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Abstract.

Mesoscale eddies play a key role in the transport of heat, salt, and momentumin-the-eeean, yet their statistical characteri-
zation at high latitudes has remained elusive due to the coarse resolution of conventional satellite altimetry. Here we present
the-first-a_statistical description of the mesoscale eddies in the Labrador Sea at an unprecedented resolution, using obser-
vations from the Surface Water and Ocean Topography (SWOT) mission, significantly extending previous estimates derived
from lower-resolution altimetry products. We apply an eddy-detection algorithm directly to the native 2-km SWOT swaths,
without gridding or assimilation, and validate the detections against in situ measurements from shipboard current profiler data
from one cruise in 2024, as well as against a statistically derived shipboard current-profiler—based eddy census. The compar-
ison demonstrates exeeHent-good agreement in eddy size and intensity, confirming SWOT’s ability to resolve high-latitude
mesoscale structures previously undetectable or distorded in gridded altimetry. The SWOT-derived eddy census based on &
two full-calendar yearsreveals a predominance of energetic anticyclones (Irminger Rings) in the basin interior and smaller
cyclones along the continental slopes, with clear seasonal variability linked to boundary current instability. These findings
provide the first observational benchmark for mesoscale activity in the Labrador Sea and illustrate SWOT’s potential to extend

eddy statistics to high-latitude and ice-influenced regions, opening the way for a global assessment of mesoscale variability.

1 Introduction

Mesoscale eddies are ubiquitous features of the world ocean, playing a fundamental role in the transport of heat, salt, and
nutrients, as well as in the redistribution of momentum and energy across spatial scales (Chelton et al., 2011; Zhang et al.,
2014; Dong et al., 2014). Given their widespread influence, detecting and characterizing mesoscale eddies at the global scale
has long been a key objective of physical oceanography.

Over the past two decades, global automatic eddy detection has been made possible through the availability of global-gridded
sea level anomaly (SLA) products derived from conventional nadir altimetry (see all literature from Chelton et al., 2007).
These datasets have allowed systematic eddy tracking and the construction of global eddy atlases. However, these products are
fundamentally limited by their spatial resolution, usually 1/4° or 1/8°, which constrains their ability to resolve eddies smaller

than ~ 50 km in diameter (Ballarotta et al., 2019).
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SLA fields have previously been questioned s-as-they-have-in accurately representing the eddy field resulting in largely distorted
eddy characteristics (Amores et al., 2018). This is linked to the spatio-temporal interpolation during the mapping procedure

which compromises the scales to be resolved ;-and sampling capabilities (Le Traon et al., 1998; Pujol et al., 2016). Validation
of such large-scale eddy datasets remains sparse, as direct in situ observations suitable for comparison are rare and spatially
limited. Furthermore, a major blind spot persists at high latitudes (= 50 N/S), where the first baroclinic Rossby radius of
deformation (Rp) is only a few tens of kilometers (de Marez et al., 2025), well below the resolving capacity of conventional
altimetry (Amores et al., 2018).

Yet, mesoscale dynamics at high latitudes play a critical role in shaping water mass transformation and air—sea heat exchange,
notably within subpolar gyres and regions of deep convection (Beaird et al., 2016). Eddies mediate restratification after winter
convection, influence deep-water formation, and contribute to the variability of boundary currents (Rieck et al., 2019; Du
Plessis et al., 2019; Zhang et al., 2022). They are particularly abundant in two dynamical environments: the marginal ice
zone (MIZ) and the unstable coastal currents that border subpolar basins. In the MIZ, sea-ice melt generatessharp density
gradients that trigger geophysical instabilities and lead to intense eddy formation; these eddies, often organized as dipoles,
actively disperse sea-ice floes and contribute to the widening of the ice edge region (Manucharyan and Thompson, 2017;
Manucharyan et al., 2022). Their associated heat fluxes also accelerate sea-ice melt by transporting warm, saline waters toward

the surface and poleward (Thompson et al., 2014; Si et al., 2023). This results in a positive feedback between eddy activity

and sea-ice retreat: the more eddies, the more sea ice melts (Manucharyan and Thompson, 2022). Furthermore, even in the
absence of sea-icemelt-generates(Manucharyan-and-Thompsen;2022)—, regions located near the MIZ remain dynamically
influenced by freshwater input and stratification associated with ice melt (de Marez et al.. 2025). In the boundary currents,
mesoscale eddies are frequently generated through barotropic/baroclinic instability and can detach as coherent vortices—such

as Irminger Rings from the West Greenland Current (de Jong et al., 2014)—playing a key role in the lateral transport of heat
freshwater, and biogeochemical tracers into the basin interior. However, because of their small spatial scales and the scarcity

of in situ observations, the statistical properties of high-latitude eddies remain poorly constrained, leaving a major gap in our
understanding of polar and subpolar ocean dynamics.

Here, we take advantage of the unprecedented capabilities of the Surface Water and Ocean Topography (SWOT) wide-
swath altimeter to bridge this gap. For the first time, SWOT allows us to resolve and characterize mesoscale eddies at high
latitudes with a resolution fine enough to capture the relevant spatial scales. Using SWOT 2-km sea level anomaly swaths,
we develop and apply an eddy-detection methodology specifically designed to preserve small-scale variability and to quantify
eddy statistics. We focus on the Labrador Sea, where SWOT-derived eddy characteristics can be validated against independent
and statistically robust in situ measurements from the shipboard surveys described in Bendinger et al. (2025). This latter study
provides a uniquely comprehensive, ship-based census of mesoscale and submesoscale eddies in the central Labrador Sea,
offering an ideal reference for assessing SWOT’s performance. In parallel, recent work by Jensen et al. (2025) has demonstrated
SWOT’s ability to reveal mesoscale features at such high latitudes (in another region, the East Greenland Shelf). While their

study focuses on the detailed characterization of SLA snapshots and relies primarily on SST for validation, our approach



extends this capability toward a quantitative and statistically grounded assessment of the eddy field at high latitude, supported
60 Dby a dedicated in situ reference dataset.

This study presents the-first-a statistical description of mesoscale eddies at high fatitide-latitudes in the Labrador Sea, from
using wide-swath satellite observations, significantly extending previous estimates derived from lower-resolution altimetry
products. Section 2 describes the data. Section 3 presents the methodology of the SWOT-based detections and its validation
against in situ observations. Section 4 discusses the spatial and temporal variability of eddy characteristics in the Labrador Sea,

65 and Section 5 discusses and summarizes the main findings of the study.
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2 Data

2.1 SWOT data

We leverage SWOT satellite datsee-e-g-Morrow-et-al2019,forbackgrodisge some hackground in e.g., Morrow et al., 2019)

. We use the latest releas€2(3.0-1) of Level-3 SWOT data, namely the SWOT_L3_SSH 'Basic’ (2-km resolution) product,
derived from the L3 SWOT Ka-band Radar Interferometer (KaRIn) Low rate ocean data products provided by NASA/JPL and
CNES. The Level-3 processing removes SWOT's systematic errors, and has been extensively validated using other altime-
ters, numerical models, and in situ data, in the global ocean (Dibarboure et al., 2025). These datasets are produced and freel
distributed by the AVISO and DUACS teams as part of the DESMOS Science Team project (AVISO/DUACS, 2023b).

Here, we use the " ltered" Sea Level Anomaly (SLA) variable. The Itering procedure is described in Tréboutte et al.
(2023). It is based on a U-Net—-based convolutional neural network, trained on simulated North Atlantic data, and shown
to outperform classical ltering methods. The method reduces signi cantly the noise (by a factor of 2), while preserving
the balancépart of the signal at spatial scales down to 10 km (Demol et al., submitted). This method &Hewsact

represerﬁ74 SWOT passes in total (see one cycle of measurement in the area of interest in Fig. 1).

2.2 SADCP data

We complement the SWOT satellite observations with ship-based velocity measurements obtained from Shipboard Acoustic
Doppler Current Pro lers (SADCPs). SADCPs provide high-resolution pro les of horizontal current velocity along the ship
track by measuring the Doppler shift of acoustic signals re ected by waterborne scatterers. The instruments operated at frequen:

cies between 38 kHz and 150 kHz, providing near-surface velocity estimates at an along—track resolution of roughly 200-300

4
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were processed following the same procedure as for MSM74, as detailed in Bendinger et al. (2025). The processed ship-base
velocity measurements were then used to t idealized eddy solutions along the SADCP transects, allowing reconstructions
of eddy centers and key dynamical properties (see Bendinger et al. (2025) for methodological details). These reconstructions
provide a robust in situ “truth” against which we can directly assess the performance and reliability of the SWOT-based eddy
detection, enabling a direct comparison of mesoscale eddy structures between SWOT and MSM129 (Fig. 2). In addition, we
compare the statistical results of Bendinger et al. (2025), which are based on SADCP observations from the MSM40, MSM54,
and MSM74 cruises and comprise 40 well-resolved eddies with radii of 3-39 km and azimuthal velocities of 7-558 cms
with the SWOT-based statistics, as shown in the histograms in Fig. 3.

Eddy detection statistics from a classical 1/4° satellite altimetry are also used for comparison purpose. The geateztion

, and is referred to as "CMEMS" for Copernicus Marine Environment Monitoring Service in e.g., Fig. 3b,d. Note that these
eddy statistics are only representative of eddies along or close to the ship tracks of MSM40, MSM54, and MSM74 campaigns.

Also, notethat higher-resolutiorproductssuchasthe DUACS DT20241/8°_elds arenow availableand could improvethe

2.3 Other datases

We use the sea ice concentration from the OSI SAF dataset (https://doi.org/10.48670/moi-00134), and the ETOPO Global
Relief Model dataset (https://doi.org/10.25921/fd45-gt74) to assess respectively the sea ice concentration, and the depth a
each eddy location.



3 Eddy detection from non-interpolated SWOT data
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Each SWOT pass consists of two adjacent swaths, each approximately 50 km wide, resulting in a combined swath width
of about 120 km. These swaths are separated by a nadir gap of approximately 20 kmpwheBin-measurements

swaths are oriented along the satellite's ground track, providing detailed across-track coverage. Within each pass, the measure
ment grid is composed of 69 across-track pixels, and N along-track pixels, with each pixel representing a 2 km by 2 km area
on the Earth's surface. Measurement gaps can occur within the swaths due to various factors, including rain cells which can
attenuate the radar signal and lead to missing data in certain regions, or sea ice for example.

We apply an eddy-detection procedure directly on the 2-km resolution swath product of SWOT, without performing any sub-
sequent gridded assimilation, in contrast to classical gridded altimetric product based eddy detection approaches that now in-
clude SWOT measuremens : i

. Workrng in the native swath geometry maximizes our ablllty to identify small-scale features that might otherwise be lost in

the smoothing and gridding stages of standard products. Additionally, the mesoscale eddies in our high-latitude study region

are smaller than this swath width, hence an eddy can typically wholly be contained within a single swath pass — enabling

reliable detection and sizing. The procedure is as follows (see also Fig. 1 foran example):




Figure 1. a) Example of the detection methodology in pass #563, and cycle 10. b) Mesoscale eddy detection in the Labrador Sea from non-
interpolated SWOT data for cycle 10; blue (resp. red) contours (resp. dots) indicate anticyclonic (resp. cyclonic) eddy contours of maximum
velocity (resp. centers); thin contours indicate isobaths every 500 m (dotted line highlights isobath 2000 m); thick contours indicate the
average sea ice concentration in the period of the map every 10% (the > 10% area is hatched); the pass #563 shown in panel a is highlightec

in the third panel.
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Eddies are then identi ed in each sub-image using the py-eddy-tracker package (Mason et al., 201 4)e-tered-. We

shownto notbiasthestatisticajpropertiesof theeddypopulationye thereforeusedthe valueof 85 % to maximizethe number

of the eddy contour (de ned by the region of maximum azimuthal velocity) is allowed to overlap with gaps in the SLA eld,
preventing spurious features generated by the inpainting procedure. This condition is suppressed when the eddy center lie:

near the middle of the pass (in the gap between swaths) and a tolerance of 60% of gaps is then allowed. Finally, only eddies

performeddone to choose their values—low variability of probability distributieresswere obtained from these sensitivity

tests.

The remaining eddy arrays from all sub-images are merged, with duplicates in the overlapping regions removed, providing
a complete set of eddy detections for each SWOT pass (step #5 in Fig. 1a).

Finally, for each cycle, duplicates are removed by identifying eddies whose centers are separated by a distance shorter thai
their radius of maximum velocity (hereafter radius gfJR for conciseness) and a distance threshold of 10 km. This threshold

butretainedonly onceaftermerging.

Eddies detected at a position where sea ice concentration is larger than 15% are removed. Further, for the comparison witt
ship-derived eddy characteristics (see Section 2.2 and 3.2), we only consider eddy detections at depths larger than 2000 m t

solely focus on eddies in the central Labrador Sea, similarly to Bendinger et al. (Z025).

to note that an eddy may be re-detected in successive cycles; therefore, this methodology does not provide the absolute numbe

of eddies, but rather a detection probability per cycle. The method may also detect a few submesoscale vortices vghere R



large, but these cases fall near the mesoscale—submesoscale transitign (R=siee Fig. 3). We therefore treat all detections
as mesoscale eddies in this study.

190 (notablypass#20). The analysisof consecutivelaily detectionsshowsoverallgoodtemporalconsistencyespiteoccasional,
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et al. (2025) applied to observations from the 2024 MSM129 cruise in the Labrador Sea, where four eddies were observedRafels (a
show the sea level anomaly (SLA) from SWOT, over which detected eddies are mapped. In pepef$, @olid lines indicate the maximum
azimuthal velocity contours of SWOT-detected eddies, and dots mark their céteped i i j

from-SWOT-In panels (af-€f), crosses indicate the centers of eddies identi ed during MSM129, with circles marking their radii; arrows
show the surface velocity from the SADCP, used for the in situ eddy identi cation along the ship's trajectory. EdgliesiAcorrespond to
the four observed structures. Their maximum velocity (infm)sand radius (in km) are summarized in parfg) for both SWOT detections

Validating the eddy detection method requires comparing the eddy characteristics obtained from SWOT data with independent
in situ observations of eddies in the same region: this comparison must rely on another source of measurement, with eddy
statistics derived from an alternative detection approach. However, establishing a suitable ground truth is not straightforward.
On one hand, classical gridded altimetry products cannot serve as a reference, since their coarse resolution and interpolatiol
algorithm prevent them from resolving mesoscale eddies in high-latitude regions (Amores et al., 2018; Bendinger et al., 2025).
On the other hand, one could consider using eddies detected from high-resolution numerical simulations or reanalyses, eithel
directly on their native grid or by simulating SWOT-like tracks and applying the same detection algorithm. Yet, such an
approach would implicitly assume that the model perfectly represents the mesoscale dynamics of the region—an assumptior
that has not itself been validated, leading to a circular argument.

During the MSM129 cruise conducted in spring 2024 in the Labrador Sea, four anticyclonic mesoscale eddies (hereafter

A4 ) were sampled with the SADCP. The speci c trackossing the eddies, as well as their associated surface velocity

10
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Figure 3. Probability distribution of eddy statistics detected by SWOT (gray bars, solid black lines) in comparison with ADCP (purple)
and CMEMS (green) a) Polarity of detected eddies, expressed as the proportion of anticyclonic (AE) and cyclonic (CE) structures. b)
Distribution of radius of maximum azimuthal velocity:&: . ¢) Distribution of Rnax normalized by the rst baroclinic deformation radius

Rp . d) Distribution of maximum azimuthal velocity hx . €) Distribution of the Rossby numba@—f;’%ﬁ%q of detected eddigs

including all detections prior to depth Itering (i.e.,< 2000 including eddies on shelves).

elds (averaged between 22 m and 102 m depth), are shown in Fig:e2d, We take advantage of the method developed
by Bendinger et al. (2025) and applied it to this speci ¢ dataset, from which the main dynamical properties of the eddies are
retrieved to validate the outcome of our SWOT-eddy detection method. The ndings are summarized in the tablefgn Fig. 2

All four eddies were successfully captured in coincident SWOT passes and detected by our SWOT-based eddy detection
method. The eddies identi ed in SWOT exhibit radii and maximum azimuthal velocities that are in good agreement with those
measured during the MSM129 cruise. It is important to note that the SWOT detections and the in situ observations were not
made at the same time. For instance,was observed in situ on 24 June 2024, while its SWOT counterpart was detected on
27 June 2024 (it was also identi ed on 25 June and 6 July but duplicate detections across cycles were automatically removed;
see Fig. 2a—c). The slight reduction in velocity amplitude seen in the SWOT data can be attributed to the instrument's spatial
smoothing, which tends to dampen kinetic energy. Also, SWOT altimetry measures an integrated quantity, which tends to be
weaker than directly measured surface velocity from SADCP directly. Nevertheless, the close spatial coincidence between eddy
centers and contours identi ed by the two independent approaches, together with their comparable dynamical characteristics,
con rms the robustness and reliability of our detection algorithm when applied to the native 2-km SWOT swaltotiztiaat

For comparisorwith standarcyriddedaltimetry, we extractedSLA from the CMEMS 1/4° and 1/8° productson the same

To assess the robustness of our detection method at the statistical level, we use the comprehensive in situ dataset published t
Bendinger et al. (2025), which provides a unique reference for eddy statistics in the Labrador Sea. Using their in situ method-
ology, a large number of mesoscale and submesoscale eddies were identi ed and characterized, allowing the construction of
histograms of the main eddy dynamical properties — including radius, maximum azimuthal velocity, and Rossby number. This

11



230

235

240

245

250

dataset thus represents an unprecedented “ground truth” for the eddy eld in this high-latitude region, against which we can
directly compare the SWOT-based results. The distributions obtained from SWOT detections show remarkable agreement with

Note that usingthe recentlyreleaseds3.0. of SWOT datainsteadof v2.0.1improveseddy detection,in particularby (1)

With the in situ validation con rming the reliability and robustness of our detection approach, we can con dently apply it

and analyze eddies detected using SWOT in the Labrador Sea. In the following section, we examine the eddy eld observed
in the Labrador Sea throughout 202825, focusing on the spatial distribution and dynamical characteristics of the detected

12
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the cycle itis detected in, but can be re-detected the next cycle as no tracking is performed. b,c,d) Bin-averaged radius of maximum velocity
Rmax , maximum velocity Vhax , and Rossby number Ro of detected AEs. e,f,g,h) Same as panels a,b,c,d but for cyclonic eddies (CEs).
Black solid lines indicate the delimitation of areas for the computation of timeseries shown in Fig. 5. Same isobaths as in Fig. 1b are shown.

The spatial distribution and dynamical characteristics of eddies detected in the Labrador Sea durip92522¢ shown in
Fig. 4. Anticyclonic eddies (AEs, Fig. 4a—d) are widespread across the basin. They are detected both along the continental
slopes and within the deep interior. Their distribution is relatively homogeneous in the central and western Labrador Sea,
with enhanced activity near the 3000-3500 m isobaths where mesoscale instabilities of the boundary currents are expected. I
contrast, cyclonic eddies (CEs, Fig. 4e—h) are more frequently observed along the continental slopes, particularly in regions
in uenced by the West Greenland and Labrador Currents, where intense shear and topographic steering promote cyclonic
vorticity generation (Chanut et al., 2008; Thomsen et al., 2014; Pacini and Pickart, 2022). This pattern is also found in Fu et al.
(2025): they also detected cyclonic eddies in the eastern Labrador Sea from conventional altimetry.

The observed AE/CE asymmetry likely re ects the greater propagation range of anticyclones. AEs are less susceptible to

, enabling them to travel farther into the basin interior compared to the more rapidly disrupted CEs.
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