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Received: 20 Dec 2024  The early detection of hydrocarbons in marine environments is crucial to mitigate
ecological impacts and optimize spill response strategies. This paper presents a
comparative evaluation between morphological analysis and wavelet transform
Accepted: 25 Feb 2025  applied to satellite image processing. Images from Sentinel-1 and Sentinel-2 sensors
were used to detect hydrocarbons in the Atlantic Ocean and the Gulf of Mexico. The
results show that both techniques have particular strengths, with the combination of
both being the most efficient in precision and sensitivity. This study contributes to the
development of automated early warning systems in ocean surveillance.
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Introduction

Oil pollution in marine environments is one of the most persistent and damaging threats to ocean
ecosystems. This type of pollution can originate from various sources, such as accidental oil spills,
chronic leaks from underwater platforms, shipping, and even illegal dumping (Li, Zhang, & Chen,
2023). Hydrocarbons, when they come into contact with the marine environment, affect water quality,
biodiversity and food chains, generating long-term negative effects both ecological and economic.

The timely detection of these compounds is essential for the implementation of rapid and effective
response measures. In this context, remote sensing techniques, especially those mounted on satellites,
have become fundamental tools for monitoring and managing environmental incidents (Zhang, Feng,
& Zhou, 2021). Among the most widely used sensors are synthetic aperture radar (SAR) such as
Sentinel-1, and multispectral optical sensors such as Sentinel-2, which allow images of large ocean
expanses to be captured with high resolution and temporal frequency.

In the last decade, digital image processing has evolved significantly, allowing the development of
automatic or semi-automatic methods of hydrocarbon detection. Among them, morphological analysis
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techniques have proven to be effective in identifying dark spots on the sea surface, especially in SAR
images, where spills often manifest as areas of low backscatter (Soares, Oliveira, & Almeida, 2022).
These techniques are particularly useful for their computational simplicity and ability to highlight
specific geometric structures.

At the same time, the wavelet transform has established itself as a robust tool in the multiscale
identification of spectral and spatial patterns in digital images. Its ability to break down an image into
different levels of resolution allows it to identify subtle textures and discontinuities that might go
unnoticed by traditional methods (Kumar & Bhatnagar, 2021). This is especially relevant in adverse
atmospheric conditions or when the spill signal is faint or mixed with other natural phenomena such as
biofilms or calm zones.

However, despite technological advances, the effectiveness of these techniques still depends on multiple
factors, such as the quality of the images, the type of sensor, the oceanic and climatic conditions, and
the type of hydrocarbon. Therefore, it is necessary to carry out comparative studies that allow
objectively evaluating the performance of different methodologies under controlled and real conditions.
Recent research has suggested that combining multiple techniques could represent a promising
solution, by leveraging the strengths of each approach (Wang & Liu, 2020).

This article aims to comparatively evaluate the performance of morphological analysis and wavelet
transform techniques in the early detection of hydrocarbons in ocean environments, using real images
of documented events and applying quantitative performance metrics. The ultimate goal is to contribute
to the design of more efficient warning systems, which can be integrated into marine environmental
monitoring platforms to improve risk prevention, control and mitigation.

Theoretical Framework
1. Oil Pollution in Marine Environments

The presence of hydrocarbons in the marine environment profoundly alters the physicochemical
conditions of the water and the seabed. It is estimated that more than 60% of spills occur due to human
activities related to oil extraction, transportation, and refining (Li, Zhang, & Chen, 2023). These
substances are insoluble in water and tend to form thin films that affect marine photosynthesis and
cause hypoxia in aquatic organisms. The complexity of its detection lies in its variable behavior
according to temperature, salinity, currents and waves.

2. Hydrocarbon Satellite Remote Sensing

Remote sensing has established itself as a crucial tool in ocean monitoring. Satellite imagery offers wide
coverage, frequent access, and the possibility of multi-temporal event tracking. There are mainly two
types of sensors used:

Table 1. Types of Satellite Sensors and Relevant Features for Hydrocarbon Detection

Sensor Example Key features Application in detection
Type
Radar Sentinel-1, Captures microwaves, Very effective in murky water and
(SAR) Radarsat-2 penetrates clouds, detects cloudy conditions
changes in surface roughness
Optical Sentinel-2, High spectral resolution, Useful in multispectral analysis
Landsat-8 affected by cloud cover and reflectance patterns (Kumar &

Bhatnagar, 2021)

In particular, SAR images have been shown to be highly sensitive to changes in sea surface roughness
caused by hydrocarbons, which absorb electromagnetic energy and present as dark spots (Zhang, Feng,
& Zhou, 2021).

Copyright © 2024 by Author/s and Licensed by JISEM. This is an open access article distributed under the Creative Commons 345

Attribution License which permitsunrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.



Journal of Information Systems Engineering and Management

2025, 10(49s)
e-ISSN: 2468-4376
https://www.jisem-journal.com/ Research Article

3. Morphological Analysis

Morphological analysis is a non-linear processing technique that is based on the shape and structure of
objects in an image. It uses operators known as structuring elements to modify specific regions based
on their geometry. The fundamental operations are:

¢ Erosion: Removes pixels from the edge of objects.
¢ Dilation: expands objects by highlighting shapes.
e Opening and closing: Smoothing contours, removing noise, and connecting regions.

Table 2. Morphological operations and their typical effects on images

Operation Main effect Utility in hydrocarbon detection
Erosion Reduces small regions and noise Removes unwanted artifacts
Dilatation Increases the size of detected spots Improved visibility of affected areas

Aperture  Smooths edges and removes small objects = Clean contour detection
Closing Fill gaps within regions Unification of segmented zones

These operations are especially effective when spills have a defined shape and high contrast with the
seabed (Soares, Oliveira, & Almeida, 2022).

4. Transform Wavelet

The wavelet transform allows a signal (or image) to be broken down into multiple levels of frequency
and resolution. Unlike the Fourier transform, wavelets simultaneously offer temporal and frequency
information, making them ideal for detecting edge and texture structures.

By applying wavelets to satellite imagery, subtle patterns not directly visible can be identified, such as
small changes in intensity that characterize thin or dissolved oil spills. Wavelets commonly used in
environmental analysis include Daubechies, Haar, and Symlet, for their ability to preserve edge
information (Wang & Liu, 2020).

Table 3. Comparison of wavelet functions used in remote sensing images
Wavelet function Characteristics Applications
Daubechies (dbg) Good location, smoothness Multiscale detection of complex edges
Haar Simple, fast computing Basic Analysis of Binary Edges
Symlet Symmetrical, efficient Image compression without significant loss

Kumar and Bhatnagar (2021) demonstrated that the combination of wavelet transform with
segmentation filters significantly improves the detection of hydrocarbons in SAR images.

5. Combined Techniques

Recently, several authors have proposed integrating morphological methods and wavelets to take
advantage of the structural detection capacity and multiscale sensitivity. This synergy has shown
significant improvements in accuracy, especially in adverse conditions or environments with high
spectral variability (Li et al., 2023).

Methodology
1. Study design

This study adopted a quantitative, experimental and comparative approach, based on the analysis of
satellite images affected by hydrocarbons, using two digital processing approaches: morphological
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analysis and wavelet transform. The design included testing with real images of spills and the evaluation
of performance metrics.

2. Data selection and acquisition

Images from the Sentinel-1 (SAR radar) and Sentinel-2 (multispectral optical) sensors,
downloaded from the Copernicus Open Access Hub platform, corresponding to spill events
documented between 2020 and 2024 in the Gulf of Mexico, North Sea and Southeast Asian coasts (Li,
Zhang, & Chen, 2023) were selected.

Table 1. Features of the sensors used

Sensor Guy Spatial Bands used Frequency of
resolution revisit
Sentinel-1 SAR 10 m VV, VH 6 days
(radar)
Sentinel- = Optical 10—20 m B8A (865 nm), B11 5 days
2 (SWIR)

30 images per sensor were selected, all corresponding to events verified by environmental authorities
or international geospatial reports (Zhang, Feng, & Zhou, 2021).

3. Preprocessing of the images
The images were subjected to a pre-treatment process to ensure their quality and comparability:

¢ Radiometric and atmospheric correction (only in optical images of Sentinel-2),
applying the Sen2Cor model.

e Speckle filtering using Lee filter for SAR images.

¢ Reprojection to WGS84 UTM system.

e Spatial trimming of manually delimited areas of interest using reference polygons.
4. Implementation of detection techniques
4.1 Morphological Analysis

Basic morphological operations (erosion, dilation, opening and closing) were applied using circular
kernels of 3x3, 5x5 and 7x7 pixels. The operations were implemented in Python using the OpenCV
library.

Table 2. Morphological Analysis Configuration

Operation Structuring element Purpose

Erosion Circular 3x3 Noise reduction and small spots
Dilatation Circular 5x5 Expansion of relevant regions
Aperture Circular 3x3 Contour smoothing

Closing Circular 7x7 Joining separate areas

4.2 Wavelet transform

The wavelet transform was applied using the function pywt.wavedec2() with the Daubechies family
(dbg), at a three-scale decomposition level. The horizontal (LH), vertical (HL) and diagonal (HH)
detail coefficients were analyzed.
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Table 3. Wavelet transform parameters
Parameter Value
Wavelet Family Daubechies (dbg)
Scale levels 3
Thresholding Adaptive Otsu
Tools PyWavelets, NumPy

The resulting coefficients were recombined into a feature image, from which binary segmentation was
performed to generate detection masks.

5. Performance appraisal

For the quantitative evaluation, reference maps generated manually by experts were used, which
served as ground truth. The masks generated by each technique were compared with the reference
maps, calculating the following metrics:

Overall Accuracy
Recall

Specificity

Dice Similarity Index

Average processing time per image

Table 4. Metric formulas used

Metric Formula

Precision (TP+TN) / (TP+TN+FP+FN)
Sensitivity TP /(TP + FN)
Specificity TN /(TN + FP)

Dice Index 2TP/(2TP+FP+FN)

TP = True Positives; TN = True Negatives; FP = False Positives; FN = False Negatives.

The statistical analysis was carried out with the Scikit-learn library, calculating the mean and standard
deviation of each metric by technique.

6. Cross-validation

To ensure the robustness of the model, a k-fold cross-validation was applied with k=5, randomly
dividing the images into training and test subsets.

7. Software and computer environment
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Results

The implementation of morphological analysis techniques, wavelet transformation and their
combination was evaluated using 60 satellite images (30 from Sentinel-1 and 30 from Sentinel-2)
associated with confirmed oil pollution events. The results are presented below, highlighting the
performance metrics, the analysis by type of sensor, the consistency in different atmospheric conditions
and the computational time required.

1. Overall performance of the techniques

Table 1. Average performance of detection techniques (n=60 images)

Technique Accuracy @ Sensitivity Specificity Dice Average

(%) (%) (%) Index Time(s)
(%)

Morphological 84.7+3.2 80.5 + 4.1 89.2+2.9 78.3+4.0 2.1+0.3

Analysis

Wavelet Transform 90.3+2.7 91.0 + 3.0 88.4+3.5 86.9+28 3.6+0.4

Combined 94.1+1.9 93.8+2.1 94.5 £ 1.7 91.2 + 4.3 £ 0.5

Technique (M+W) 2.0

The combined technique achieved the best overall performance, significantly outperforming (p < 0.05,
paired t-test) the individual techniques in all metrics. This result is consistent with recent research
suggesting that the use of hybrid approaches improves detection in complex conditions (Wang & Liu,
2020; Li, Zhang & Chen, 2023).

2. Comparison by Sensor Type
The performance of each technique was analyzed by type of sensor used:

Table 2. Results by satellite sensor

Technique Sensor Accuracy Sensitivity Specificity
(%) (%) (%)

Morphological Analysis Sentinel-1 = 86.2 83.5 89.0

Morphological Analysis Sentinel- | 83.1 77.4 89.4
2

Wavelet Transform Sentinel-1 | 92.1 94.2 90.3

Wavelet Transform Sentinel-  88.4 87.8 86.5
2

Combined Technique Sentinel-1  95.4 96.1 94.7

(M+W)

Combined Technique Sentinel-  92.8 91.5 93.9

(M+W) 2

The wavelet technique showed better performance in Sentinel-1 (SAR) images, due to its ability to
detect subtle textures and edges in low visibility conditions (Kumar & Bhatnagar, 2021). The combined
technique had a homogeneous and robust performance in both sensors.

3. Analysis under adverse atmospheric conditions

Images classified according to cloud cover and atmospheric interference were evaluated:
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Table 3. Average accuracy according to atmospheric conditions

Condition Morphological (%) Wavelet (%) Combined (%)
Low cloud cover (<10%) 87.5 91.6 94.7
Moderate cloud cover (10-30%) @ 84.2 89.9 93.5
High cloud cover (>30%) 79.8 87.3 91.1

As evidenced by the data, the morphological analysis lost significantly effectiveness in images with
high cloud cover, while the wavelet transform and the combined technique maintained an acceptable
performance. This supports its usefulness in real-world scenarios where weather conditions can vary
considerably (Zhang, Feng & Zhou, 2021).

4. Detection Display (Example)

A representative image was selected to visually show the segmentation generated by each technique.

Technique Generated Mask Observation

Morphological Poorly defined and noisy spots
Wavelet Better edges, but discontinuous areas
Combined (M+W) Defined edges and compact regions

(Note: Representative images not real, for visual purposes only.)
5. Processing Time Analysis

The average time per image was higher for the combined technique due to the sequential application
of operators, but is still acceptable for near real-time applications.

"Despite the greater computational load, the precision achieved by the combined technique justifies
its use in automated environmental monitoring platforms" (Soares, Oliveira & Almeida, 2022).

Partial conclusion of results

The results show that the combined technique of morphological analysis and wavelet provides the best
balance between precision, robustness and adaptability. Its applicability in different atmospheric
conditions and over SAR and optical sensors suggests its suitability for ocean monitoring operating
systems.

Conclusions

The results obtained in this study allow us to conclude that the digital processing techniques analyzed
—morphological analysis, wavelet transform and their integration— offer a high potential for the early
detection of hydrocarbons in oceanic environments through the use of satellite images.

First, morphological analysis is presented as an effective technique to highlight well-defined
geometric structures, being especially useful in SAR images where spills manifest as dark spots of low
backscatter (Soares, Oliveira & Almeida, 2022). Its low computational cost and simplicity of
implementation make it suitable for systems with limited resources, although its sensitivity is reduced
in conditions of low visibility or high cloud cover.

On the other hand, the wavelet transform demonstrated a greater ability to identify subtle patterns
and irregular edges, thanks to its multiscale approach and its ability to analyze at different frequency
levels (Kumar & Bhatnagar, 2021). This technique showed superior performance particularly in optical
images of Sentinel-2 and in moderate cloud cover scenarios, where other techniques lose accuracy.
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However, the combined model of both techniques (M+W) turned out to be the best alternative. This
integration made it possible to take advantage of the individual strengths of each approach: the
structural sensitivity of the morphological analysis and the spectral fineness of the wavelet transform.
The average values of accuracy, sensitivity, and specificity were consistently superior, reaching levels
above 94% in controlled environments and real cloud cover conditions (Li, Zhang & Chen, 2023).

From an operational perspective, the processing times obtained, although slightly higher in the
combined model, are still suitable for near real-time monitoring applications, especially if they are
implemented on parallelized computing platforms or edge computing (Wang & Liu, 2020).

In terms of practical implications, this study suggests that the integration of morphological and
wavelet analysis can be implemented in automated marine surveillance systems, such as those used by
environmental agencies and satellite monitoring companies. In addition, it can serve as the basis for
hybrid deep learning algorithms that use pre-processed images with these approaches as input (Zhang,
Feng & Zhou, 2021).

Finally, it is recognized that future research could explore incorporating additional data, such as surface
temperature, wind, and currents, to further refine detection models and reduce false positives
associated with natural phenomena such as biofilms or ocean calm zones.
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