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Introduction1



Why Sentinel-2 based bathymetry?

1/5   Introduction
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Shipborne
Multi-beam echo sounders 

(MBES) 
Light detection and ranging 

(LiDAR)

Airborne
Satellite-derived bathymetry 

(SDB)

Spaceborne



Workflow of this paper 
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Contribution
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• Completely Satellite based

• LSBDL Model applied in SDB
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Study area: Anegada Island
2/5   Study Area & Data

~ 30km
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Data Used

Sentinel-2 optical satellite images
• 13 spectral bands
• Spatial resolution = 10 ~ 60m
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Data Used

Sentinel-2 optical satellite images
• 13 spectral bands
• Spatial resolution = 10 ~ 60m
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Data Used
2/5   Study Area & Data

ICESat-2 LiDAR data
• Measure elevation via laser pulses
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Data Used
2/5   Study Area & Data

ICESat-2 LiDAR data
• Depth Profiles can be computed
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Data Used
2/5   Study Area & Data

ICESat-2 LiDAR data
• 88 ground tracks
• 40,000 data points 
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2/5   Study Area & Data

For each data point, we have:
• 12 reflectance values (from 

different spectral bands of 
Sentinel-2)

• 1 depth (derived from ICESat-2 
data)
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Least-squares-based deep learning
Known:
  Input:

• Feature matrix D (12 bands) 
• Observation vector Y (depth)

3/5 Methodology
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Unknown:
    Model Parameters:

• Weight Matrix W
• Parameter Vector X

    Output
• Predicted Depth ෠𝐘



Least-squares-based deep learning
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Main Strengths:
• Uncertainty Estimation
• Enhanced Explainability
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Training Depth data (36008 points)

LSBDL
Model Testing
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LSBDL model prediction
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Training



Accuracy of LSBDL model
4/5   Results & Discussion

RMSE = 2,73 m
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Conclusion 
& 

Future Work5



• LSBDL produces bathymetric maps with accuracy and consistency 
comparable to traditional methods.

• The uncertainty estimation of LSBDL model makes the model more 
transparent and explainable.(change combine with first one)

• ICESat-2 bathymetry is accurate, accessible, and serves as a strong reference 
for true depth.

• Future work: 
• Consider incorporate other parameters
• Multi-sensor
• Other types of water areas

5/5   Conclusion & Future Work
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Thank you for your attention!
Yushan Liu (yliu74@tudelft.nl)

15-7-2025



2/5 Study Area & Data

Sentinel-2 
Sensor MSI (Multispectral Instrument)

Product Used L2A (Level-2A) — Bottom-of-atmosphere (surface 
reflectance) product

Spectral Bands 13 bands total; commonly used for SDB: B2 (Blue), B3 
(Green), B4 (Red), B8 (NIR), B11/B12 (SWIR)

Spatial Resolution 10 m (B2, B3, B4, B8); 20 m (B5, B6, B7, B8A, B11, B12); 60 
m (B1, B9, B10)

Swath Width 290 km

Revisit Time 5 days (at the equator with both satellites active)



2/5 Study Area & Data

ICESat-2  (Ice, Cloud, and land Elevation Satellite-2)

Instrument ATLAS (Advanced Topographic Laser Altimeter System)

Product Used ATL03 V006 — Global Geolocated Photon Data

Wavelength 532 nm (green)

Along-track Resolution ~0.7 m (spot spacing); 6 laser beams (3 pairs: strong/weak)

Vertical Accuracy ~2–3 cm for land/ice; typically ~10–30 cm for bathymetry in 
clear, calm water

Depth Detection Range ~0–45 m in clear water (best <20 m); returns diminish with 
turbidity/depth



ICESat-2 data

Both images taken from USER GUIDE: ATLAS/ICESat-2 L2A Global Geolocated Photon Data, Version 6 
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3/5 Methodology

y = 𝑨𝒙 + 𝒆, 𝑫 𝒚 = 𝑸𝒚

ො𝑥 = (𝐴𝑇𝑄𝑦
−1𝐴)𝑇𝐴𝑇𝑄𝑦

−1𝑦

ො𝑦 = 𝑃𝐴𝑦

Ƹ𝑒 = 𝑃𝐴
⊥y

(where 𝑃𝐴 = (𝐴𝑇𝑄𝑦
−1𝐴)𝑇𝐴𝑇𝑄𝑦

−1, and 𝑃𝐴
⊥ = I - 𝑃𝐴)

Least-squares theory

Graph source: 
https://en.wikipedia.org/wiki/Linear_least_squares

House price

Location
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Y = 𝓐(𝑫𝑾)𝑿 + 𝑬, 𝑸𝑽𝑬𝑪(𝒀) = 𝚺 ۪𝑸

Least-squares theory

𝐴 = 𝒜(𝐷𝑊)Design matrix: 

𝐷 =

𝑏11
𝑏12
⋮

𝑏1𝑚

𝑏21
𝑏22
⋮

𝑏2𝑚

…
…
⋱
…

𝑏121
𝑏122
⋮

𝑏12𝑚

1
1
⋮
1

Feature matrix: 

Weight matrix:  includes  weights (w) and biases (b)

Activation function:            𝒜(∙)
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3/5 Methodology

Algorith Source: Amiri-Simkooei, A., Tiberius, C. and Lindenbergh, R., 2024. Deep learning 
in standard least-squares theory of linear models: Perspective, development and vision. 
Engineering Applications of Artificial Intelligence, 138, p.109376.

Least-squares-based 
deep learning

Y = 𝓐(𝑫𝑾)𝑿 + 𝑬, 𝑸𝑽𝑬𝑪(𝒀) = 𝚺 ۪𝑸



Uncertainty evaluation of LSBDL:

Covariance matrix of  ෝ𝒚:

𝑦𝑡𝑒𝑠𝑡 = 𝒜 𝐷𝑡𝑒𝑠𝑡 ෡𝑊 = 𝐴𝑡𝑒𝑠𝑡 ො𝑥

𝑄𝑦𝑡𝑒𝑠𝑡 =𝐴𝑡𝑒𝑠𝑡 𝑄 ො𝑥 𝐴𝑡𝑒𝑠𝑡
𝑇

std(ෝ𝒚) = 𝒅𝒊𝒂𝒈(𝑨𝒕𝒆𝒔𝒕 𝑸ෝ𝒙 𝑨𝒕𝒆𝒔𝒕
𝑻)
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Uncertainty Estimation
4/5   Results & Discussion
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