spill and its spread, in good agreement with
those of SAR.

We further computed the FEI from the MODIS L1B Aqua satellite images on 11 and
13 October. The image on 12 October (one day after the spill) could not be used due to
significant cloud coverage over the spill region. The resulting FEI maps (Figure 6) exhibit
higher brightness in the oil-affected areas compared to the adjacent oil-free areas. The FEI
images on the accident day (11 October) indicate a narrow patch with slightly reduced
brightness compared to the adjacent water (Figure 6a), in agreement with Sentinel-2 images,
suggesting that the ship sailed southward while leaking oil. More oil patches of low
brightness were captured by MODIS at the southeast corner of the narrow slick. Two days
after the accident (13 October), these oil patches spread northward and eastward towards
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the coastal regions, reaching a few tens of kilometers away from the Jeddah port, as shown
by the MODIS images (red line; Figure 6b). The MODIS FEI and Sentinel-1 SAR inferred
oil spills on 13 October are in agreement, except for the northward patches detected by
MODIS as further analyzed and discussed below.
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Only one Landsat-8 L1T image was available during the RSOS-2019 on 13 October,
with a high spatial resolution (approximately 15–100m) but narrow coverage (185 km).
The spectral radiance of this image was converted to brightness temperature using the
thermal band 10. A Red-Green-Blue (RGB) composite image was also generated using
visible spectral bands to identify the oil spill. The Landsat-8 RGB composite image clearly
distinguished the contrast between oil and water, detecting oil patches in agreement with
the corresponding SAR (Figure 7). Figure 8 displays the BT from 299 K–300 K, where the
oil-affected areas can be detected as patches with different contrast to the non-affected
surrounding area, also in agreement with those detected by SAR. High/low BT values
(more/less than 300.25 K) indicate the affected/non-affected oil spill areas. Oil absorbs heat
in the daytime, becoming warmer than the surrounding water, so that oil slicks are visible
as hot patches on the thermal image (Figure 8). Klemas [49] classified the thermal response
to oil thickness, where thicker oil appears hotter or brighter than thin oil. Here, the thick
oil spill regions also show higher BT values than the surrounding thin oil areas. Overall,
the oil detected in the coastal areas by Landsat-8 images agree well with the Sentinel and
MODIS FEI images (Figure 6b).

The hourly MSG satellite HRV channel images did not show distinct features related
to the oil spill on 11 October (figure not shown), while the MODIS FEI image indicated a
narrow patch with a less bright color region than the surrounding area (Figure 6a) on the
same day at 10:00 UTC. This could be due to the low number of spectral bands and the
coarse resolution of MSG images. MSG images were not processed on 12 October because
of significant cloud coverage over the incident area. On 13 October, the MSG images
at 10:00–10:30 UTC indicated bright circular oil patterns south of the incident location
(Figure 9a,b). The clouds in these images exhibited higher brightness (red color) than the
oil spill areas. One hour later (11:00 UTC), the clouds moved towards the northern and
northwestern parts of the Red Sea, and the spilled oil became more visible (Figure 9c). The
clouds then moved towards the west coast and a circular pattern of spilled oil, elongated in
the north-south direction, appeared (Figure 9d). This allowed us to distinguish the clouds
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from the oil patches in this sequence of images based on cloud brightness and movement,
because the clouds moved faster and exhibited higher brightness than the oil patches.
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The inferred movement of oil by MSG accords with the surface currents that depicted
a mesoscale eddy in the middle of the basin, connecting the southeastward flow to strong
northward-flowing currents in the east (Figure 10a–d). The oil patches were not detectable
in the MSG images after 13 October because of the weaker brightness of the diluted
oil patches in the subsequent days and the limited number of spectral bands of MSG.
The widespread oil patch movements towards the north and Jeddah featured in MODIS
(Figure 6b), Landsat-8, and MSG, were detected as a narrow oil slick in Sentinel-1 SAR
despite reasonable spatial coverage. This could be due to the difficulties of SAR to detect
oil slicks during the high wind conditions that prevailed over the region (figure not shown),
which resulted in mixing of oil and water [36,42].
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To follow the oil slick movements near the coastal regions, we processed the RGB
(bands 3, 2, and 1) composite of the high-resolution PlanetScope images, which provide
daily 3 m spatial resolution images but only cover a distance of 20–25 km from the coast.
PlanetScope images revealed no presence of oil on 12 and 13 October (one and two days
after the spill, respectively) on the Saudi coast (Figure 11a,b), in line with Sentinel–1
SAR images which revealed the oil slicks at a distance of approximately 30 km from the
coast (Figure 3a) on 13 October. PlanetScope images were not available on 14 October,
but Sentinel-2B provided a 10 m resolution image that indicated a thin line of oil slicks
12 km from the Saudi coast (Figure 11c). A PlanetScope image on 15 October (four days
after the spill) showed oil slicks 7 km from the coastal areas (Figure 11d), which moved
to approximately 2 km from the coast on 16 October (Figure 11e), before beaching on
17 October (Figure 11f).
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Figure 11. PlanetScope images on (a) 12 October 2019 (one day after the spill), (b) 13 October 2019
(two days after the spill), (d) 15 October 2019 (four days after the spill), (e) 16 October 2019 (five
days after the spill), (f) 17 October 2019 (six days after the spill), and (c) the Sentinel-2A RGB (432)
color composite image on 14 October 2019 (three days after the spill). The oil slicks detected from the
images and their distances from the coast are labeled on the images. The red double arrows represent
the distance of the oil spill from the coast and the white arrows indicate the oil slicks.
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4. Analysis of the Inferred Oil Spill Movement in Relation to Ocean Currents

Earlier studies have suggested that ocean currents are the predominant drivers of oil
spreading, followed by winds [50,51]. We have examined the wind conditions over the
oil spill region and found that they were predominantly calm during the Sabiti oil spill
event (figure not shown), a climatological feature of this region during this time of the
year [52–54].

Figures 12 and 13 outline the spread and movement of the RSOS-2019 oil spill as
inferred by the different satellite sensors. The contours on the map indicate the detected
oil patches and the vectors in the background depict the prevailing surface currents. A
narrow oil slick ~120 km in length and oriented in the north-south direction appeared on
11 October (the day of the accident) in the MODIS image (Figure 12a). The trajectory of
the initial oil spill bisected a mesoscale cyclonic eddy (CE) between 20◦N and 21.75◦N, a
feature associated with the meandering of the thermohaline induced boundary current
when it veers from west to east [55–59]. The strong speed of the CE moved the spilled oil in
the northeast and eastward directions, as indicated by the Sentinel-2 images on 12 October
(Figure 12b). The optical satellite images provided limited information about the spill on
12 October, due to widespread cloud coverage over the central Red Sea. The multi-satellite
images on 13 and 14 October indicated that the tanker continued to leak oil as it traveled at
least as far as 19.5◦N. For instance, sentinel-1 SAR images show a narrow oil slick spanning
latitudes 19.5◦N–21.75◦N (Figure 12c). The contours of the detected oil meandered about
CE in the north before the oil trajectory became flat in the south at 19.6◦N latitude, where a
strong eastward current prevailed. The meandering trajectory of the oil in the north and
the flat trajectory in the south may be associated with strong advection by ocean currents
associated with the dipole eddy centered around 19◦N (CE in the north and an anti-cyclonic
eddy in the south), an extended feature generated by the seasonal cross-basin wind jets
emanated from the Tokar gap during July–August [60,61]. MODIS and MSG images on
13 October also showed the advected and dispersed oil as scattered patches rather than a
continuous line (Figures 6b and 9). These patches were advected further east by 14 October,
as shown by Sentinel-2 (Figure 12c). Some of these oil patches abutted the Jeddah coast
in the subsequent days, as revealed by the 3m resolution PlanetScope images (Figure 11).
The remaining patches in the open ocean near the CE of the dipole eddy moved northward
by 17 October under the influence of a northward flow (Figures 12d and 13a). Later, after
the weakening of the dipole eddy’s CE, thermohaline induced northward flowing eastern
boundary currents prevailed in the central Red Sea [55–58], ultimately moving the oil
patches close to the Jeddah coast after 22 October (Figure 13b,c). The oil patches practically
disappeared from the incident site by 27 October (Figure 13d).

The combination of the different satellite missions provided robust information about
the oil spill and the progression of its spread, allowing us to fill the spatial and temporal
gaps in the individual images (Figure 14) to enable effective monitoring of the oil spill
movement of RSOS-2019.
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Figure 12. Evolution of model surface currents against the different satellite observations correspond-
ing to (a) 11 October 2019 (the day of the accident), (b) 12 October 2019 (one day after the spill),
(c) 13 and 14 October 2019 (two days after the spill), (d) 17 October 2019 (seven days after the spill).
Color contours indicate the extent of the oil spill from different satellite observations.
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(d) 27 October 2019 (seventeen days after the spill).
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Figure 14. Spread and progression of the oil spill from the Sabiti oil tanker as inferred from the
different satellite imageries shown in (a) from 11 to 17 October 2019 and (b) from 19 to 27 October
2019. The different colored lines indicate the extent of the oil spill on the different days.

5. Summary and Conclusions

We investigated multi-mission satellite imageries to detect and track an oil spill event
that occurred in the central Red Sea on 11 October 2019, following an alleged attack on
the Iranian tanker Sabiti. Satellite images from Polar-orbit Sentinel-1 SAR, Sentinel-2,
MODIS, Landsat-8, PlanetScope satellites, and the geostationary Meteosat were collected
and processed before, during, and after the incident. Dedicated oil spill detection algorithms
were implemented for each satellite imagery to identify the oil location and its movement.
In addition, high resolution surface currents were analyzed to better understand and track
the oil spill movement. The satellite images showed that the oil patches remained on the
ocean surface for at least 17 days, favored by lower evaporation rates due to calm wind
conditions. Therefore, the prevailing surface ocean currents predominantly explained the
propagation and spreading of the oil.

The main results of this study can be summarized as follows:
Sentinel-1A and 1B SAR images efficiently detected the oil slicks and indicated north-

south and eastward oil patch movements. However, the long (approximately 12 days)
revisit time limits their potential for operational purposes.

The oil spill index (OSI) computed using the Sentinel-2A and 2B band ratios identified
the dark patches of the oil spill and their spread from the date of the incident up to three
weeks afterwards. The oil patches detected by the Sentinel-2A and 2B images agreed well
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with the SAR images, but suggested a wider spread due to the advantage of Sentinel-2 in
detecting oil patches well mixed with water.

The FEI algorithm implemented to detect oil spills from the MODIS L1B aqua satellite
imagery indicated a narrow patch of oil on the day of the accident (11 October 2019),
which suggested that the ship continued to leak oil while sailing. Widely dispersed oil was
observed towards the east coast of the Red Sea (approximately 30 km away from Jeddah
Port) two days after the accident (13 October 2019), in agreement with SAR images.

The only available Landsat-8 RGB composite image during the spill clearly detected the
oil spill patches. The brightness temperature (BT) analysis of the image indicated high BT
values of more than 300.25 K over the oil locations and smaller values of less than 300.25 K
over the non-affected areas.

A sequence of images from the coarse resolution MSG on 13 October detected
widespread oil patches and their movements. These patches were identified after dis-
tinguishing them from the overlying clouds based on the differences in their movements,
directions, and displacement rates. On that day, the oil moved slowly in the eastward
direction while the clouds moved faster towards the west.

PlanetScope high-resolution images were highly useful for identifying the oil slicks
and their movement over the coastal areas. These indicated that the spilled oil moved
about 5 km towards the coastal regions between 14–17 October and beached on 17 October.

The analysis of surface currents along with the inferred oil spill by the different
satellites revealed that the northern part of the spilled oil moved under the influence of a
mesoscale CE centered around 38◦E, 20.75◦N, and the southern part of the spilled oil was
transported by the strong eastward currents of an anti-cyclonic eddy.

This study demonstrates the effective use of multi-mission satellite optical sensors to
detect and track an oil spill incident in the Red Sea in the absence of SAR images. Though
the low-resolution MODIS and Meteosat optical images could not efficiently detect the
oil near the coastal areas, the high-resolution PlanetScope images completed the picture
by providing 3 m resolution images near the coast, which allowed us to monitor the
propagation of the oil slick near the Jeddah coast.

Detecting oil spills from satellite imagery using deep learning methods is currently
an active field of research (e.g., [34,35,62–65]). These are expected to not only improve
the detection of oil patches, but also help to diagnose the relative contributions of their
forcing factors, such as wind and currents [4]. Future research will examine such artificial
intelligence techniques to more efficiently merge information from multiple satellites, and
to reduce the false alarm rates of oil spills. In addition, implementing region-specific special
algorithms to estimate the thickness of the oil from satellite images can help better assess
the impact of oil spreading on the marine resources [36,37,40,42].
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