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Advancing Maritime Surveillance: Integrated AI-Based Wake Detection in Earth 
Observation Imagery for Enhanced Civil Security Applications 

The detection and monitoring of uncooperative maritime vessels, commonly referred to as "dark ships“, has emerged as a critical challenge in the field of civil security. These vessels 
often operate without active Automatic Identification System (AIS) transponders or deliberately manipulate their transmitted data to evade surveillance. Typically small and agile, dark 
ships are frequently involved in illicit activities such as smuggling, illegal fishing, human trafficking, and unauthorized incursions into national waters. Their ability to avoid detection 
poses serious risks to national security, environmental protection, and maritime law enforcement. 

Conventional satellite-based techniques for vessel detection encounter considerable challenges when tasked with identifying uncooperative or hidden maritime targets [2]. The 
effectiveness of these methods is hindered by factors such as limited spatial resolution, the presence of sea clutter, and natural phenomena that can mask or imitate vessel signatures. 
The UEIKAP project (Unveil and Explore the In-depth Knowledge of Earth Observation data for maritime Applications) seeks to overcome these limitations by shifting the focus from 
direct vessel detection to the identification and analysis of ship wakes. Wakes are persistent, distinguishable features in satellite imagery and can reveal vital information about a vessel’s 
presence, speed, heading, and even its size and type. By leveraging the potential of wake detection, UEIKAP aims to develop advanced tools for maritime surveillance using state-of-the-
art Deep Learning (DL) algorithms and data fusion techniques.

Introduction

Methods

1. Sentinel-1 SAR and Sentinel-2 optical data are pre-processed through radiometric 
calibration, terrain correction  (SAR only) and normalization. 

2. Imagery is cropped into two scales: 20×20 km for sea state analysis and 5×5 km for 
detailed wake and vessel detection. 

3. A convolutional neural network classifies sea states by integrating satellite imagery 
with ERA5 meteorological data using an attention-like mechanism. 

4. Wake and ship detection is performed by a YOLOv11x architecture [4] trained on 
UEIKAP-specific datasets.

5. Post-processing modules extract vessel information by analyzing wake geometry and 
azimuth shift, validated with AIS data.

The UEIKAP validation campaigns conducted in May-June 2025 assessed the performance 
of the detection framework under real-world maritime conditions. Validation involved 
comparing detected wakes and vessels against AIS ground truth and manual annotations. 
These campaigns confirmed the system’s ability to detect ships wakes across varying 
modalities and sea conditions.
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Validation campaigns

Satellite Imagery Dataset: Composed of 512×512 pixel chips from Sentinel-1 SAR (VV/VH
polarizations) and Sentinel-2 optical imagery, annotated with polygonal masks for wakes
and hulls (SAR only), and enriched with acquisition metadata for context-aware analysis.

Meteo-Marine Measurements: Retrieved from ERA5 and CMEMS datasets [3], providing
wind speed, wave height, sea temperature, and other oceanographic parameters to
contextualize wake visibility and filter out false detections based on environmental
conditions.

Synthetic Wake Data: Generated using the XBeach numerical model, simulating ship
wakes across various vessel types, speeds, and sea conditions to augment the training
dataset and improve model generalization in data-scarce scenarios.
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Results

The results demonstrate the effectiveness of the UEIKAP approach for both ship wake 
detection and sea state characterization. The sea state classification module benefited 
significantly from the integration of meteo-marine variables, which enhanced the model’s 
ability to distinguish between different ocean surface conditions compared to a baseline 
approach that relied solely on imagery. For wake and vessel detection, the framework 
showed a reliable capacity to identify ships and associated wakes under a variety of 
maritime scenarios, despite challenges posed by wake visibility in calm or complex sea 
conditions.
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The post-processing stage added further value by 
extracting vessel motion characteristics, such as 
heading and speed, using geometric analysis and 
azimuth shift measurements from SAR imagery [5, 6]. 
These estimates aligned closely with AIS records, 
reinforcing the system’s accuracy and practical utility 
in maritime surveillance applications. 

Overall, the results highlight the robustness of the 
UEIKAP framework and its potential as a reliable tool 
for detecting non-cooperative vessels and enhancing 
maritime situational awareness.
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