SAR Imprints of Submesoscale and Mesoscale Eddies in the Western
Mediterranean Sea: Visual Observations vs. Automated Detection
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Background

Oceanic eddies are self-sustaining rotary currents with diameters ranging from several hundred metres to several hundred kilometres. They can be found worldwide in the
upper ocean, can travel over long distances before dissipating, and play a key role in horizontal and vertical mixing of the upper ocean. Eddies with diameters smaller than
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the first baroclinic Rossby radius of deformation are traditionally referred to as submesoscale eddies, while mesoscale eddies have diameters larger than the Rossby radius. » '-—

The Western Mediterranean Sea is a sub-basin, in which the complex interplay of prevailing mesoscale winds
// almost steady paths Mistral o emcurren g mOnaneS _ and currents (Figure 1) causes a frequent occurrence of mesoscale and submesoscale eddies. Almost 37000
" mesoscale currents No A\ [~
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e 1 LT —— \I = Sentinel-1 Synthetic Aperture Radar (SAR) images were acquired over the Western Mediterranean Sea
Y e Al | between October 2014 and September 2024 (Figure 2) and form the basis of the current research.
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2000 This study is making use of the fact that submesoscale oceanic eddies may show up on Synthetic Aperture
2500 = Radar (SAR) imagery as dark, or bright, spirals, depending on the availability of surface-active material at the
.| sea surface and on the local wind and current conditions (Figure 3). Hence, if a sufficient amount of SAR images
3500 is available, the eddy information gained from that data, their location, temporal occurrence, size, and
4000 orientation, can be statistically analysed.
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A Imeria-Oran et ‘ y e The detection of submesoscale eddies on SAR images was following two different approaches, (1) done by a -
— 5000 Figure 1. Coverage of the Western Mediterranean Sea by ten

0 0 ' T human operator and (2) done by an automated detection system named EOLO. Here, we compare the results
5oW 0 10°E P (2) Yy Y s 2 P years of Sentinel-1 SAR-C imagery (Oct 2014- Sep 2024),
Figure 2. Mesoscale surface circulation and main winds in the Western ~ of the two approaches, done for 3 years (2014 — 2017), and we present new findings from the second approach binned into a 0.05° x 0.05°grid.

Mediterranean Sea (Stuhlmacher and Gade, 2020.) using ten years of Sentinel-1 SAR data.

Data

« SAR data: 36,818 Sentinel-1 SAR-C images of the Mediterranean Sea
acquired from October 2014 until September 2024.

Wind data: Hourly reanalysis sea surface wind data from the Copernicus
Marine Data Store (0.125° x 0.125°) [1].

Methods

(1) Visual inspection of 7,188 Sentinel-1 SAR-C images (Oct 14 — Sep 17) [2].

Number of eddies per grid cell(x100)

(2) Automatic detection by the newly developed EOLO network [3], based
on object detection algorithm YOLO (You Only Look Once) -v5 (Figure 4).

* Three modules in EOLO: pre-processing, automatic detection

Figure 1. Sentinel-1A SAR-C image of the f network, and geographic information extraction. , ” : )
Northwestern Mediterranean Sea, between Mainland France Figure 6. Eddy densities from Oct 2014 to Sep 2024: (a) winter (Jan, Feb, Mar), (b)

Structure of the automatic detection network: ' :
and Corsica, acquired on 16 April 2018 at 05:36 UTC and showing manifestations spring (Apr, May, Jun), (c) summer (Jul, Aug, Sep), (c) autumn (Oct, Nov, Dec]

of submesoscale eddies. The numbered green rectangles mark the results of our Input layer: Full images (1280 x 1280 pixels),

automated EOLO detection. Cropped images (640 x 640 pixels). qr s W ‘;.qr
; A |February

10°E 15°E

1

&
| [
I - o {
. W
"
_I as P
( 14

Backbone layer: one convolution layer and four C3-Conv layers to
down-sample the feature maps and extract key information,
Spatial Pyramid Pooling-FAST (SPPF) structure for the fusion of
local and global features.
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Neck layer: Feature Pyramid Network (FPN) and Path Aggregation
Network (PAN) for further extraction of eddy features.
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Output layer: fusion of the full image and the cropped image results;
final result combines three different depths.
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Visual assessment of the output.
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A. Eddy numbers and accuracies:
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Figure 4. Basic structure of EOLO: Input — Backbone — Neck — Output. The three B. Normalized Eddy ‘"S'b'hty Figure 7. Monthly spatial distributions of all eddies detected by EOLO on SAR images

output layers show EOLO’s multi-scale detection capability, and the results from . EOLO (Figure 5): from Oct 2014 to Sep 2024; blue colour coding denotes water depth.
these layers are eventually merged into one detection result. }

normalized wind speed range for all eddies: 0.3 m/s — 5.8 m/s. e ——— 0.14 - 7 x |
* Visual [1]: | (a) _ 0.12| (b)
normalized wind speed range for “black” eddies: 0.7 m/s — 5.3 m/s. Visual | :
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C. Normalized Eddy densities (Figure 6)
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* There is a distinct seasonal cycle: highest normalized eddy densities
were found in autumn, mean densities in summer and winter, and
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"I"""' 0 D. Eddy Spat|a| distribution (Flgu re 7) Figure 8. Diameter distribution of eddies found between Oct 2014 and Sep 2017,
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L o i : after (a) visual inspection [2] and (b) automatic detection.
* Eddy hotspots are the Tyrrhenian Sea (all year), the Balearic Sea (a) P [2] (b)

(summer), and the Algerian Basin (autumn).
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 Only few eddies were found in the Gulf of Lion (all year).

E. Comparison: eddy diameters (Figure 8)

* Distributions (Oct 2014 — Sep 2017) agree very well.
 Visual: almost 87% are submesoscale eddies.
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Wind speed [ms] e EOLO: around 88.3% are submesoscale eddies.
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Figure 5. (a) Wind speed distribution for all eddies found on Sentinel-1 SAR imagery S s : B : e ] *
between October 2014 and September 2024; (b) wind speed distribution for all SAR F. Comparlson' eddy densities (Flgure 9) eddies per grd cell (x100) EOLO . “»*1 gy
acquisitions of the same period; (c) normalized SAR eddy visibility, defined as the * Visual and EOLO results show similar qualitative patterns. Figure 9. Normalized eddy densities (number of eddies per 0.3° 0.3° grid cell and per

ratio of the upper two, (c) = (a)/(b). Red curved are best-fit Burr distributions. o .
. EOLO results always more distributed, hotspots less pronounced. 100 SAR |ma.ges) !oetwee.n Oct 201.4 and Sep 2017. Left panels (a, b, c, d.) are based on
visual inspections [2], right panels (e, f, g, h) on EOLO detection.
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