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Wide-swath satellite altimetry reveals
hotspots of small mesoscale eddies in the
western Arctic Ocean
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Ocean eddies play crucial roles in climate and marine ecosystems. Still, small mesoscale eddies in the
climate-sensitive and biologically unique Arctic Ocean remain poorly characterized and understood
due to the coarse resolution of traditional gridded altimetry products and sparse in-situ observations.
Here, we show that the Surface Water and Ocean Topography satellite mission overcomes these
limitations through unprecedented two-dimensional high-resolution measurements of sea level
anomalies. We demonstrate this wide-swath satellite altimetry’s capability to quantify previously
unresolved eddy properties, revealing three persistent hotspots of mesoscale eddies in the southern
Beaufort Sea that actively transport low-salinity, heat-retaining, and nutrient-enriched waters from the
continental shelf to the interior basin. The observed eddies demonstrate their critical role in shelf-basin
exchange while revealing biases in current high-resolution models. These findings advance our
understanding of Arctic mesoscale processes and provide essential benchmarks for improving ocean

models for this rapidly changing environment.

The western Arctic Ocean hosts the largest Arctic freshwater reservoir'?,
characterized by the anticyclonic Beaufort Gyre (BG). Its freshwater is
primarily supplied by Pacific Water inflows from the Bering Strait, Mack-
enzie River runoff, and sea ice meltwater’”. A potential release of the
accumulated BG freshwater may have far-reaching downstream effects on
the North Atlantic Ocean, with profound implications for the global climate
systems’. Additionally, the Beaufort Sea sustains vital Arctic ecosystems,
supporting diverse fish communities and other marine life’".

Abundant mesoscale eddies have been observed in the western
Arctic Ocean’"”. Eddy activity is found to be one of the crucial
mechanisms that regulate freshwater accumulation in the BG region'*".
Furthermore, eddies can facilitate the transport of the Alaskan coastal
water mass into the deep basin, helping to establish the thermohaline
structure and sustain biological productivity in the oligotrophic interior
of the Beaufort Sea'®’. Moreover, eddies could increase sea ice basal
melting through influencing ocean heat fluxes and sea ice advection'.

In-situ measurements using Ice-Tethered Profilers (ITPs) have
been employed to study eddy properties in the Canada Basin, showing
that the most commonly detected eddies have relatively small radii,
typically ranging from 5 to 10 km, consistent with the small size of the
Rossby deformation radius in the region'*”. Furthermore, these studies
indicate a pronounced dominance of anticyclones over cyclones.
However, ITP observations may have a regional sampling bias and

cannot examine shallow and smaller eddies (< 5km), so they do not
provide a complete picture of the mesoscale eddy field. Observations
from high-resolution spaceborne Synthetic Aperture Radar (SAR) offer
valuable information about eddy properties over the open water and
marginal ice zone of the western Arctic Ocean'”. They identify a wider
range of surface eddies from 0.5 km to 40-60 km in size. They also show
that the number of surface cyclones is double that of anticyclones,
contrasting with ITP observations of anticyclonic dominance in halo-
cline eddies'””’. These SAR observations suffer from the limited number
of SAR images and the underlying biases in the human-supervised eddy
detection approach. Automated eddy detection algorithms applied to
traditional satellite altimetry data enable statistical characterization of
spatial and temporal variability in eddy properties'**'***. However, their
coarse resolution does not allow for the detection of small eddies, lim-
iting their applications for the Arctic Ocean.

Most climate models lack the spatial resolution required to resolve
Arctic Ocean mesoscale eddies. While a few kilometer-scale ocean models
have been developed to simulate eddy dynamics and examine eddy ener-
getics in the Arctic Ocean®", their extreme computational costs limit
simulations to short integration periods, restricting their utility to process
studies. More importantly, evaluating these high-resolution models
depends on the availability of detailed observational eddy statistics—a
requirement that has remained largely unfulfilled until now.
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Although observational and modeling challenges have historically
hindered progress in investigating the mesoscale eddy field in the Arctic
Ocean, this study shows that the advent of the Surface Water and Ocean
Topography (SWOT) satellite data marks a breakthrough for mesoscale
eddy studies in the western Arctic Ocean’s open waters. While SWOT’s high
resolution of 2 km has proven effective for detecting submesoscale eddies at
mid and low latitudes™, we demonstrate its particular suitability for
characterizing small mesoscale eddies in the Beaufort Sea, where eddy sizes
are constrained by the region’s small Rossby deformation radius. Applying
an automated eddy detection algorithm to SWOT data, we present the first
comprehensive assessment of mesoscale eddy properties and statistics in
this region. Our analysis reveals persistent eddy hotspots in the southern
Beaufort Sea that play a critical role in cross-shelf transport, facilitating the
movement of fresh, warm, and nutrient-enriched Pacific Water and
Mackenzie River discharge into the deep basin.

Results

Unprecedented capability to observe Arctic Ocean eddies
Conventional satellite nadir altimeters provide one-dimensional (1D)
along-track measurements, requiring data from multiple satellites and
subsequent interpolation to construct two-dimensional (2D) global maps of
Sea Level Anomalies (SLA). Their coarse resolution in space and time, along
with instrument noise, constrain their application for high-latitude ocean
studies’". The recently launched SWOT mission represents a transformative

step forward in our ability to observe and understand ocean dynamics by
enabling direct, high-resolution measurements of fine-scale SLA™".
Equipped with the cutting-edge Ka-band Radar Interferometer (KaRIn),
SWOT captures two 2D 50 km-wide SLA swaths along the satellite track,
with an unprecedented resolution of 2 km®’. Moreover, it has reached a
centimetric accuracy in sea level measurements™.

Figure 1 illustrates a direct comparison between conventional satellite
altimetry and high-resolution SWOT measurements of SLA and mesoscale
eddies in the Barrow Canyon Region (BCR) of the Beaufort Sea. Although
the gridded daily altimetry product offers a nominal horizontal resolution of
1/8° (~14 km in BCR) through optimal interpolation™, it can only provide a
smoothed representation of ocean surface features, obscuring small-scale
dynamic structures (Fig. 1b). It only shows several large eddies with radii
larger than ~20 km. In contrast, two SWOT tracks over the same region
capture SLA fields at a much finer scale on the same day, resolving smaller
coherent eddies (marked by black dots; Fig. 1¢). Zoomed-in views showcase
their associated geostrophic current anomalies (Fig. 1d and e), unveiling
detailed eddy structures and current speeds that were previously unde-
tectable in the conventional gridded altimetry product. This unprecedented
resolution highlights SWOT’s capability to uncover Arctic eddy dynamics
that were once invisible to traditional satellite measurements.

In the Beaufort Sea, SWOT’s orbital inclination enables dense coverage
and frequent revisits, with ~15 track repeats occurring in the southern
Beaufort Sea each month (Fig. 2a). This represents a great improvement in

Fig. 1 | Unprecedented capability of SWOT to observe small Arctic eddies. a The
Arctic Ocean bathymetry from ETOPO1 data, with the black box showing the
Beaufort Sea and two blue dashed boxes denoting two subset regions; left: Barrow
Canyon Region (BCR); right: Mackenzie River Region (MRR). b Snapshot of sea
level anomalies (SLA) in BCR from 1/8° resolution CMEMS gridded satellite alti-
metry product on 14 September, 2024. The SWOT ground tracks corresponding to

panel (c) are denoted for comparison. ¢ Snapshots of SLA from two SWOT tracks
passing over the BCR on 14 September 2024. The centers of eddies (black dots)
detected by SWOT are depicted. Black contour lines represent the isobaths of 60,
300, 1000, 2000, and 3000 m, with the isobath of 300 m in bold. (d, €) Zoom-in views
of the SLA fields for the two boxes in (c), showing eddy structures with superimposed
geostrophic velocity anomaly vectors.
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Fig. 2 | Three hotspots of eddies in the southern Beaufort Sea. a Number of SWOT
sampling tracks in August 2024. b The location, size, and polarity of eddies identified
from the SWOT sea level anomalies (SLA) in August 2024. ¢ The total eddy number
counted within 3° longitude x 1° latitude grid cells in August 2024 from SWOT.

d The total eddy number counted within 3° longitude x 1° latitude grid cells in
August 1998 from ARC60 (interpolated onto the SWOT tracks before analysis). The
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red dashed box denotes the southern Beaufort Sea, and the two blue dashed boxes
indicate the BCR and MRR, respectively. e The composite snapshot of the geos-
trophic velocity anomaly magnitude derived from the SWOT SLA in August 2024.
f The composite snapshot of the kinetic energy derived from the SWOT SLA in
August 2024. Black contour lines represent the isobaths of 60, 300, 1000, and 3000 m,
with the isobath of 300 m in bold.

both spatial density and temporal frequency of SLA observations compared
to traditional altimeters. The geostrophic Rossby number (relative vorticity
of the geostrophic flow normalized by the Coriolis parameter) is typically in
the range —0.4 to 0.4 (Supplementary Fig. S1), suggesting that the inferred
surface circulation remains in a regime where geostrophic dynamics are
expected to be a good first-order approximation and cyclogeostrophic
(centrifugal) corrections are secondary.

Hotspots of eddy activity associated with shelf-basin exchange

The SWOT observations reveal a distinct contrast in eddy characteristics
between the continental shelf and interior basin in the Beaufort Sea (Fig. 2b).
The continental shelf is populated with a higher density of small mesoscale
eddies (radius of less than 10 km), while the interior basin hosts a mixture of
small and slightly larger eddies. This pattern aligns with increased Rossby
deformation radius offshore (O(10km) in the interior basin versus O(1km)
over the shelf)™. Three major hotspots of eddy activity are identified in the
southern Beaufort Sea (Fig. 2c and Supplementary Fig. S2a): (i) the Barrow
Canyon Region (BCR), (ii) the Mackenzie River Region (MRR), and (iii) the
entrance of the Amundsen Gulf. These regions exhibit increased eddy
counts (> 15 eddies per 3°x 1° bin per month). The persistence of these
eddy hotspots is supported by consistent observations during other open-

water months in 2023 and 2024 (Supplementary Fig. S3), as well as by
comparisons with simulated eddy statistics from the ARC60 high-resolution
ocean model for August 1998 (Fig. 2d). These findings indicate that Pacific
Water intrusion and freshwater discharge from land serve as persistent
drivers of eddy generation in these regions, through mechanisms of baro-
tropic and baroclinic instability”**.

The SWOT observations exhibit enhanced geostrophic currents and
higher kinetic energy in the southern Beaufort Sea than in the interior basin
(Fig. 2e and f). These energetic features spatially coincide with the identified
eddy hotspots (Fig. 2c). The detected coherent eddies near the coast of the
southern Beaufort Sea also tend to have larger amplitudes and greater
strength (Supplementary Fig. S2b and c).

The synergistic analysis of SWOT SLA observations with concurrent
satellite measurements of Sea Surface Salinity (SSS), Sea Surface Tempera-
ture (SST) and Chlorophyll a concentration on August 6, 2024 reveals the
critical role of mesoscale eddies in mediating freshwater, heat, and nutrient
transport in the southern Beaufort Sea (Fig. 3 and Fig. 4). As an example, in
the MRR, the river plume exhibits distinct signatures, with low-SSS ( ~ 24.5
PSU), high-SST (~11.5°C), and Chlorophyll a-enriched ( ~ 5.5 mg/m?)
waters adjacent to the river mouth that gradually transition to more marine
conditions offshore (Fig. 3). The SWOT observations along its two tracks on

Communications Earth & Environment| (2026)7:344


www.nature.com/commsenv

https://doi.org/10.1038/s43247-026-03498-9

Article

SMAP&SMOS gridded product

73°N
72°N
71°N
70°N
69°N
24 24.5 25 25.5 26 26.5 27 27.5 28
SSS [PSU]
b SNPP_VIIRS

73°N
72°N
71°N

70°N

69°N

SST [°C]
c SNPP_VIIRS

73°N
72°N
71°N

70°N

69°N

Chlorophyll a Concentration [mg/m

Fig. 3 | Eddy-modulated shelf-basin transports of freshwater, heat, and nutrients
associated with the Mackenzie River plume. a Snapshot of sea surface salinity (SSS)
from the 1/8° resolution gridded multi-observation product on August 6, 2024.

b, ¢ Snapshots of SNPP VIIRS 750 m resolution (b) sea surface temperature (SST)
and (c) chlorophyll a concentration at 19:18 pm on August 6, 2024. The centers of

3]

the detected cyclones (blue dots) and anticyclones (red dots) are indicated in (b) and
(c) over the SWOT track swaths (bounded by black lines). Black contour lines
represent the isobaths of 60, 300, 1000, and 2000 m, with the isobath of 300 m in
bold. The dashed blue boxes indicate the MRR.

this day reveal coherent eddies embedded in the spreading riverine waters
(Fig. 3b and c¢).

The swirling and meandering structures associated with the off-
shore spreading of riverine waters demonstrate the active role of eddies
in mediating offshore transport, as illustrated by the zoomed-in views in
the MRR (Fig. 4a-d). Despite temporal offsets between the SWOT
overpass and the SST/Chlorophyll a measurements on August 6, 2024,
the mesoscale eddies detected by SWOT through distinct SLA signatures
exhibit spatial coherence with patterns of both SST and Chlorophyll a
concentration (Fig. 4a—d). Two of these eddies are highlighted in Fig. 4e
and f, showcasing their characteristic SLA patterns and corresponding
geostrophic current anomalies, with a radius (amplitude) of 7.7 km
(—1.53cm) for the cyclone (Fig. 4e) and 11.0km (1.55cm) for the
anticyclone (Fig. 4f). The SWOT dataset enables a quantitative and
systematic assessment of these small eddies, which have impacts on
freshwater and heat budgets, as well as biogeochemistry in the interior
Beaufort Sea.

Beyond the satellite-based evidence presented above, the role of
small mesoscale eddies in facilitating shelf-basin exchange in the MRR is
quantitatively confirmed by results from the ARC60 model (see Meth-
ods). The cumulative meridional heat and freshwater fluxes associated
with eddy trapping during the summer of 1998 are directed northward,
thereby enhancing offshore transport (Fig. 4g).

Eddy properties and statistics in the southern Beaufort Sea

Eddy characteristics in the southern Beaufort Sea during the summer
months (August-October) of 2023 and 2024 are analyzed using SWOT
observations. The total eddy count remains relatively stable ( ~400)
throughout the study period, peaking in October 2023 (about 500)
(Fig. 5a). Overall, cyclones outnumber anticyclones in each month.
Differences are also evident in their properties (Fig. 5, b-e). On average,
cyclones exhibit smaller radii, higher amplitudes, greater strength, and
larger Rossby numbers compared to anticyclones (Fig. 5b—e). Averaged
over the southern Beaufort Sea during the study period, the mean eddy
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radius is 10.4 km, the mean eddy amplitude is 1.46 cm, the mean eddy
strength is 10.1 cm/s, and the mean absolute Rossby number at eddy
centers is 0.14.

Across the Beaufort Sea south of 75°N, the total eddy count exceeds
600 in each summer month (Supplementary Fig. S4). The maximum
eddy count is also observed in October 2023, followed by August in both

2023 and 2024 (Supplementary Fig. S4). The mean eddy amplitude and
strength are generally higher in the BCR than in other areas, with
amplitudes exceeding 1.5 cm and strengths surpassing 10 cm/s in all the
summer months (Supplementary Fig. S5). In the MRR, the mean eddy
amplitude and strength are slightly higher than the average over the
Beaufort Sea (Supplementary Fig. S6).
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Fig. 4 | Small mesoscale eddies associated with river plumes detected by SWOT.
a, b 2 km resolution filtered sea level anomalies (SLA) from SWOT pass #5 a and
pass #13 b on August 6, 2024, overlaid over the 1/8° resolution gridded altimetry
SLA from August 6, 2024. The centers of the detected cyclones (blue dots) and
anticyclones (red dots) on the SWOT swaths are indicated. Zoom-in (c) sea surface
temperature (SST) and (d) chlorophylla concentration for the Mackenzie River
Region (MRR; blue box in Fig. 3). The edges of the detected cyclones (blue con-
tours) and anticyclones (red contours) on the SWOT swaths are shown. One
cyclone that was detected the next day, on August 7, 2024, is also shown with a blue

contour with 0.6 transparency. Black contour lines represent the isobaths of 60,
300, 1000, and 2000 m, with the isobath of 300 m in bold. Zoom-in view of the SLA
fields for (e) a cyclone (location indicated in (a)) and (f) an anticyclone (location
indicated in (b)), showing the eddy structure with superimposed geostrophic
velocity anomaly vectors observed by SWOT. g Time series of cumulative mer-
idional heat and freshwater fluxes associated with eddy trapping in the MRR during
three months of 1998 simulated by the ARC60 model. Only small eddies with a
radius smaller than 15 km are taken into account. An increase with time indicates
northward transport.

Although SWOT provides frequent coverage of the Beaufort Sea, the
daily sampling remains spatially limited. To assess whether the SWOT-
detected eddies are representative of the overall regional eddy properties,
we compared SWOT-derived eddy number and properties (polarity,
radius, amplitude, and strength) with those extracted from ARC60 model
output. The model data are interpolated onto the SWOT track swaths
and onto a regular grid covering the southern Beaufort Sea. This dual
interpolation approach allows us to assess potential sampling biases in
SWOT and model biases in ARC60.

During the summer months (August-October) in 2023 and 2024,
SWOT observations reveal a slightly asymmetric distribution of
cyclones and anticyclones, with a weak bias toward cyclones in terms of
eddy count (55.1% versus 44.9%). Cyclones exhibit marginally smaller
radii, higher amplitudes, and stronger strength compared to antic-
yclones (Fig. 6). The observed eddies are predominantly characterized
by radii of 5-15 km, absolute amplitude of 0.5-2 cm, and strength of
5-15 cm/s. When the ARC60 output is sampled along the same SWOT
track swaths for the summer months of 1997 and 1998, the model has a
substantially lower count of detected eddies, with a much stronger bias
toward cyclones (70.7% versus 29.3%; Fig. 6a). The model indicates a
systematic eddy size overestimation (Fig. 6b), a shift to higher eddy
amplitudes (Fig. 6¢), and a slight skew toward weaker eddies (Fig. 6d).
Our results underscore limitations in the high-resolution model’s
representation of eddy abundance, polarity, size, and, to some extent,
amplitude, addressing the value of SWOT for evaluating and improving
high-resolution models.

When interpolating daily model output onto a nominal 0.03° longitude
x 0.01° latitude grid covering the entire southern Beaufort Sea, the model
bias toward cyclones persists (76.2% versus 23.8%; Fig. 6a). The radius and
strength distributions become slightly more skewed between cyclones and
anticyclones (Fig. 6b and d). Although most eddies are smaller than 15 km, a
notable portion have radii larger than 25km, particularly for the antic-
yclones (Fig. 6b). These large mesoscale eddies are missed in the SWOT
tracks due to the 50 km swath width limitation. This contributes to the
difference between the two versions of eddy strength in model results
(Fig. 6d). While excluding eddies with radii larger than 25 km (Fig. 6e), the
SWOT-track-sampled and fully-gridded model data show more similar
distributions (Fig. 6e). These findings indicate that, despite its sampling
limitation in spatial coverage, SWOT observations effectively capture the
key statistical properties of mesoscale eddies in the region, except for those
larger than the swath width.

The characteristics of eddies derived from the 1/8°-resolution gridded
altimetry product (provided by Copernicus Marine Environment and
Monitoring Service; CMEMS) and from the gridded altimetry product
incorporating SWOT data (Multiscale Inversion of Ocean Science Topo-
graphy; MIOST) are further analyzed (Supplementary Fig. S7). In the
southern Beaufort Sea, eddies identified from these gridded products exhibit
a nearly equal partitioning between cyclones and anticyclones, consistent
with previous analyses”. Most eddies have radii larger than 15 km, sub-
stantially larger than those detected by SWOT. They also exhibit larger
absolute amplitudes but weaker strength. These gridded altimetry products
are unable to resolve small mesoscale eddies in the Arctic Ocean. As shown
above, the SWOT dataset enables the first quantitative and systematic
assessment of these small eddies.

Discussion and summary

This study investigates the spatial and temporal variability of surface
mesoscale features in the Beaufort Sea by utilizing the recent high-
resolution SWOT satellite observations. This technological advancement
enables the direct observation of small Arctic mesoscale eddies that were
previously undetectable with conventional satellite altimetry products
(Fig. 1). Our findings highlight the revolutionary potential of SWOT to
advance the understanding of Arctic mesoscale processes. By combining
the SWOT data with other satellite observations and a km-scale ocean
model, our study identifies key hotspots of eddy generation and reveals
their roles in transporting nutrient-rich freshwater from the shelf across
the continental slope of the Beaufort Sea. The unprecedented SWOT
resolution allows for robust estimates of eddy characteristics and statis-
tics during the summer months, providing valuable insights for ocean
model development and evaluation.

The SWOT observations reveal three hotspots of mesoscale eddies in
the southern Beaufort Sea, in contrast with lower eddy activity observed in
the interior of the Beaufort Gyre (Fig. 2). Eddy generation in the BCR is
driven by both barotropic instability introduced through horizontal current
shear” and baroclinic instability arising from density gradients””. These
processes are closely linked to the wind-modulated Pacific Water inflow
through the Barrow Canyon**. In the MRR, warm and fresh Mackenzie
River Water interacts with colder and saltier Arctic Water, creating drastic
density gradients that set an unstable background state favorable to bar-
oclinic instability”’. The upper circulation at the mouth of Amundsen Gulfis
predominantly wind-driven, and the presence of distinct water masses
forms frontal structures and catalyzes eddy generation***.

The observed coherence between eddy signatures from SWOT and
surface anomalies in SST and Chlorophyll a concentration suggests the
importance of mesoscale eddies in shelf-basin exchange in the southern
Beaufort Sea (Figs. 3 and 4). Results from the ARC60 model further support
this interpretation, showing that small mesoscale eddies trap and transport
heat and freshwater northward in the MRR during the summer months. By
modulating shelf-basin exchange, eddies could provide a shorter and more
efficient route for the poleward transport of heat, freshwater, and biogeo-
chemical tracers. This process has strong implications for freshwater con-
tent, upper-ocean stratification, sea ice cover, and biogeochemistry in the
interior Beaufort Sea'*™"".

For eddies with radii observable by SWOT (2-25km), our analysis
indicates a mean radius of about 10 km (Fig. 5), with a substantial fraction
smaller than this average (Fig. 6b). This addresses the necessity of the high
spatial resolution offered by SWOT for characterizing eddies in the Arctic.
Our analysis reveals a weak polarity bias toward cyclones in the southern
Beaufort Sea (Fig. 6a). This finding helps reconcile discrepancies among
different studies, including the reported anticyclone dominance from ITP
in-situ measurements'****, the cyclone dominance identified in SAR
imagery", and the strong cyclone bias in the high-resolution model ARC60.
The eddy characteristics and statistics, based on the SWOT analysis pre-
sented in this study, establish a fundamental basis for informing future high-
resolution ocean development and evaluation. Eddy properties derived
from ARC60, sampled along SWOT tracks and across the entire domain on
aregular grid, are broadly consistent for small mesoscale eddies (Fig. 6). This
confirms that SWOT’s capability to provide basin-scale eddy statistics
remains robust despite its intermittent orbital sampling,
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radius. ¢ Eddy absolute amplitude. d Eddy strength. e Eddy strength for the eddies
with radii smaller than 25 km. Eddies detected over the summer months of 2023 and
2024 from SWOT (1997 and 1998 from ARC60) are all considered. ARC60 SLA in
1997 (1998) is interpolated onto the SWOT track swaths in 2023 (2024). ARC60

(regular grid) represents the case in which the model SLA is interpolated onto a
regular 0.03° longitude x 0.01° latitude grid. The distributions for cyclones are shown
in blue, and anticyclones in red. The solid middle lines in the violin plots indicate the
median, while the upward- and downward-pointing triangles mark the 75th and
25th quantiles, respectively.

Despite its transformative capabilities, SWOT has certain limitations.
Thelong repeat cycle of the SWOT orbital tracks means that we cannot track
the evolution of eddies, making it difficult to obtain eddy trajectories,
translational speeds, and their lifetimes. Additionally, the SWOT swath
width excludes the detection of eddies with radii larger than 25 km. Future
research should leverage longer time series of SWOT observations and
explore synergies with other satellite missions, hydrographic measurements,
and high-resolution ocean modelling to deepen our understanding of eddy
dynamics and their climatic and biogeochemical implications in the high-
latitude oceans. Compared with SWOT observations, the high-resolution
ocean model tends to simulate fewer and larger eddies with an amplified
asymmetry in polarity. Besides inherent model biases, differences in the
years considered may also contribute to these discrepancies.

Methods
SWOT data
After 20 years of preparation, planning, and development, the SWOT
satellite mission was successfully launched in December 2022. This
dataset allows the observation of finer-scale ocean surface structures and

provides a critical benchmark in understanding ocean dynamics. We
leverage the latest SWOT_L3_LR_SSH [‘Expert’] product version 3.0, which
is derived from the L2 SWOT Ka-band Radar Interferometer (KaRIn) low
rate ocean data products provided by NASA/JPL and CNES, with partici-
pation of the Canadian and British space agencies. This dataset is produced
and made freely available by the AVISO and DUACS teams as part of the
DESMOS Science Team project”’. The L3 product has been cross-calibrated
with the DUACS SLA dataset to enable direct comparison and demonstrates
clear improvements in resolution and accuracy.

The SWOT measurements along a Nadir altimeter track include two
50-km-wide KaRIn 2D swaths with a gap of 20 km in between. We have
chosen the filtered Sea Level Anomaly (SLA) field for our analysis, which
has undergone corrections, calibration, and noise reduction. The spatial
resolution of the SWOT SLA measurements is 2 km™. The denoising and
filtering algorithm applies a convolutional neural network (CNN) that is
based on a U-Net architecture and is retrained with the NEMO-eNATL60
ocean model with tides*. The retraining is conducted using random-wave-
modulated white noise at 250 m resolution, followed by the application of a
Hamming filter to replicate the 2 km downscaling performed in the ground
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processing segment. The detailed processing methodology is described in
Tréboutte et al. * and Dibarboure et al. . The instrument noise in SWOT
data has been reduced by approximately an order of magnitude compared
to traditional radar altimetry and was found to be less than 0.4 cm™. To
ensure statistical robustness, only eddies with absolute amplitude greater
than 0.5 cm are included in our analysis. The SLA field used is referenced
to a beta version of the mean sea surface (MSS) CNES_CLS_2025"". The
MSS error along the SWOT KaRlIn tracks accounts for only 2.7% of the
estimated SLA variance at wavelengths between 10 and 100 km. This
represents a significantly improved level of accuracy compared to the
previous hybrid MSS product™. The temporal evolution of the detected
eddies suggests that noise in the MSS has a minor impact on eddy iden-
tification (Supplementary Fig. S3).

The SWOT mission has a nominal operational lifetime of
42 months, comprising three sequential phases: a 3-month engineering
checkout period, a 3-month calibration and validation phase from
March 29 to July 11, 2023, and a minimum planned 36-month science
phase for global mapping operation starting from July 26, 2023”. In the
Beaufort Sea, the SLA field with sea ice concentration above 30% is
masked. We utilize the SWOT’s 21-day cycle data from the science
phase and reorganize them by month for 2023 and 2024, enabling us to
better quantify the temporal variability in the eddy statistics. We con-
duct our analysis during the three summer months (August, September,
and October) for these two years when the Beaufort Sea is completely
sea ice-free to exclude the influence of sea ice on the observations.

Gridded altimetry and SSS data

The gridded satellite altimetry data for SLA and Sea Surface Salinity (SSS)
are freely made available by the Copernicus Marine Environment and
Monitoring Service (CMEMS; http://marine.copernicus.eu/). The SLA
product is processed by the DUACS multimission altimeter data processing
system’ (http://duacs.cls.fr) that is developed by CNES/CLS (product ID:
SEALEVEL_GLO_PHY_IL4_MY_008_047). The SLA is estimated using
Optimal Interpolation (OI), which combines L3 along-track measurements
from multiple available altimeter missions, ranging from GEOSAT to Jason-
3, and serves in delayed-time applications. The data are provided daily on a
1/8° regular grid, which provides ~14km horizontal resolution in the
Beaufort Sea. The SSS product provides Near-Real-Time (NRT) daily data at
1/8° resolution, which is obtained through a multi-dimensional (multi-
variate) OI algorithm that combines SSS images from multiple satellite
sources including NASA’s Soil Moisture Active Passive (SMAP) and ESA’s
Soil Moisture Ocean Salinity (SMOS) satellites with in-situ salinity mea-
surements and satellite SST information (product ID: MULTI-
OBS_GLO_PHY_S_SURFACE_MYNRT_015_013). The product was
developed by the CNR***. The global Multiscale Inversion of Ocean Science
Topography (MIOST) gridded altimetry product (L4) integrates nadir
along-track data from CMEMS and wide-swath SWOT L3 v2.0.1 data,
combining them using mapping techniques, including multiscale and

56,57

multivariate interpolation and data-driven interpolation approaches™’.

VIIRS SST and ocean color data

The Sea Surface Temperature (SST) and Chlorophyll a concentration are
derived from the Suomi National Polar-orbiting Partnership (NPP) Visible
Infrared Imaging Radiometer Suite (VIIRS) satellite. The VIIRS builds upon
and extends the measurements collected by its predecessors, such as NASA’s
MODIS and NOAA’s AVHRR™. It captures global satellite observations
spanning the visible and infrared wavelengths over land, ocean, and
atmosphere, including nighttime lights. We utilize the NRT L2 VIIRS
dataset at a 750 m resolution, which is available from the NASA Ocean
Color archives (https://oceancolor.gsfc.nasa.gov/). Although the VIIRS
observations are sparse in the Beaufort Sea, they have undergone standard
atmospheric correction to account for atmospheric and sea surface effects.
They are thus less susceptible to common artifacts, including sun glint, thin
clouds, stray light, and sensor saturation, and are well-suited to identify

mesoscale eddy surface signatures™.

High-resolution numerical model setup

We use the coupled ocean-sea ice model Nucleus for European Modelling of
the Ocean (NEMO version 3.6; https://www.nemo-ocean.eu). NEMO
includes Océan PArallélisé (OPA) engine for ocean dynamics and ther-
modynamics, and Louvain-la-neuve Ice Model (LIM) module for sea-ice
dynamics and thermodynamics® . Based on the NEMO framework,
ARC60 is a pan-Arctic configuration that covers the whole Arctic Ocean
with an extremely high mesoscale eddy-resolving resolution of 1/60°,
extracted from the corresponding tripolar ORCA grids. This is a 1/60°
configuration with 50 vertical levels. In the Beaufort Sea, the horizontal
resolution is about 800 m. The initial conditions, including 3D ocean fields
(temperature, salinity, zonal and meridional velocities) as well as 2D SLA
and sea ice fields (concentration and thickness), are obtained from the
GLobal Ocean ReanalYsis and Simulations 2 version 4 (GLORYS2v4)
produced by Mercator Ocean®. Monthly open boundary conditions
(temperature, salinity, and horizontal ocean velocities) are also derived from
the GLORYS2v4 dataset. The atmospheric forcing (10 m wind, 2 m air
temperature, specific humidity, precipitation minus evaporation, and
radiation fluxes) is obtained from the ERA5 reanalysis product, which has
high spatial and temporal resolution”. ARC60 features tides*® and embeds
both liquid runoff and solid ice discharge from Greenland®”"*’. The back-
ground vertical diffusivity is 107> m?/s, and vertical viscosity is 10™* m*/s.
The turbulent kinetic energy (TKE) scheme is applied to represent vertical
mixing’’. ARC60 is still running, and we now have an integration for the first
seven years, from 1993 to 1999, at the time of writing this paper. Model
outputs for 1997 and 1998 are used for our purpose to understand the
representativeness of eddies observed along the SWOT tracks for the overall
eddy properties in the study region.

Eddy detection scheme

Our analysis focuses on eddies with clearly identifiable surface signatures.
Eddies are detected from 2-km SWOT track swaths, gridded altimetry
products, and ARC60 model output using a widely adopted contour-based
method applied to the SLA field”'. The closed contours were scanned from
the SLA field with an interval of 0.1 cm. The eddy center is defined as the
average position of the innermost closed contour, while the eddy edge
corresponds to the outermost closed contours that enclose no more than
one eddy center. The eddy radius is computed as the radius of a perfect circle
that has the same area as the detected eddy, and the eddy amplitude is
calculated as the SLA difference between the eddy center and the eddy edge.
A cyclone has a negative amplitude, whereas an anticyclone has a positive
amplitude with an elevated surface height in the center. Since most of the
detected eddies in the Beaufort Sea are mesoscale eddies and thus in
approximately geostrophic balance (Supplementary Fig. S1), the eddy
strength is definedas V = | }5% | where gis the gravitational acceleration, fis
the Coriolis parameter, Az denotes the eddy amplitude, and Ar is the eddy
radius. Considering the SWOT accuracy, eddies with the absolute values of
amplitudes smaller than 0.5 cm are neglected.

To determine how circular an eddy is, we compute the eddy
roundness as R = “Z4 where A is the area enclosed by the eddy edge, P is
the perimeter of the eddy. The results show that more than 90% of the
detected eddies with absolute amplitude larger than 0.5cm in the
Beaufort Sea are coherent eddies with roundness larger than 0.6 (Sup-
plementary Fig. S8). Since the vast majority of detected eddies are both
strong and coherent, it suggests that the signals from internal waves,
which are difficult to be distinguished from eddies’, do not have a strong
influence on the detection of small mesoscale eddies.

Rossby number
In a two-dimensional horizontal oceanic flow, the relative vorticity arising
from ocean circulation is defined as { = % - ‘3—;, where u and v represent the

zonal and meridional SWOT-derived surface geostrophic velocity, respec-
tively. A positive value { indicates a cyclonic circulation, while a negative
value signifies an anticyclonic circulation. The planetary vorticity, also
known as the Coriolis parameter £, results from Earth’s rotation and is given
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by f = 2Qssin ¢, where Q = 7.292 x 107> rad/s is the angular velocity of
Earth’s rotation, and ¢ is the latitude. The Rossby number is the relative
vorticity normalized by the Coriolis parameter Ro = ¢, which we use to
illustrate eddy polarity and determine whether the eddies are mesoscale

(Ro~0(0.1)) or submesoscale (Ro~O(1))”.

Heat and freshwater fluxes of eddies

To illustrate the role of eddies in shelf-basin exchange, we estimate the
meridional surface heat and freshwater transport induced by eddy trapping
by combining eddy translational velocity, eddy size, and the mean SST and
SSS anomalies within each eddy. Integrated meridional heat and freshwater
fluxes carried by eddies are computed as follows’:

Fy=v-(2R)-p, - ¢,SST’

S — 555
Fry =v-(2R)- s
ref

(1

@

Where v is the meridional translational velocity of an individual eddy, R is
the radius of the eddy, p, = 1025kgm > is the mean seawater density, and
= 4200] kg—' K™') is the average specific heat capacity for seawater.
The daily SST anomaly at the grid point is defined relative to the mean
state of the SST during summer months (August-October) in 1998 at the

respective grid point, and the eddy-mean anomaly is calculated by averaging
within the eddy boundary. Freshwater (FW = stﬂ> is defined with

respect to a reference salinity S, = 34.8, which represents the Arctic mean

%

rof

salinity. The freshwater anomaly associated with each eddy is calculated in a
manner similar to the SST anomaly. Cumulative fluxes are obtained by
integrating the daily meridional fluxes over the summer months and across
the MRR. An increase in their values indicates northward transport of heat
or freshwater. Because our objective is mainly to demonstrate that the
observed small eddies can facilitate offshore transport of heat and fresh-
water, we focus here on the transport associated with eddy trapping. The
contribution of eddy stirring due to eddy rotation motion”, which also
drives offshore heat and freshwater transport across meridional tempera-
ture and salinity gradients, is not considered in this study.

Data availability

All data used in this study are publicly accessible. The SWOT Level-3 KaRIn
SSH data are available from the AVISO repository (https://doi.org/10.
24400/527896/A01-2023.018). The gridded satellite data can be down-
loaded from (https://doi.org/10.48670/moi-00148) for SLA and (https://doi.
0rg/10.48670/moi-00051) for SSS. The MOIST Level-4 SSH data can be
accessed through (https://doi.org/10.24400/527896/a01-2025.001). The
VIIRS SST and ocean color data are available at (https://oceandata.sci.gsfc.
nasa.gov/directdataaccess/Level-2/SNPP-VIIRS/). The ARC60 simulation
source code can be accessed from (https://doi.org/10.5683/SP3/D4A9CL).

Code availability

The data analysis and plotting were performed using MATLAB R2018b.
Codes that were created in this study are available from the corresponding
author or the first author upon reasonable request.
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