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Automated Tracking and Characterization of
Oceanic Wave Breaking



Background
Importance of Wave Breaking in Air-Sea Interaction Studies
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Background
Wave Field Observation

Imperial College London [1] Peach, J. 2025. Photo credit: Silvio Davison 4
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Background
Automated Whitecap Detection and Tracking Algorithm (AWDAT) [

(1) Binarize each frame based on the grayscale of the
image (AWE method).

Imperial College London 4] Peach, J., Callaghan, A. H., Bergamasco, F., Pistellato, M., Barbariol, F., and Benetazzo, A. (2025) 5




Background
Automated Whitecap Detection and Tracking Algorithm (AWDAT)

(2) Apply an optical flow algorithm to track whitecap
boundary across consecutive frames.
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Lmear + RelLU

Classification Head Regression Head
Linear Layer Linear Layer

Class Prediction Cutoff Score

(3) Use a fine-tuned neural network to classify active
breaking events from other detections.
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Energy Dissipation e Ll

Individual Breaking Analysis

Whitecap Area Over Time - ID: 104933 - frame: 5555
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Q: turbulence strength parameter, 231

A, : maximum area of the whitecap, 20

Z,, - estimated bubble plume injection depth 15
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Energy (J)

Energy Dissipation
Distribution of Whitecap Energy
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What else can we do?
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Breaking Statistics
Phillips(1985) - Lambda Distribution

A(c) - The total length of breaking wave crests in certain
bin width Ci

— Ac Ac
Y1 (Litag) e — 5 < <c+5

AobsTobs

A(c)Ac =

Third moment of A(c): entrained air
Forth moment of A(c): momentum transferred

« Fifth moment of A(c): the energy dissipation per unit area

€gs = gf b(c)c>A(c)dc
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Breaking Statistics
Phillips(1985) - Lambda Distribution

A(c) - The total length of breaking wave crests in certain

bin width c; . Crest Length
— Ac Ac
Yic1(Litag) 6 =5 <ci <c+=

A(c)Ac =
AobsTobs

« First moment of A(c) (or second moment if assume
T « ¢) : the fractional area of breaking waves Wj.

W, = [ tc A(©)dc

2AoT rowth

, where W, =
g AobsTobs
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Breaking Statistics W = | t(c)c A(c)Ac
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Breaking Statistics

Timescale Comparison
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Breaking Statistics
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Breaking Statistics
Timescale Comparison
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Breaking Statistics
Tau Directional Distribution (U10 =15.9 m/s)
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Conclusions

* A new whitecap tracking algorithm was developed to separately track individual wave-breaking
events.

» The evolution of velocity and elevation throughout the lifespan of breaking waves was calculated.
* Bubble persistence time distributions were re-examined in directional and velocity space, and
whitecap coverage was evaluated using the Lambda distribution.

Future Work

* Investigation of the directional distribution of energy dissipation associated with whitecaps.
« Estimation of breaking strength for individual wave-breaking events.
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The end

Thanks!
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Lambda Distribution [m™-2 s]

Breaking Statistics
Lambda Distribution

10—2_

1073 4

-
9
IS

=
9
o

=
@
o

10—7_

10—8 .

Lambda Distribution

S

i}

\
\ e
g W
v -
. X
v A\

G08
K20
KM10
KM10_outline
SJ14_outline
ST2014

= c™{-6}

10°

c [m/s]

10!

- 14

12

10

U10 [m/s]

= A L ength (Path)
Feret Diameter (Max Chord}
= = = Projected Length (Width)

E’il(‘iitﬂo.i) | Ci — % <6 < ¢t %
AobsTobs

A(c)Ac =

L;: time-averaged crest length of event {
L 4,,: breaking duration

¢;: breaking velocity

Agps: Observation area

Tops:0bservation duration

3. Breaking Statistics

21



Automated Whitecap Detection And Tracking algorithm (AWDAT) !

Whitecap Tracking - modified - frame: 17709
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[CLS] Token

B RREE * Feature Embeddings

Transformer Encoder
(DistilBERT)

Input Features Feature Projection
(B, C, M) (B, G, H)

Linear + RelLU

Classification Head
Linear Layer

Class Prediction

Imperial College London

Transactions on Geoscience and Remote Sensing, pages 1-1

CLS Output
(B, H)

[1 Peach, J., Callaghan, A. H., Bergamasco, F., Pistellato, M., Barbariol, F., and Benetazzo, A. (2025). A vision-based method for spatial and temporal tracking of individual whitecaps from breaking ocean waves. IEEE
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Linear Layer
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Lambda Distribution
Phillips(1985) - Framework for Field Observation of Dissipation

A(c) - The total length of breaking wave crests per unit per unit 1% 0. e . H
velocity bin
4yB3 1(3p) ul
ACC) = v~ 1(3p) g - 0ok
b
* First/second moment of A(c): the fractional area of the sea — 10-2
surface occupied by the actively breaking waves. ‘T'E
W, = [ Tc A(c)dc % 107 =
—J.&P.2005 EE-
* Third moment of A(c): the entrained air per unit area per time —— M.&M. 2002 P

107 { ——G. et al. 2008
—a—P.etal. 2001
K.&M. 2010

* Forth moment of A(c): the momentum transferred per unit area
« Fifth moment of A(c): the energy dissipation per unit area

108 ==mR etal 2012
ee = 2 [ b(O)cSA(Q)dc 10! 10° 10!
g ¢ [m/s]
Imperial College London [1] Sutherland, P., & Melville, W. K. (2013) 23
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Breaking Statistics
Tau Distribution
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Energy Dissipation
Lambda Directional Distribution
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Background
Automated Whitecap Detection and Tracking Algorithm (AWDAT)

Whitecap Tracking - original - frame: 17708

(4) Use Wave Acquisition Stereo System (WASS) to
perform stereo reconstruction and project image
points into 3D world coordinates.

[1]

Imperial College London 4] Banetazzo, A., Bergamasco, F., Yoo, J., Cavaleri, L., Kim, S. S., Bertotti, L., Barbariol, F., & Shim, J. S. (2018). 26



Energy Dissipation
Distribution of Whitecap Energy

Energy (J)
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Whitecap 33830 Tracking - original - frame: 19567
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