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Wide-Swath and Ocean Eddy

Conventional satellite altimetry (1993 - ) Wide-swath satellite altimetry: SWOT mission (2022 - 2025)
e 1D point observation at the nadir e 120-km-wide 2D swathes
e Measurements from multiple satellites e Ocean structures observed with increased accuracy
interpolated to create 2D global maps even without interpolation
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Wide-Swath and Ocean Eddy

Bonaduce et al., in preparation (2026)
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e Eddy population detected from SWOT-enriched and conventional altimetry maps
from July 2023 to April 2024
e Number (top) and size (bottom) of eddy with lifetime larger than 7 days




Wide-Swath and Ocean Eddy

However...
e SWOT orbitis 21 days long
> QObserving ocean dynamics on shorter A
timescales still depends on interpolated RS
data rff""""f""""“'.t;’}i‘.’.} ’iivn’ah‘o‘t‘{ b
St
e Loss of SWOT fine-scale information due to st :l:l }""‘":‘ il
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e Residual noise from SWOT data processing W e
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algorithms might still be present in swathes

e Limited timeseries available
> e.g., L4 SWOT-enriched SSH maps

available from 2023/07/2 24/05/01
Extended to 2025/12/31

How much do we benefit from SWOT-enriched SSH maps for data-driven eddy detection?

SWOT orbit (full 21 days), credits: AVISO




Dynamical Detection Algorithm

Cipollone et al. (2017); Bonaduce et al. (2021), (2025), in preparation (2026)

1. Geometrical constraint
> |ocal anomaly of SSH
2. Dynamical constraint
> existence of a rotation within




Dynamical Detection Algorithm

Cipollone et al. (2017); Bonaduce et al. (2021), (2025), in preparation (2026)

1. Geometrical constraint
> |ocal anomaly of SSH
2. Dynamical constraint
> existence of a rotation within
3. Thermodynamic constraint (‘active' eddy)
> |ocal anomaly of SST w.r.t. environment

original removal background
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Dynamical Detection Algorithm

Cipollone et al. (2017); Bonaduce et al. (2021), (2025), in preparation (2026)

1. Geometrical constraint
> |ocal anomaly of SSH
2. Dynamical constraint
> existence of a rotation within
3. Thermodynamic constraint (‘active' eddy)
> |ocal anomaly of SST w.r.t. environment

original removal background
. 3 5

e SST filtering eliminates
spurious patterns in altimetry
products

e Dynamical algorithm yields
detection maps employed for
training data-driven algorithm
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Data-Driven Eddy Detection

£ Comv., ReLU B Corre, RelU, BalchMorm., Dropout
—+ Concatenalion mp Come, RalL), BatchNeem

e eddy detection mask
e spatial SST anomaly
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Data-Driven Eddy Detection
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e eddy detection mask
e spatial SST anomaly
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Data-Driven Eddy Detection

£ Comv., ReLU B Corre, RelU, BalchMorm., Dropout
—+ Concatenalion mp Come, RalL), BatchNeem

e eddy detection mask
e spatial SST anomaly

nadir {o SLA = -
or e ugosa, vgosa o
SWOT (e surface phase vel.

_
ESACCI < e SST
‘ P Loss function
\_’ / e Binary crossentropy
N e Mean squared error
\ e 'coupling' terms

Training data:
e Global L4 0.10°-resolution maps

e Detections of the dynamical algorithm as target
e timeseries:

o Jan'22 - May '24 conventional altimetry

o Jul'23 - May 24 SWOT-enriched altimetry




Data-Driven Eddy Detection

£ Comv., ReLU B Corre, RelU, BalchMorm., Dropout
— Concatenation W Conve, RalU, BalchMoem

e eddy detection mask
e spatial SST anomaly

nadir e SLA
or {o ugosa, vgosa

SWOT (e surface phase vel. .
ESACCI < e SST b
< ‘ P Loss function
\_’ / e Binary crossentropy
- 7 e Mean squared error
\ e 'coupling' terms
Training data: Why should we do this?
e Global L4 0.10°-resolution maps e Provide better detection than dynamical
e Detections of the dynamical algorithm as target system
e timeseries: e possible via multimodal input (altimetry + SST)
o Jan'22 - May '24 conventional altimetry e Extend benefits of SWOT-enriched detection

o Jul'23 - May '24 SWOT-enriched altimetry to whole conventional altimetry timeseries




Data-Driven Eddy Detection

Results on conventional altimetry maps

Prapodton of Ground Truth Eddwes
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Data-Driven Eddy Detection

Normalized Eddy Detection Summany

Results on conventional altimetry maps g
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Data-Driven Eddy Detection
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Data-Driven Eddy Detection
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Arguably two different eddies..!




Data-Driven Eddy Detection

SLA SLA - smaller color range _ .. SST 7
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Arguably two different eddies..!
And we can check the impact of the SST:
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Data-Driven Eddy Detection

Normalized Eddy Detection Summany

-
o

with SWOT-enriched altimetry maps

e Less than a year of data (~9 months) ? o8
e Training from scratch produces lower score than £ g
on conventional altimetry £
o Fine-tune model pre-trained on conventional
altimetry £ o 021 019
009
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Data-Driven Eddy Detection
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Data-Driven Eddy Detection

e Nadir U-Net
e SWOT U-Net
e Dynamical algorithm

> larger population with
smaller structures
detected by U-Net

> |ittle sensitivity to
training data

> 30% more eddies
detected by SWOT U-
Net when applied to
nadir data w.r.t.
dynamical algorithm
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Data-Driven Eddy Detection

ADT with Eddy contours — 15-06-2024 e w with Eddy contours — 15-06-2024 o5
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Conclusion

. . . S Eddy D ion - 2024-06-
Data-driven eddy detection algorithm -

e Global high-resolution
e Flexible (regional dataset) oy
e (Good performance
> even better than ground-truth? 20°s
e Promising result for conventional altimetry reconstruction
> 30% more eddies compared to SWOT altimetry

15°S
20°S

25°S 25°S

30°S 30°S

Next steps
e Study the physics of the ML-detections (EKE, statistics, etc) i.c
e Understand impact of fine-tuning

> longer SWOT timeseries 40°s
e Reconstruct higher-resolution detection for the whole
conventional altimetry timeseries (1993 - today) 10°E 20°E 30°E 40°E
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. . . S Eddy D ion - 2024-06-
Data-driven eddy detection algorithm -

e Global high-resolution
e Flexible (regional dataset) oy
e (Good performance
> even better than ground-truth? 20°s
e Promising result for conventional altimetry reconstruction
> 30% more eddies compared to SWOT altimetry
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Next steps
e Study the physics of the ML-detections (EKE, statistics, etc) i.c
e Understand impact of fine-tuning

> longer SWOT timeseries 40°s
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e Eddy kinetic energy induced by eddy with
lifetime larger than 7 days detected in
SWOT-enriched satellite altimetry maps

-0.050 -0,02% 0.600 o 0,025 0,050

Differences in eddy kinetic energy per eddy
obtained from SWOT-enriched and
conventional satellite altimetry maps from
eddy with lifetime larger than 7 days




Back-up - Datasets

Processing level

Spatial domain

Spatial resolution

Temporal resolution

Mapping method

Distributed by

Conventional altimetry SWOT-enriched altimetry Sea Surface Temperature
L4 L4 L4
global ocean global ocean global ocean

0.25° 0.10° 0.05°
daily daily daily

Optimal Interpolation Multiscale Inversion of Ocean Analysis

Surface Topography (MIOST)
Copernicus Marine Service AVISO ESA CCI




Border term: spatial SST anomaly at the eddy border

Prediction
(before optimization)
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Gradient term: gradients of spatial SST anomaly
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Back-up - Data-Driven Eddy Detection o cmccC

Evaluation metrics

TP = True Positive (hit) FP = False Positive (false alarm) FN = False
Negative (miss) TN = True Negative o I
_ TP TP TP ‘ precision X reca
Precision = ————= Recall = = F1 =2 X —
[P+ FP TP + FN P precision + recall
Range: [0-1] Range: [0-1] Range: [0-1]
e measures hgw many ® measures how many e high F1 iff both precision
correct predictions out of positive samples are and recall are hiah
all positive predictions correctly classified out of 9
all positive samples e single overall score to

e ignores how many actual
positives are missed (FN) e ignores how many false
alarms are issued (FP)

assess the performance
of the classifier




Back-up - Data-Driven Eddy Detection

Evaluation metrics: pixel-wise and structure-wise

Pixel-wise Validation Structure-wise Validation
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Back-up - Data-Driven Eddy Detection o cmccC

Input Data: — nadir

M. of Eddies

e Nadir U-Net
e Dynamical algorithm

> SST filters out spurious
detections .
> |arger population with 100 1
smaller structures
detected by U-Net

Diameter [km]




Back-up: Nadir U-Net Detection

Normalized Eddy Detection Summany

Results on conventional altimetry maps 104
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Back-up: SWOT U-Net Detection

Normalized Eddy Detection Summany

with SWOT-enriched altimetry maps _ w1
e Less than a year of data (~9 months) 2 ol
e Training from scratch produces lower score than H -
on conventional altimetry H
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Back-up: Eddy Kinetic Energy

e Eddy-induced Kinetic Energy (Nov. '23 - May '24), eddy lifetime > 14 days; SST anomaly larger
than +/- 0.1 degC

Dynamical algorithm Nadir U-Net

SCALE CAPTION (energy)

0.0 0.1 0.2 0.3 04 0.5

0.0 0.1 0,2 03 0.4 0.5




Back-up: Spatial SST Anomaly

e Eddy-induced SST Anomalies (Nov. 23 - May "24), eddy lifetime > 14 days; SST anomaly larger
than +/- 0.1 degC

Dynamical algorithm Nadir U-Net
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