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Introduction: Emissions from ships

• Health issues

- Respiratory issues: NO2, SO2

- Cancerous: HCHO

• Exacerbate climate change

- Greenhouse gases: CO2, CH4

Most affected: Marine life, People living in coastal regions

1/25

Photo by Ian Taylor on Unsplash 



Discover the world at Leiden University

Introduction: Regulations

• IMO2020

- Limits SOx content in fuel

• MARPOL ANNEX VI

- Limits NOx emissions

• Compliance monitoring

1. Self reporting

2. Sensors under bridges or aircraft (sniffers)

3. Remote sensing
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Sentinel-5P: TROPOMI

• Sentinel-5P = satellite

• TROPOMI = instrument

• Measures gases

- Nitrogen dioxide (NO2)

- Sulphur dioxide (SO2)

- Formaldehyde (HCHO)

- Carbon monoxide (CO)

- Ozone (O3)

- Methane (CH4)
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TROPOMI Data
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CO measurements of one TROPOMI orbit

(image from NO2 ATBD, 2023)(image from Landgraf, 2016)

Resolution: 5.5km by 3.5km
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Ship locations: AIS

• Database of (historic) ship locations

• Used to locate ship’s emissions in TROPOMI data

• Mandatory collection

- Passenger ships

- Ships over 300GT

• Ship location

- Latitude xship

- Longitude yship

- Timestamp tship
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Image from marinetraffic.com
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(Kurchaba, 2024)

Automatic ship plume detection using 
TROPOMI NO2 data

(Georgoulias, 2020)

Found individual ship plumes 
in TROPOMI NO2 data

Related work
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Simplified overview
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Research Questions

1. How does the inclusion of SO2 and HCHO data, alongside NO2 data, 
improve the detection accuracy of ship plumes using data from a single 
TROPOMI orbit?

2. Can ship plumes be detected based on SO2 or HCHO data from a single 
TROPOMI orbit?
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Method
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Acquiring Satellite Data

• Research Area: Mediterranean

• Time period: Jan 2020 - Jul 2022

• GUI

- Copernicus Browser

- EO (Earth Observation) Browser

• Automation

- Catalog API (for searching for orbit files and their metadata)

- S3 API (for bulk downloading orbit files)

• 740 orbits
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Processing Ship Data

• Ship track

- Ship locations from toverpass - 2h -> toverpass

• WSST (Wind-Shifted Ship Tracks) using:

- Wind speed (x & y axis)

- ∆𝑡: ship location time and overpass time

• Filter out

- Minimum length: 90m

- No private or military ships
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(WSST calculation)

WSST

Ship Track

Wind
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NOx Proxy

𝐸𝑖 = 𝑙𝑖
2 ⋅ 𝑣𝑖

3

𝒍𝒊 is length (m) 

𝒗𝒊 is velocity (m/s)

of ship i

• Introduced by (Georgoulias, 2020)

• Used in other works e.g. (Kurchaba, 2024)

• Estimation for the amount of NOx emitted by a ship.

- Needs only AIS data

• Test detection performance for different expected emissions 
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WSST

Ship Track

Wind
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Building Tabular Database
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NO2 SO2 HCHO Supp. Ship ∑ 
proxy

1 1 1 … 1 0,7e8

3,5 2,3 2,4 … 1 4e8

3,4 2,6 3,0 .. 1 0,4e8

0,4 0,5 0,4 .. 0 0

0,7 0,4 0,3 .. 0 0

0,1 0,6 0,7 .. 0 0

WSST

• 80 x 80 km sample patches
• 50 per TROPOMI orbit
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Building Tabular Database

• 740 orbits

• 50*740 = 37,000 samples

• Filter measurements on:

- cloud cover < 0.5

- wind speed > 10 m/s, 

- QA value < 0.5

- Land area

Over 50% NaN values -> skip sample

• After filtering: 25,232 samples
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Features, target & other variables

Features

• NO2 SO2 HCHO

- Mean, Min, Max, Std, Median

Support features

• Angles & Wind

- Mean

Target

• Is a ship plume present (1) or not (0) in an 80km by 80km area

- WSST estimates ship plume location

Other variables

• NOx proxy: sum

• Orbit date
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Machine learning

• xgboost-python

• Hyperparameter optimization (HPO)

- Nested cross-validation

- 15 outer folds: GroupShuffleSplit

- 5 inner folds: StratifiedGroupKfold

- 30 iterations Bayesian search

• Split on orbit date

- Overlapping sample patches
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Nested cross-validation
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Outer folds



Discover the world at Leiden University

Nested cross-validation
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Inner folds
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Experiments
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Experiment 2

all combinations of NO2, SO2, HCHO

Experiment 1

different proxy bins
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Experiment 1: Proxy bins

• Use lower and upper threshold to create 
subset/bin

• Test detection performance for different 
expected emissions 

• 5 bins

- Window size: 1e8

- Centers: 0.5e8 - 5e8
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Experiment 1: Proxy bins

• Learning curve

- Restricting training set size

• Performance: ROC AUC±CI95%

• Gases tested

- NO2, SO2, HCHO, NO2+SO2+HCHO
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Experiment 2: Learning curves w/o bins

22/25

• More data available due to no proxy binning

• Learning curve

- Restricting training set size

• Performance: ROC AUC±CI95%

• Gases tested

- 𝑃({NO2, SO2, HCHO})

• Table: HPO vs no HPO
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Discussion

• Moderate improvement by adding SO2 and HCHO to NO2 data.

- Additional information

- Most emitted NOx is NO (Riess, 2024)

• On SO2 and HCHO alone: worse than NO2

Limitations:

• HPO

- Continuous search space

• Wind data

- Potential data leakage

- Simplifications in wind shift

• Support features
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Future works

This study

• More training data

- Get more AIS data

- Expand research area

- Use orbit files (partially) overlapping research area

• Wind data

- Historic wind data

- Higher-resolution wind data

Other directions

• Deep learning

- Retain spatial information in TROPOMI measurements

- Improve plume segmentation

• Investigate SO2 feature importance using IMO2020
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Conclusion

Research Questions

1. How does the inclusion of SO2 and HCHO data, alongside NO2 data, 
improve the detection accuracy of ship plumes using data from a single 
TROPOMI orbit?

- Inclusion of SO₂ and HCHO data improves ship plume detection

2. Can ship plumes be detected based on SO2 or HCHO data from a single 
TROPOMI orbit?

- Ships are challenging to detect based solely on SO₂ or HCHO

Impact of findings

• Multi-gas models could improve compliance monitoring methods
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Thank you
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- Data under NDA
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Support features

• Mean over all values in sample patch

• Angles

- Solar zenith

- Solar azimuth

- Sensor zenith

- Sensor azimuth

• Wind (ECMWF 10m)

- meridional (vertical)

- zonal (horizontal)
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(image from SO2 ATBD, 2022)
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Sentinel-5P Flight: Daily global coverage
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How the gases are derived

• From (ir)radiance measured by TROPOMI

• TMP5 and DOAS algorithms for retrieval

• We use: NO2, SO2, HCHO
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Exp 2: outtakes
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Experiment 3: Heatmaps

• XGBoost: Default Hyperparameters

• Proxy binning

- Y-axis

- Data in lower bins limited by amount of data in higher bins

- Window size of 2e8

• Learning Curve

- X-axis

• All gas combinations
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3: Heatmaps

36



Discover the world at Leiden University

Why not CO2?

• Higher background levels

• No previous work on individual emitters
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