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Abstract

Modern satellite systems such as Sentinel-1 (SAR) and Sentinel-2 (optical spectrum) offer
valuable tools for detecting the spatial morphology of marine pollution, including dark cores on SAR
images that indicate thin surface films or emulsified oil layers. Unlike traditional spill detection,
locating the underwater pollution source requires backward trajectory analysis accounting for wind
and hydrodynamic conditions. This study presents an integrated methodology for backward tracing
of oil slicks, combining satellite image analysis, vertical particle rise modeling, and drift vector
correction using Meteoblue data. Special attention is given to the comparative evaluation of EO
Browser visualization scripts used to enhance the detection of surface films and improve signal-to-
noise ratios on Sentinel-1 and Sentinel-2 images. The method was tested using the case of the
"Volgoneft" tanker incident in the northwestern Black Sea (December 2024). The results demonstrate
the applicability of this approach for operational source localization under conditions of limited
visibility, complex geopolitics, or military conflict.

Key words: oil spill, marine area, environmental monitoring, Sentinel-1, Sentinel-2, SAR imagery,
dark core, drift modeling, meteocorrection, remote sensing.

Introduction

Modern satellite observation systems, such as Sentinel-1 (SAR) and Sentinel-2 (optical spectrum),
enable the detection of the spatial morphology of pollution, particularly the presence of dark core
areas in radar imagery, which indicate thin oil films or emulsified inclusions. However, unlike
classical slick detection, identifying the coordinates of an underwater spill source requires a backward
analysis of the slick’s trajectory, taking into account wind and hydrodynamic conditions [3, 4].
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This study presents an integrated methodology for the backward tracing of fuel oil slicks,
combining satellite image analysis, vertical particle ascent modelling, and meteorological correction
of the drift vector using Meteoblue data [7]. Special attention is given to the comparative assessment
of the effectiveness of visualization scripts in EO Browser, which are used to enhance the detection
of film formations and improve the signal-to-noise ratio in Sentinel-1 and Sentinel-2 imagery [8].
The methodology was tested using the case of the “Volgoneft” tanker accident in the northwestern
part of the Black Sea (December 2024).

The proposed approach is suitable for use in environmental monitoring systems under conditions
of limited visibility, complex geopolitical circumstances, or military conflict, where the rapid
localization of a pollution source is of critical importance [6].

Materials and Methods

Sentinel-1 radar images (IW mode, VV+VH polarization, spatial resolution ~5 m % 20 m) were
processed using EO Browser (Sentinel Hub). Sentinel-2 optical images (processing level L2A,
resolution 10 m/pixel) were used for verification. Georeferencing of debris and contaminated zones
was performed manually using Google Earth Pro (coordinate anchoring) and Umap (for building an
interactive map), which enabled visualization of the drift zones and construction of the tracing model.
To account for the influence of atmospheric conditions and underwater currents, archived
meteorological data from Meteoblue (wind fields, currents, turbulence) were additionally used for
drift direction correction and source coordinate estimation.
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Fig 1. Archived meteorological data from Meteoblue (45.13°N, 36.53°E) for the period from
December 1, 2024, to January 1, 2025, were analyzed

The chart displays daily averages of temperature, cloud cover, precipitation, wind direction, and
wind speed. Weather conditions throughout December 2024 were consistently cloudy, with variable
wind directions and short periods of calm. These data were used for meteorological correction of the
dark core drift model.
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To improve the accuracy of detecting film slicks and dark core areas, the effectiveness of EO
Browser scripts was analyzed. For Sentinel-1, 18 scripts were tested, including customized variants
with modified display channels. The highest performance was demonstrated by the script VV - Linear
GammaO0 - 50% green. For Sentinel-2, indices such as NDWI, SWIR, False Color Urban, and others
were evaluated—these proved most suitable for verifying surface objects and pollution boundaries.

The methodology is based on detecting dark core areas—stable zones of SAR signal absorption,
which are interpreted as surface markers of underwater leakage [1].

The displacement of the slick head was calculated based on the coordinates of the dark core center
and the direction of the submarine current (Figure 1):

Lh=(hxvh)/wr, (1)

where: Lh — horizontal displacement magnitude (m), h — source depth (m), vh — horizontal current
velocity (m/s), wr — particle rise velocity (m/s) [2].
The location of the source was determined using the following formula:

P_source=P_head-Lhxdir, (2)

where: P_source — calculated coordinates of the source, P_head — coordinates of the dark core
(determined from SAR), dir — normalized vector of horizontal current direction [ITomuaka!
JlzkepeJio MOCHJIAHHS He 3Hali/IeHo.].

A morphological analysis of the slick (tapering pattern) was then performed, followed by
backward tracing to the dark core, correction using archived meteorological data (Meteoblue), and
verification with Sentinel-2 optical imagery (presence of signal buoys, debris) (Figure 2). A
complicating factor is the potential coalescence of slicks from multiple sources, which is considered
as a morphological indicator.
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Fig. 3. Block diagram of the integrated
methodology for tracing an oil slick
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Fig. 4. SAR visualization of the fuel oil slick using the script VV - Linear Gamma0 — 50% green
(Sentinel-1, March 13, 2025)

The dark core on Fig.4 is clearly distinguishable against the water surface due to reduced surface
roughness. Manual attenuation of the green channel enhances the signal-to-noise ratio without
compromising the slick’s morphology.

Results

Sentinel-1: Evaluation of EO Browser Script Effectiveness. A total of 18 EO Browser scripts
were tested for visualizing fuel oil slicks in Sentinel-1 SAR imagery. The focus was placed on VV
polarization mode, as it is the most sensitive to changes in water surface micro-roughness.

The highest effectiveness was demonstrated by the script VV - Linear Gamma0 — 50% green, in
which the green channel is attenuated to reduce background noise. This script provided the best
signal-to-noise ratio and clear delineation of the dark core and film slick boundaries across a wide
range of contrast settings.

Other highly effective scripts included:

- VV - GammaO0 (decibels) — a basic high-contrast SAR visualization option;

- SAR Urban — provides colored display of slicks and surface objects (e.g., buoys, debris)
against the water background.

Scripts that used VH polarization or were designed for land-based objects did not yield high-
quality results under conditions of film pollution. Some scripts were technically unsuitable due to EO
Browser code size limitations.

The evaluation was based on the following criteria: contrast of the dark core, noise resistance,
boundary detail of the oil film.
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Fig. 5. Categories of EO Browser script effectiveness for Sentinel-1 in visualizing fuel oil slicks

The classification was based on the quality of dark core detection, contour clarity of film slicks,
and signal-to-noise ratio in Sentinel-1 SAR images (VV/VH).

Sentinel-2: evaluation of EO Browser script effectiveness. To visualize film-like fuel oil
pollution in Sentinel-2 optical imagery, 10 EO Browser scripts were tested, utilizing visible, near-
infrared, and SWIR bands. The focus was placed on the NDW!I index, SWIR composites, and Urban
Color visualizations. The best results were shown by:

- NDW!I — enabled clear delineation of the slick boundary up to 7.4 km from the debris under
good lighting conditions;

- SWIR (Shortwave Infrared) — enhanced contrast between oil films and the water surface;

- False Color Urban — provided the most intuitive interpretation of surface objects,
particularly debris and buoys.

A significant number of scripts required manual adjustment of the sensitivity threshold due to the
relatively low dynamic range of the reflected signal. It was also found that during the winter-spring
period, Sentinel-2 is limited in the number of high-quality images due to cloud cover, especially in
the case of thin oil films.

The evaluation was based on the following criteria: visibility of slick boundaries, detail of
surface objects, and stability of results under varying atmospheric conditions.
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Fig. 6. Categories of EO Browser script effectiveness for Sentinel-2 in visualizing fuel oil pollution

The classification was based on the quality of slick boundary detail, the ability to identify
surface objects, and the stability of results in Sentinel-2 optical imagery (L2A, 10 m/pixel).

Comparison of Sentinel-1 and Sentinel-2 platforms. A comparative analysis showed that
Sentinel-1 radar imagery provides significantly higher effectiveness in detecting extended fuel oil
slicks, particularly dark core areas. It was observed that the slick boundary could be traced on SAR
images at a distance of over 14.8 km from the debris, whereas on the best available Sentinel-2 optical
image, this boundary was limited to approximately 7.4 km.

Additionally, during the winter-spring period, Sentinel-1 provided at least twice as many images
suitable for analysis, as it is not affected by cloud cover. This ensured stable retrospective monitoring.

Sentinel-2 optical imagery proved valuable for verifying surface objects—such as debris, buoys,
and localized emulsified accumulations. NDWI and SWIR composites were particularly informative.
However, their high dependence on weather conditions limited their practical utility for tracing in
crisis situations.

Thus, Sentinel-1 should be considered the primary platform for backward slick tracing, while
Sentinel-2 serves as a complementary source for confirming pollution morphology when high-quality
images are available.

The comparison results served as the basis for the practical application of the methodology during
the analysis of the “Volgoneft-212/239” tanker accident, which made it possible to:

-~ localize the underwater spill sources;

-~ determine coordinates with an estimated accuracy of 40-150 meters, depending on the depth
of the source, the speed of underwater currents, and the quality of SAR georeferencing [3] (Table 1);
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-~ build an interactive map of debris and slick drift; detect film slicks up to 20 km in length;
confirm the effectiveness of the dark core displacement model combined with meteorological
correction [4].
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Fig. 7. Localization of submarine spill sources based on the stable dark core zone in the Sentinel-1
SAR image (VV, 23.12.2024): 1-Lat: 45.05928, Long: 36.53598; 2-Lat: 45.07207, Long: 36.53134;
3-Lat: 45.08449, Long: 36.53701

Table 1. Coordinates of submarine spill sources

Sentinel-1 AWS-IW-VV+VH (coordinate system: WGS-84)
Spill source ID Latitude, B Longitude, L
As of 18.12.2024: 1. 45.05916 36.53761
2. 45.07224 36.53143
As of 23.12.2024: 1. 45.05928 36.53598
2. 45.07207 36.53134
3. 45.08449 36.53701
As of 31.12.2024: 2. 45.07200 36.53139
3. 45.08459 36.53751

The evaluation of the effectiveness of backward slick tracing confirms the reliability of SAR-
based identification of dark cores as stable markers of submarine spills, even under complex
hydrodynamic conditions [1]. The modeling results and observations are consistent with the findings
described in the works of Fingas [5], which emphasize the importance of accounting for the vertical
ascent of emulsified particles and the influence of weather conditions on the formation of surface oil
slicks.

Conclusions
The proposed methodology for backward tracing of fuel oil slicks based on Sentinel-1 and
Sentinel-2 satellite imagery enabled the identification of underwater spill source coordinates with
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high accuracy—within 40-150 meters, depending on the quality of input data and meteorological
conditions. The algorithm is based on SAR analysis of the spatial morphology of the dark core, drift
direction correction using meteorological models, and optical verification of surface objects [2, 4].

The methodology proves effective in situations where physical access to the disaster site is limited
or impossible. It enables stable retrospective monitoring, localization of environmental impact, and
support for an evidence base in the context of military or technological conflict. The use of such
approaches is recommended for monitoring underwater spills in crisis regions, including areas
affected by armed conflict.

This research is part of the project "Innovative sediment management framework for a
SUstainNable DANube black Sea system (SUNDANSE)', co-funded by the European Union. Views
and opinions expressed are however those of the author(s) only and do not necessarily reflect those
of the European Union or the European Climate, Infrastructure and Environment Executive Agency.
Neither the European Union nor the granting authority can be held responsible for them.
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AHoTauis

CydacHil CymyTHHKOBI cucTeMH, Taki sk Sentinel-1 (pamap 3 cuHTe30BaHOIO amepTyporo, SAR) i
Sentinel-2 (onTU4HMIA CHEKTpP), HAAAIOTH LIHHI IHCTPYMEHTHU JUIS BUSABIIEHHS IPOCTOPOBOI MOPQOIOrii
MOPCBKHUX 3a0pyIHEHb, 30KpeMa TEMHHUX 30H Ha 300paxeHHsX SAR, 110 BKa3ylOTh Ha TOHKI IOBEPXHEBI
IUTIBKKA 200 eMyJIbroBaHi mapu HadTonpoaykTiB. Ha BiaMiHYy Bif TpaauUiAHOTO BUSBICHHS PO3JIMBIB,
JIOKaJTi3allis MiABOJHOIO JKepeia 3a0py THEHHS BUMarae 3B0pOTHOI0 aHai3y TPAEKTOPIii 3 ypaxyBaHHIM
BITPOBHUX Ta TIAPOJAMHAMIYHMX YMOB. Y IBOMY JOCIIKEHHI MPEICTaBICHO IHTETPOBAHY METOIAMKY
3BOPOTHOTO TpacyBaHHs HahTOBUX Ui (iB, 1110 TOEJHYE aHATI3 CYITyTHUKOBUX 3HIMKIB, MOJEIIOBAHHS
BEPTUKAJIBHOTO MiJIIOMYy 4YaCTHHOK Ta KOPEKIiI0 BeKTOpa Apeidy Ha ocHOBI AaHux Meteoblue. Oco0nuBy
yBary MmpHUAUICHO MOPIBHUIbHINA OIIHIN CKpUNTIB Bizyanizaiii EO Browser, siki BAKOPUCTOBYIOTHCS IS
MOKPAIEHHS BUSBIICHHS MOBEPXHEBUX IUIIBOK 1 MMiIBUILEHHS CIIBBIIHOIIEHHS CUTHAJ/IIYM Ha 3HIMKaXxX
Sentinel-1 Ta Sentinel-2. Meroauka Oyna mnpoTrecToBaHa Ha MPUKIAAl IHUUACHTY 3 TaHKEPOM
«BonronedTh» y miBHIYHO-3axinHIA wacTuHi YopHoro Mops (rpyaenb 2024 poky). Pesynbratu
JeMOHCTPYIOTh MPUIATHICTh LBOTO MIIXOAY Ui ONEpaTHBHOI JOKajizalii Jykepen 3a0pyAHEHHS B
YMOBax 00OMEKEHOi BUIMMOCTI, CKJIaIHOT FeONOIITUYHOI CUTYallii 00 BOEHHOTO KOH(IIIKTY.

KmouoBi ciaoBa: po3nuB  HapTH, MOpPChKAa  aKBaTOpis, €KOJOTIYHUHA  MOHITOPHUHT,
Sentinel-1, Sentinel-2, 300paxenHs 3 pagapoM cuHTe30BaHOi ameptypu (SAR), TemHa 30Ha,
MOJICTIOBAaHHS Apeii(y, METEOKOPEKIIisl, TUCTAHLIIHHE 30HAyBaHHS 3eMJIi.
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