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ABSTRACT

Marine oil pollution causes severe ecological and environmental damage, which underlines the importance and
necessity of an oil spill monitoring system. With the advantage of its wide coverage and the capability to operate
at night and during cloudy weather, spaceborne synthetic aperture radar (SAR) has been extensively used. This
study demonstrates a near real-time automated oil slick detection system using SAR imagery from the European
Copernicus Sentinel-1 mission. The system uses a two-step approach consisting of detection and segmentation.
A deep learning-based object detection algorithm was custom-trained with images collected in the Southeastern
Mediterranean Sea. To extend the ability of the detector to target oil slicks in other oil pollution hotspots where
ocean properties and types of oil spills are different, an additional dataset from another oil pollution hotspot in
the North Sea was collected. After the detector has returned bounding boxes of possible oil slicks, a segmentation
algorithm is applied to extract the exact areas covered by oil. Based on our test, it took around 6 minutes from
providing two Sentinel-1 scenes to delivering possible oil binary masks. This study provides a near real-time oil
spill monitoring system and discusses its feasibility for application in oil-polluted waters worldwide.
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1. INTRODUCTION

Significant marine oil pollution causes severe ecological and environmental damage. On the other hand, chronic
oil pollution and deliberate small discharges can lead to potential long-term consequences to marine wildlife, such
as invertebrates, birds, and mammals. Aerial and satellite surveillance are commonly used for large-scale and
regular monitoring of specific areas. For example, the Bonn Agreement is a regional agreement for cooperation in
dealing with pollution of the North Sea by oil and other harmful substances. It conducts regular flights to focus on
offshore oil and gas installations and high maritime traffic areas. In addition, with the support of the European
Union (EU), satellite-based oil spill detection from CleanSeaNet service provided by the European Maritime
Safety Agency (EMSA) is utilized.! Aerial surveillance is effective for providing information for responding
to marine incidents;? however, it is costly to monitor an area regularly. Therefore, satellite-based surveillance
provides a larger scale of observation on a regular basis can be helpful.

Synthetic aperture radar (SAR) has been widely used for oil spill detection due to its capability of monitoring
day-and-night and under all-weather conditions. The launch of the free-cost Sentinel-1 SAR mission in 2014 has
increased the volume of accessible SAR data and encouraged lots of research activities. Oil slicks dampen small
gravity-capillary waves on ocean surface, which result in low backscattering of the radar signal and appeared as
dark formation in SAR images. However, dark formations can also come from “look-alikes”, such as low wind
areas, algae, internal waves, and other ocean phenomena, which make correctly detecting oil slicks challenging.
In the previous stage of the framework of this study, an automated oil spill detection system was built and tested
in the Southeastern Mediterranean Sea.® There were 12428 image patches used in the training stage; half of
the image patches had oil slicks inside, and the other half included look-alikes or other remarkable phenomena.
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Figure 1: Study area in the Southeastern Mediterranean Sea, along with traffic density obtained from EMODnet*
provided by EMSA, showing numbers of ship routes crossing each 1km x 1km grid in 2019

However, this kind of oil spill monitoring system is generally limited to certain areas as sources of oil spills can be
different from one area to another, and oil slicks can be shaped differently due to different ocean circulation and
currents. Therefore, applying one local surveillance system to other places is challenging. On the other hand,
records for smaller deliberate oil spills are usually not well documented, making it hard to collect a dataset of
oil slicks to train a model for detecting oil slicks in a new area. Therefore, expanding an oil spill monitoring
system from one location to a new study area would be beneficial. In this study, an existing system for the
Southeastern Mediterranean Sea is applied to the North Sea to test the feasibility of using such a system in
different oil-polluted waters.

Section 2 compares the study area in the Southeastern Mediterranean Sea of the existing oil spill monitoring
system with the new study area for testing the system in the North Sea. Section 3 explains and illustrates the
structure of the oil spill monitoring system. Section 4 shows the detection results from the existing and improved
systems and provides a latency test. Section 5 summarizes the results.

2. STUDY AREA

The oil spill monitoring system was specifically trained for the Southeastern Mediterranean Sea, as shown in
Figure 1, but southern from 34.7°N.? Due to the heavy maritime traffic, ship discharges are considered a significant
source of oil spills in this region. The heatmap illustrates the traffic density map provided by the European
Maritime Safety Agency (EMSA) through the European Marine Observation and Data Network (EMODnet).*
It indicates the number of ship routes crossing each 1km x 1km grid in the year 2019, on which the oil spill
monitoring system was tested.> On the other hand, the increasing offshore activities for oil and gas exploration
and exploitation have also played an important role in the past decades.’

Like the Mediterranean Sea, the North Sea also has heavy maritime traffic as it serves the large commercial
ports in Europe, such as Rotterdam, Antwerp, and Hamburg.® In addition, previous studies showed the pollution
from oil and gas industry in the time period 1982-19837 and in 2014.% Luckily, since the late 1960s, there has
been growing awareness of oil pollution and led to international agreements, regional cooperation, and national
measures for environmental protection.® As an area with regular surveillance and annual report, the North Sea
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Figure 2: Study area in the North Sea and the offshore installations, along with the extent of the example scenes
used to illustrate the system as shown in Figure 3

was selected as our study area as shown in Figure 2. The dark blue boundary outlines the study area, and the
circles mark the distribution of the offshore installations for oil, gas, and condensate. Two Sentinel-1 scenes from
15 April 2023 inside the study area are used for latency test and comparing results from the existing system and
the improved system from this study.

3. OIL SPILL MONITORING SYSTEM

Figure 3 demonstrates how the oil spill monitoring system works. Sentinel-1 SAR Level-1 Ground Range Detected
(GRD) products are acquired from the Copernicus Data Space Ecosystem. Afterwards, a series of corrections,
such as thermal noise removal, calibration, multilooking, and conversion to decibels (dB), are applied for pre-
processing the data. In parallel, the land mask is backward geocoded to SAR geometry and resampled to the
same dimension as the preprocessed data.

Afterward, the deep learning-based You Only Look Once (YOLO) version 4 object detection algorithm®
is applied to detect oil slicks inside. It was custom-trained with oil slicks, look-alikes, and other remarkable
phenomena from 2015 to 2018 collected in the Southeastern Mediterranean Sea. However, to further improve the
object detector on targeting oil slicks in a different study area, a set of image patches with oil spills in the North
Sea covering different seasons were collected and used to further train the detector. Figure 4 presents some
example image patches that were collected in the North Sea; the bounding boxes show oil slick annotations.
Note that only oil slicks were labeled as objects; look-alikes and other remarkable features were regarded as
background information and not given any label. Then, a YOLO-based Oil Detection Algorithm (YODA) was
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Figure 3: Illustration of the oil spill monitoring system
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Figure 4: Example of image patches collected in the North Sea along with annotations for oil

developed based on the trained detector. It loads preprocessed data as image patches, normalizes them into
0-255, and returns detections defined by bounding boxes along with confidence scores.

Subsequently, a segmentation algorithm loads the regions of interest (ROI), which are extended from the
detections. Instead of using the normalized values, the program loads the backscattering value in decibels
directly from the preprocessed data. As oil slicks dampen the capillary waves and result in weaker backscattering
compared to their surroundings, the algorithm detects the edge between oil slicks and their surroundings by the
discontinuity of backscattering coefficient. The initial oil pixels are defined by the selection of pixels with low
backscattering coefficient (i.e., darker) near the edge, and the final oil binary mask is obtained after several



iterations of region growing in consideration of the similarity of the oil pixels with their 8-neighboring pixels.
However, as ships and platforms usually have strong backscattering and are likely to appear in the ROIs (see
Figure 4 (a) as an example), the constant false alarm rate (CFAR) algorithm? is applied to detect these “outliers”.
Otherwise, the discontinuity of the backscattering coefficient near the ships or platforms will confuse the algorithm
to regard it as an edge between oil slicks and their surroundings. Similarly, the land—sea boundary will also show
distinct differences in SAR images; therefore, land masks are applied to mask out the land area, which is not
of interest. The outlier detection and land masking are applied before edge detection. Eventually, the binary
masks are geocoded and can be displayed in geographic information system (GIS) software.

4. RESULTS

This section compares detections returned from YODA using the detector trained with a dataset in the South-
eastern Mediterranean Sea and further trained with an additional dataset from the North Sea; they are noted
in the following paragraphs as YODA-EastMed and YODA-NorthSea, respectively. Two Sentinel-1 SAR, scenes
from 15 April 2023, taken at 17:27 in the North Sea, were selected as examples; the coverage of the scenes are
displayed in the Figures 2 and 3. Figure 5 shows the detections from YODA-EastMed and YODA-NorthSea in a
slight zoom-in area, where oil slicks and look-alikes are located. Green bounding boxes show true positives (TP),
where detections aligned well with manual inspections. Red bounding boxes show false positives (FP), where no
manual inspections intersected with detections. On the other hand, the manual inspections where no detections
intersect are regarded as false negatives (FN) and marked with white bounding boxes.

Overall, YODA-EastMed seems too conservative as there is no FP and only one TP in the focused area.
Regarding YODA-NorthSea, all oil slicks were all detected; however, a few look-alikes with linear patterns were
also regarded as oil slicks. Even though the sources of oil slicks in the Southeastern Mediterranean Sea and
the North Sea can be similar, the shapes of oil slicks can vary a lot due to different ocean conditions, such as
different circulation systems and sea states. In addition, the sources of look-alikes are also related to different
ocean phenomena at different waters. Therefore, further training of the object detector with additional image
patches should be necessary. On the other hand, using an existing detector can reduce the time needed to collect
oil slicks in a new study area and still achieve a good overall performance.

The processing chain is integrated on a server equipped with an Intel Xeon 6448H CPU, 128 GB system
memory, and NVIDIA A16 GPU. Figure 6 summarizes the different steps operating by the system, along with
the timestamps of the operation on the two example scenes shown in Figure 3. Downloading Sentinel-1 products
is not considered in the latency test as it depends on the internet speed and bandwidth. In addition, the DLR
collaborative ground segment could also be considered for downloading data inside its reception cone; in this
case, the data could be acquired within an hour after the data take. In total, it took around 6 min 8sec from
giving Sentinel-1 scenes as input to obtaining oil binary masks as output. The preprocessing and land mask
generation steps usually take a similar time for each case (with the same number of scenes). However, the YODA
and segmentation steps rely on the complexity of the SAR signatures. Usually, YODA takes the longest and the
speed is depending on if GPU is provided. The segmentation step currently combines the intersected detections
and generates binary masks one after another, this step could be even faster if parallel computation is applied.

5. CONCLUSION

This study demonstrates a near real-time oil spill detection system based on a deep learning-based object de-
tection algorithm, which takes around 6 minutes from preprocessing two SAR scenes to delivering oil binary
masks. The original system was focused on the Southeastern Mediterranean Sea but expanded to the North
Sea in this study. With the help of an existing custom-trained object detector, only a smaller dataset with oil
slicks, look-alikes, and other remarkable phenomena is needed for further training the detector, which provides
a monitoring system with relatively good performance. This highlights the feasibility of utilizing such a regional
system to global oil pollution hotspots. However, as different ocean circulations and currents can shape oil slicks
differently and result in various look-alikes, using additional information, such as sea state parameters and wind
speed, to reduce false alarms from FP is suggested.
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Figure 5: Detections of oil slicks returned from YODA.
1 min 56 sec

Preprocessing

3min 21 sec 47 sec
/ Sentinel-1 YODA Segmentation Oil binary /
SAR 3sec / mask

Land Mask
Generation

Figure 6: Latency test of the system for two Sentinel-1 SAR scenes.
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