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ABSTRACT

41 Qinbiao Ni', Chengyan Liu' and Dake Chen'%*

Antarctic marginal seas are crucial for the global climate, but direct observations, especially of
mesoscale ocean eddies, remain scarce. Here, by analyzing the unprecedented high-resolution sea
surface height data provided by the recently launched Surface Water and Ocean Topography (SWOT)
satellite, we reveal a widespread presence of mesoscale eddies across the Antarctic continental shelf.
The geographic distributions of the observed eddies, along with eddy-resolving model simulations,
support the hypothesis that ice shelf basal melting and dense shelf water formation are key processes
driving the prevalent eddy activity. Our findings highlight the potential of innovative satellite
measurements for monitoring critical Antarctic oceanic processes, and the need to resolve the

abundant Antarctic ocean eddies in climate models.
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INTRODUCTION

Antarctic marginal seas are characterized by a va-
riety of dynamical processes, such as ice shelf basal
melting driven by warm water intrusions [1-3],
and dense shelf water (DSW) formation result-
ing from brine rejection during strong sea ice pro-
duction in coastal polynyas [4,5]. These processes,
distributed across the Antarctic marginal seas, are
crucial for global overturning circulation, sea level
rise, ocean stratification, and carbon sequestration
[6-9]. Mesoscale eddies are critical to regional and
global processes in the climate system [10,11], and
may thus be anticipated to play similarly important
roles in Antarctic shelf processes. However, the
occurrence, characteristics and role of mesoscale
eddies over the Antarctic continental shelf remain
poorly understood [12,13]. This knowledge gap
arises from the challenges of observing and mod-
eling mesoscale oceanic eddies in these remote and
complex regions [14,15].

Both ice shelf melting and DSW formation cre-
ate cross-shelf density gradients, which may be an-
ticipated to lead to an energetic mesoscale eddy
field via hydrodynamic instabilities [16,17]. How-
ever, in situ observations in Antarctic marginal

seas have mainly relied on ship cruises and moor-
ings [17-23]. These observations are limited to
specific sites and lack the spatial-temporal cover-
age necessary to fully describe the pan-Antarctic
mesoscale oceanic processes [24-27]. In contrast,
satellite observations can survey oceanic flows
across the entire Antarctic margins, provided that
those flows exhibit substantial surface signals.
Satellite data have been widely used to study
large-scale and mesoscale ocean circulations in the
broader Southern Ocean [28-31]. However, tra-
ditional altimetry provides only along-track one-
dimensional sampling, and multi-satellite com-
bined sea surface height (SSH) data are too
coarsely spaced (~25 km) to resolve mesoscale
processes in Antarctic marginal seas [30], where
the Rossby deformation radius is typically <5 km
[32-34]. Similarly, studies using numerical simu-
lations are limited by the small scales of Antarc-
tic shelf mesoscale features, typically focusing on
specific areas of the continental shelf [34-37]. The
lack of an observational complement to such stud-
ies leaves a critical gap in our understanding of
mesoscale eddies around the Antarctic continen-
tal shelf.
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The recently launched Surface Water and
Ocean Topography (SWOT) satellite marks a ma-
jor advancement over traditional altimeters by
providing a two-dimensional SSH product, with
relatively fine (2 km) grid spacing [38,39]. This
resolution is comparable to the Rossby defor-
mation radius (~2-5 km) [33,34] in Antarc-
tica’s marginal seas, suggesting that we can study
mesoscale processes and estimate flow speed and
direction through geostrophic balance. This ad-
vance in observational capability is therefore anal-
ogous to the advent of traditional altimetry for
studying mesoscale eddies in the open ocean, as
the resolution of traditional altimetry is compa-
rable to the deformation radius there [32,40].
With a single SWOT swath spanning 50 km
in width, this data can resolve eddies with radii
ranging from ~2 to 25 km, which cover the
scale of mesoscale eddies expected in Antarctic
marginal seas [33,34]. This capability offers an
unprecedented opportunity to comprehensively
characterize pan-Antarctic surface mesoscale ed-
dies, providing novel insights into the dynamical
processes occurring around the Antarctic coast.

In this study, using SWOT observations, we
present the discovery of abundant mesoscale ed-
dies around the Antarctic continental shelf, and
describe their statistical features. We find that
these eddies are prevalent near rapidly melting
ice shelves and DSW formation regions. Comple-
mentary high-resolution idealized simulation ex-
periments support our hypothesis that both ice
shelf meltwater plumes and DSW formation in
coastal polynyas contribute to the generation of
these eddies.

HIGH EDDY ACTIVITY OBSERVED BY
SWOoT

Daily eddy tracking reveals that the geostrophic
length scale can indeed be as small as ~5 km (Fig. 1
and Fig. S1), comparable to the spatial resolu-
tion of SWOT data. Given that the flows are ex-
pected to be approximately in geostrophic balance,
and this enables the estimation of horizontal near-
surface flow from the SSH gradient:

Here, (u,v) are the zonal and meridional
geostrophic velocity, respectively, g is the gravi-
tational acceleration, f the Coriolis parameter, 1
the absolute dynamic height, V the eddy strength,
and An and Ar are eddy amplitude (the SSH dif-
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ference between eddy center and edge) and radius
(see Methods), respectively. From these estimates,
we calculate the kinetic energy (KE) associated
with the geostrophic velocity (Fig. 1a). Since each
SWOT pass observes two 50km-wide swaths
(Fig. 1c—f), achieving full coverage of Antarctica
requires multiple passes over the ~21-day orbital
cycle. Due to swath overlap during this period (see
Methods and Fig. S1), only the most recent swath
is shown in Fig. 1a.

SWOT SSH data are limited by sea ice cover-
age [41], so we focus on cycle 11 (14 February to 6
March 2024), during which pan-Antarctic sea ice
extent is near its annual minimum (other available
cycles are shown in Fig. S2). Figure 1a shows that
KE along the Antarctic margins is substaintially
stronger than in offshore regions and exhibits pro-
nounced spatial variability. To validate that the
strong KE is associated with activity of mesoscale
eddies, we further identify eddies using closed SSH
anomaly contours [32,42]. Specifically, we detect
eddies in each swath and aggregate them across a
SWOT cycle (see Methods). The results reveal a
spatial distribution of eddies (Fig. 1b) consistent
with the KE spatial pattern, supporting our asser-
tion that the KE distribution is primarily driven
by mesoscale eddies. To provide a quantitative un-
derstanding of the observed eddy characteristics,
we analyze the features of the detected eddies from
this SWOT cycle around the Antarctic marginal
seas (Fig. 2).

Our analysis reveals that the total number
of cyclonic eddies (rotating clockwise, 60%) ex-
ceeds that of anticyclonic eddies (rotating counter-
clockwise, 40%) (Fig. 2a), consistent with the pos-
itive skew in the vorticity probability density dis-
tribution toward cyclonic values (Fig. S3). Such
a cyclonic dominance could be explained by the
well-known cyclone-anticyclone asymmetry that
occurs, in part, because anticyclonic eddies are un-
stable under strong rotation [43]. Most of the eddy
amplitudes fall within 2 cm (Fig. 2a), and over half
of the detected eddies have radii between 5 and
10 km (Fig. 2b). These results are consistent with
the small Rossby deformation radius characteristic
of the Antarctic marginal seas [33,34]. By combin-
ing eddy amplitude and radius, the estimated eddy
strength is concentrated in the range of 5-20 cm/s
(Fig. 2c). Figure 2d illustrates the relationship be-
tween the eddy amplitude, radius, and strength
across the entire population of detections.

Although eddies are widespread around the
Antarctic margins, their distribution exhibits sig-
nificant spatial variability. For example, strong
and concentrated eddy activity is observed in
the Bellingshausen-Amundsen Sea and the Ross
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Figure 1. SWOT observations. (a) Snapshot of kinetic energy (KE) from cycle 11 (14 February—6 March 2024). (b) Eddies identified by closed
contours of sea surface height (SSH) anomaly accumulated over the 21-day cycle, with color shading representing eddy geostrophic rotational
speed (Equation 1). Only eddies with SSH anomaly amplitudes exceeding 1 cm are shown. Black and light purple shading indicate ice shelf and
sea ice coverage, respectively. Areas with sea ice concentration >40% are masked (see Methods). The red and black ellipses mark regions
in which ice shelf meltwater and DSW formation are expected to dominate cross-shelf density gradients, respectively. The red dashed ellipse
indicates the region with strong Antarctic Slope Current. The circum-Antarctic black line indicates the 1000 m isobath. Open ocean areas are
masked (see Methods). (c-f) Daily SSH anomaly evolution in the southern Ross Sea (black rectangle in panel b) from SWQT cycle 09. Black
circles denote eddy boundaries, while black and red dots mark the centers of cyclonic and anticyclonic eddies, respectively. Panel c illustrates
examples of eddy amplitude (A) and radius (R). The data are projected from geographic coordinates onto Cartesian distance coordinates, with
the domain centered at 76.8°S, 179.8°W.

Sea (Fig. 1b), where the Antarctic Slope Current
(ASC) is relatively weak or absent [15], allowing
the dominant eddy generation mechanisms to be
more clearly distinguished. The ice shelf cavities
in the Bellingshausen-Amundsen Sea sector ex-
hibit the largest area-averaged basal melting rates
of all Antarctic ice shelves [1,3] (Fig. S4), poten-
tially generating strong mesoscale eddies through
outflowing meltwater plumes [44]. In the Ross
Sea, the abundance of eddies aligns with the path-
ways of DSW export [19,45], suggesting that the
latter leads to formation of eddies with detectable
surface expression [36,46]. Ice shelf melting and
DSW formation are also prevalent in East Antarc-
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tica and may therefore contribute to eddy activ-
ity there [1,4]. In contrast, instabilities of the ASC
[15,47] may play an important role in eddy gen-
eration in regions such as the Lazarev and Riiser-
Larsen Seas, where strong KE is concentrated
along the 1000 m isobath, indicating an intensified
ASC (Fig. 1a). The locally enhanced meltwater in-
put from the widespread ice shelf cavities in the
Lazarev and Riiser-Larsen Seas [48,49] (Fig. S4)
may also contribute.

In summary, observations lead us to hypothe-
size that both ice shelf melting and DSW forma-
tion are key drivers of surface eddy activity along
Antarctic margins. In the following sections, we
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Figure 2. Eddy statistical characteristics around Antarctica’s coast. (a) Eddy amplitude, defined as the sea surface
height difference between eddy center and edge (center minus edge), with negative values corresponding to cyclonic
eddies. (b) Eddy radius. (c) Eddy strength, defined by a bulk estimate of the eddy geostrophic flow speed (Equation 1).
(d) Relationship between eddy amplitude, radius, and strength. Eddies with absolute amplitudes <0.6 cm are excluded
to minimize the influence of measurement uncertainty on the statistical characteristics (see Methods).

test this hypothesis via targeted model simulation
experiments.

EDDIES GENERATED BY ICE SHELF
MELTWATER EXPORT

To better represent the distribution and rotation
of eddies, we define the vortex Rossby number
(R,,) as

(2)

where & = % — g—; is the relative vorticity [50].
The calculated R,, are similar whether using sim-
ulated surface velocity or surface geostrophic ve-
locity derived from simulated SSH in our model
(Fig. S5), with a root mean square deviation of
0.02, corresponding to 20% of the spatial stan-

dard deviation (see Methods). This supports our

Page 4 of 10

approach of calculating the R, from the SWOT-
observed SSH via geostrophic balance.

SWOT observations in the Bellingshausen-
Amundsen Sea reveal vigorous mesoscale or even
submesoscale eddy activity [51] (Fig. 3a), with spa-
tial patterns that closely follow strong lateral den-
sity gradients [52]. To elucidate whether ice shelf
melting alone can lead to the generation of surface
eddies in the vicinity of ice shelf cavities, we con-
ducted idealized numerical model simulations (see
Methods). These simulations use an initial verti-
cal stratification representative of typical Antarc-
tic coastal regions (Fig. S6), while assuming hori-
zontally uniform density to initialize the ocean in
a resting state. The ice shelf is 200 m thick at the
front, gradually thickening to 500 m at the south-
ern boundary (Fig. 3e).

The model results indicate the presence of
strong surface eddies, supporting the hypothesis
that meltwater plumes alone can trigger eddy gen-
eration [17,53]. To examine the influences of dif-
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Figure 3. Observations and numerical experiments for eddies induced by ice shelf melting. (a) Snapshot of vortex Rossby number in the
Bellingshausen-Amundsen Sea from SWOT observations (14 February-6 March 2024). Black and light purple shading indicate ice shelf and
sea ice coverage, respectively. (b) Snapshot (daily mean) of surface vortex Rossby number in an experiment with an area-averaged ice shelf
melt rate of 11.3 m per year. (c) Spatially integrated EKE vs. ice shelf melt rate. EKE is calculated for the entire water column (red dots) and
the surface layer (defined as the upper 10 m of the water column, blue dots), excluding the ice-shelf cavity. Values are averaged over the last
180 days (Fig. S7), with the error bars representing the temporal standard deviation. (d) EKE vertical distribution for each 10-m-thick layer,
normalized by total EKE in the corresponding experiment (see Methods). (e) Cross-section of zonally averaged potential density (referenced
to 0 dbar), with the horizontal extent indicated in panel b.

ferent melt rates, we conducted a series of sen-
sitivity experiments, varying the ice-shelf basal
drag coefficient while keeping all other aspects of
the model configuration unchanged. The results
show that the total eddy kinetic energy (EKE, see
Methods) increases super-linearly with melt rate,
with a more pronounced increase in the surface
layer (Fig. 3c). The latter is further illustrated by
the normalized vertical distribution of EKE (Fig.
3d), which indicates that stronger melt rates re-
sult in EKE becoming more concentrated in the
surface layer, making it more easily detectable via
satellite observations. This phenomenon can be
interpreted as follows: under the conditions of
weak melting, the meltwater plume mixes with
denser ambient water before it can upwell to the
surface. Consequently, the baroclinic instability-
induced eddies are concentrated at the pycnocline
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depth (~100 m; see Fig. 3d—e and ref. [22,54]). In
contrast, stronger melting generates a larger vol-
ume of meltwater, facilitating upwelling to shal-
lower depths and producing stronger eddies in the
surface layer. These findings suggest that satellite
altimetry could potentially be used to monitor ice
shelf meltwater discharge indirectly, particularly
given the decrease in sea ice cover and increase
in ice shelf melting projected under future climate
change [55].

EDDIES GENERATED BY DSW FORMATION

In the Ross Sea, intensified sea ice formation
and the associated brine rejection in polynyas
lead to formation of DSW, which resides on
the continental shelf and is exported offshore
primarily through the Drygalski Trough (DT)
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Figure 4. Observations and numerical experiments on eddies generated by DSW formation and export. (a) Snapshot of vortex Rossby number
in the Ross Sea from SWOT observations (25 January-14 February 2024). Black arrows indicate the approximate export pathways of DSW
[45,58]. DT: Drygalsky Trough; GCT: Glomar Challenger Trough. Black and light purple shading indicate ice shelf and sea ice coverage, respec-
tively. (b) Snapshot (daily mean) of surface Rosshy number in an experiment with DSW salinity of 35 psu. The region with tilted lines near the
southern boundary of the trough indicates the location where dense water restoring is applied. (c) Spatially integrated EKE vs. salinity. EKE
is calculated for the entire water column (red dots) and the surface layer (10 m thick, blue dots). Values are averaged over the last 200 days
(Fig. S8), with the error bars representing the temporal standard deviation. (d) EKE vertical distribution for each 10-m-thick layer, normalized
by total EKE in the corresponding experiment (see Methods). (e) Cross-section of zonally averaged potential density (referenced to 0 dbar),
over the horizontal extent shown in panel b. Note that the spatial region analyzed in panels c-e is confined to the trough area.

and Glomar Challenger Trough (GCT) [45]. The-
oretically, the density difference between DSW
and its ambient waters can induce baroclinic
instability, leading to the generation of mesoscale
eddies [36,56,57]. However, direct observational
evidence for this process at such small scales
remains lacking.

The snapshot of SWOT observations shows
that a high density of eddies with relatively high
vortex Rossby numbers are found in both the
DT and GCT (Fig. 4a), closely aligning with the
pathways of DSW export [45]. This suggests that
DSW formation and its export can lead to gener-
ation of mesoscale eddies, whose flows extend to
the surface. To further investigate this, we con-
ducted an idealized model experiment excluding

Page 6 of 10

the ice shelf but incorporating a large embayment
and a trough (Fig. 4b). Similar to previous stud-
ies [46,48,59], dense water was restored at the
southern boundary of the trough to mimic the
formation of DSW, serving as the only driver
of oceanic motions in our model. Note that we
only restore DSW at depths below 300 m (Fig.
4e), so any surface eddies present can be un-
ambiguously attributed to DSW from the ocean
interior.

The model results reveal a concentration of
surface eddies within the trough on the conti-
nental shelf (Fig. 4b), providing evidence that
the export of DSW can indeed produce sur-
face eddy signals. To assess the sensitivity of
this result, we performed a series of experiments
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varying the salinity of DSW (see Methods). These
sensitivity experiments reveal that both total and
surface-layer EKE increase nearly linearly with in-
creasing DSW salinity (Fig. 4c). While EKE be-
comes more concentrated in the surface layer for
denser DSW, its maximum consistently occurs in
the ocean interior and decays toward the surface
(Fig. 4c and d). These results further support
our hypothesis that the density gradients associ-
ated with DSW outflow drive the generation of
mesoscale eddies. Although eddy strength weak-
ens toward the surface, the presence of surface sig-
nals suggests that satellite altimetry may be used
to monitor DSW production and export indirectly
via the eddy field.

SUMMARY AND DISCUSSION

The relatively small Rossby deformation radius
(~2-5 km) around the Antarctic marginal seas
has heretofore hindered both observations and
numerical simulations of mesoscale eddies, leav-
ing a major gap in community understanding of
Antarctic continental shelf processes [15,17]. In
this study, we reveal the pan-Antarctic abundance
and characteristics of eddies by employing SWOT
observations. Statistics drawn from the popula-
tion of observed eddies show that ~70% of the ed-
dies have a radius smaller than 10 km. Similar re-
sults are found in regional statistics (Fig. S9), as
well as in pan-Antarctic statistics across multiple
cycles (Fig. S10). Model-derived statistics are gen-
erally consistent with the observations, although
eddy radii tend to be slightly larger with the ideal-
ized model configurations (Fig. S11). Strong eddy
activity is found to be co-located with regions in
which ice shelf meltwater is discharged (for exam-
ple, the Bellingshausen—-Amundsen Sea) or DSW
is formed and exported (for example, the Ross
Sea), suggesting that the cross-shelf density gra-
dients resulting from these processes serve as the
source of the eddy energy. This mechanism is sup-
ported by a series of idealized numerical experi-
ments, which show that eddies become more con-
centrated in the surface layer as ice shelf melting
and DSW density increase, implying potential ap-
plications of SWOT for monitoring changes in ice
shelf melting and DSW export [60]. Ongoing sea
ice decline, resulting in larger ice-free area, will fa-
cilitate satellite observations of eddies around the
pan-Antarctic marginal seas, providing improved
insights into their changes and impacts.

Ice shelf melting and DSW formation are
widespread around Antarctica [1,4] and may
therefore also play an important role in eddy ac-
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tivity in other regions along the Antarctic mar-
gins (Fig. 1b). For instance, strong eddies are ob-
served near the Totten Ice Shelf (Fig. 1), where
the melt rate is high (Fig. S4). Similarly, the im-
pact of DSW on eddy activity is likely manifested
in other typical DSW formation regions, such as
Adélie Land and Cape Darnley (Fig. S2), where
some DSW may persist into early summer [20,21].
Additionally, eddy characteristics also vary signif-
icantly across different SWOT cycles (Fig. S12),
potentially reflecting eddy evolution (Fig. S1) as
well as temporal variability in DSW export and
ice shelf meltwater upwelling. To fully assess these
variations, a more rigorous evaluation of SWOT
measurement precision is needed to determine
how accurately changes in the eddy field can be
quantified.

It is noteworthy that ice shelf melting and
DSW export may interact in specific regions,
though we simulated them separately for clar-
ity. In the Ross Sea, for example, strong eddies
in the GCT (Fig. 4a) coincide with a pathway
of ice shelf meltwater export in austral summer
[23,58], suggesting that meltwater-induced eddies
may also enhance eddy abundance there. In East
Antarctica, instabilities of the ASC [47,49] may
coincide with both ice shelf melting and DSW
formation, jointly influencing local eddy activ-
ity. Other potential mechanisms, such as freezing
and melting at the sea ice edge [30,61], were not
examined in this study, yet they could play an im-
portant role during seasonal transitions. Quanti-
tatively disentangling the relative contributions of
different processes to eddy generation warrants
further research, and will be essential for practi-
cally applying new-generation satellite measure-
ments such as SWOT to monitor various ocean
processes around Antarctica.

Eddies detected through closed SSH anomaly
contours may contain some contamination from
internal waves, which are primarily generated by
tides and high-frequency wind forcing [62]. How-
ever, diurnal internal tide generation is suppressed
at high Antarctic latitudes due to their location
poleward of the critical latitude (~30°) [63]. While
semidiurnal tides may generate internal tides over
the Antarctic continental shelf, their weak am-
plitudes (Fig. S13) suggest a minimal contribu-
tion. Notably, most of the Ross Sea continen-
tal shelf lies poleward of the semidiurnal criti-
cal latitude (~74.5°), further suppressing inter-
nal tide generation. In addition, the persistence of
eddy hotspots (Fig. S12), in contrast to surround-
ing low-activity regions, suggests little influence
from wind-driven internal waves. Therefore, the
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observed SSH signals are likely to be primarily
caused by geostrophic eddies. Nevertheless, fur-
ther work is required to fully assess the dynamical
composition of the observed SSH signals.

Uncertainties remain in the SWOT product
due to the complex Antarctic coastal environ-
ment and potential geodetic errors [64], which
may introduce eddy-like artifacts and warrant
further investigation. Despite these limitations,
the pronounced variations in vorticity (Fig. S14)
and KE (Fig. S15) over successive SWOT cycles
suggest the impact of these uncertainties re-
mains limited. Moreover, the spatial coincidence
between eddy hotspots and elevated chlorophyll-
a and phytoplankton carbon concentrations
(Fig. S16) provides independent evidence, and
also suggests that eddies may play an important
role in biogeochemical processes [16,53], with
broader implications for Antarctic ecosystems.
Sea ice limits SSH observations to the austral
summer, constraining assessment of seasonal
variability. Even during summer, it obscures
some of the circum-Antarctic regions, especially
in the Weddell Sea, thus limiting a comprehen-
sive understanding of the eddy field. In addition,
our calculations are based on the assumption of
geostrophic balance, which may introduce bias in
regions with elevated vorticity. Finally, SWOT
observes only the surface expression of eddies.
Although our idealized model offers some insight
into their dynamics, future work should incor-
porate realistic high-resolution modeling and
interior ocean observations to investigate their
full three-dimensional structure and impacts.

METHODS

Detailed descriptions of methods are presented in
the Supplementary materials.

DATA AVAILABILITY

The SWOT L3 Version 3.0 dataset is cited in reference [65].
Sea ice concentration data are derived from SWOT L2 dataset
and are publicly available from AVISO+ at: https://tds-odatis.
aviso.altimetry.fr/thredds/catalog/dataset-12-swot-karin-Ir-
ssh-validated/catalog.html. The Chlorophyll-a and phyto-
plankton carbon data used in this study are publicly available
from NASA’s Ocean Biology Distributed Active Archive
Center (OB.DAAC) at: https://oceandata.sci.gsfc.nasa.gov/
directdataaccess/. The MATLAB code for eddy detection, the
MITgem model configuration files, and the MATLAB code
for generating input files are available at: https://zenodo.
org/records/14735345.

SUPPLEMENTARY MATERIAL

Supplementary material are available at NSR online.

Page 8 of 10

ACKNOWLEDGEMENTS

X.H. would like to thank Yongtao Huang and Xin Wu for
their assistance in this study, and Yidongfang Si, Zhiyu Liu and
Chuanyin Wang for helpful discussions. The authors grate-
fully acknowledge the SWOT team for their efforts in data
collection.

FUNDING

This work was supported by the National Key Research and
Development Project of China (2024YFF0506600), the Na-
tional Natural Science Foundation of China (42530406 and
42306252), and the Independent Research Projects of South-
ern Marine Science and Engineering Guangdong Laboratory
(Zhuhai) (SML2023SP201). A.L.S. was supported by the Na-
tional Science Foundation (OPP-2220 968).

AUTHOR CONTRIBUTIONS

Xianxian Han conceived the study and conducted the data anal-
ysis. Dake Chen led the project and provided overall guidance
for the research. Qiang Wang, Andrew L. Stewart, Zhaomin
Wang, Qinghua Yang, and Qinbiao Ni contributed to data in-
terpretation. Qinbiao Ni and Chengyan Liu contributed to the
detection of eddies and the setup of numerical experiments. Xi-
anxian Han wrote the draft, with all co-authors contributing to

the writing

Conflict of interest statement. The authors declare that they

have no conflict of interest.

REFERENCES

1. Rignot E, Jacobs S, Mouginot J et al. Ice-shelf melting
around Antarctica. Science 2013; 341: 266-70.

2. Dutrieux P, De Rydt J, Jenkins A et al. Strong sensitivity of
Pine Island ice-shelf melting to climatic variability. Science
2014;343: 174-8.

3. Adusumilli S, Fricker HA, Medley B et al. Interannual varia-
tions in meltwater input to the Southern Ocean from Antarc-
tic ice shelves. Nat Geosci 2020; 13: 616-20.

4. Ohshima KI, Nihashi S, Iwamoto K. Global view of sea-ice
production in polynyas and its linkage to dense/bottom wa-
ter formation. Geosci Lett 2016; 3: 13.

5. Zhang Z, Xie C, Castagno P et al. Evidence for large-scale
climate forcing of dense shelf water variability in the Ross
Sea. Nat Commun 2024; 15: 8190.

6. An SI, Moon JY, Dijkstra HA et al. Antarctic meltwa-
ter reduces the Atlantic meridional overturning circulation
through oceanic freshwater transport and atmospheric tele-
connections. Commun Earth Environ 2024; 5: 490.

7. Nissen C, Timmermann R, Hoppema M et al. Abruptly atten-
uated carbon sequestration with Weddell Sea dense waters
by 2100. Nat Commun 2022; 13: 3402.

8. Zhang S, Wu Y, Cai W et al. Transport of anthropogenic
carbon from the antarctic shelf to deep Southern Ocean
triggers acidification. Glob Biogeochem Cycles 2023; 37:
£2023GB007921.

920z 1Mdy 6z uo 1sanb Aq 6£26£58/181BeMU/ISU/SE0L "0 /I0P/3|0NIB-80UBAPE/ISU/WOD dNOo™oIWapeoeR//:sdly Woll papeojumod


https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag181#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag181#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag181#supplementary-data
https://tds-odatis.aviso.altimetry.fr/thredds/catalog/dataset-l2-swot-karin-lr-ssh-validated/catalog.html
https://oceandata.sci.gsfc.nasa.gov/directdataaccess/
https://zenodo.org/records/14735345
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag181#supplementary-data
http://dx.doi.org/10.1126/science.1235798
http://dx.doi.org/10.1126/science.1244341
http://dx.doi.org/10.1038/s41561-020-0616-z
http://dx.doi.org/10.1186/s40562-016-0045-4
http://dx.doi.org/10.1038/s41467-024-52524-x
http://dx.doi.org/10.1038/s43247-024-01670-7
http://dx.doi.org/10.1038/s41467-022-30671-3
http://dx.doi.org/10.1029/2023GB007921

16.
17.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Natl Sci Rev, 2026, Vol. 13, nwag181

. Li Q, England MH, Hogg AMC et al. Abyssal ocean overturning slow-

down and warming driven by Antarctic meltwater. Nature 2023; 615:
841-7.

. Zhang Z, Wang W, Qiu B. Oceanic mass transport by mesoscale eddies.

Science 2014; 345: 322-4.

. Dong C, McWilliams JC, Liu Y et al. Global heat and salt transports by eddy

movement. Nat Commun 2014, 5: 3294.

. Stewart AL, Klocker A, Menemenlis D. Circum-antarctic shoreward heat

transport derived from an eddy- and tide-resolving simulation. Geophys
Res Lett 2018; 45: 834-45.

. Stewart AL, Klocker A, Menemenlis D. Acceleration and overturning of the

Antarctic Slope current by winds, eddies, and tides. J Phys Oceanogr 2019;
49:2043-74.

. Dinniman MS, Asay-Davis XS, Galton-Fenzi BK et al. Modeling ice

Shelf/Ocean interaction in Antarctica: a review. Oceanog 2016; 29: 144-
53.

. Thompson AF, Stewart AL, Spence P et al. The Antarctic slope current in

a changing climate. Rev Geophys 2018; 56: 741-70.

Brink KH. Cross-shelf exchange. Annu Rev Mar Sci 2016; 8: 59-78.
Moffat C and Meredith M. Shelf-ocean exchange and hydrography west
of the Antarctic Peninsula: a review. Phil Trans R Soc A 2018; 376:
20170164,

. Nicholls KW, @sterhus S, Makinson K et al. Ice-ocean processes over the

continental shelf of the southern Weddell Sea, Antarctica: a review. Rev
Geophys 2009; 47: 2007RG000250.

. Gordon AL, Orsi AH, Muench R et al. Western Ross Sea continental slope

gravity currents. Deep Sea Res Part 1 2009; 56: 796-817.

Williams GD, Aoki S, Jacobs SS et al. Antarctic bottom water from the
Adélie and George V Land coast, East Antarctica (140-149°E). J Geophys
Res 2010; 115: 2009JC005812.

Ohshima KI, Fukamachi Y, Williams GD et al. Antarctic Bottom Water pro-
duction by intense sea-ice formation in the Cape Darnley polynya. Nat
Geosci 2013; 6: 235-40.

Garabato ACN, Forryan A, Dutrieux P et al. Vigorous lateral export of the
meltwater outflow from beneath an Antarctic ice shelf. Nature 2017; 542:
219-22.

Stewart CL, Christoffersen P, Nicholls KW et al. Basal melting of Ross Ice
Shelf from solar heat absorption in an ice-front polynya. Nat Geosci 2019;
12: 435-40.

Moffat C, Owens B, Beardsley RC. On the characteristics of circumpolar
deep Water intrusions to the west Antarctic Peninsula Continental Shelf.
J Geophys Res 2009; 114: 2008JC004955.

Kohut J, Hunter E, Huber B. Small-scale variability of the cross-shelf
flow over the outer shelf of the Ross Sea. JGR Oceans 2013; 118:
1863-76.

Thompson AF, Heywood KJ, Schmidtko S et al. Eddy transport as a key
component of the Antarctic overturning circulation. Nat Geosci 2014; 7:
879-84.

Couto N, Martinson DG, Kohut J et al. Distribution of Upper Circumpolar
Deep Water on the warming continental shelf of the West Antarctic Penin-
sula. JGR Oceans 2017; 122: 5306-15.

Armitage TWK, Kwok R, Thompson AF et al. Dynamic topography and sea
level anomalies of the Southern Ocean: variability and teleconnections.
JGR Oceans 2018;123: 613-30.

CaiY, Chen D, Mazloff MR et al. Topographic modulation of the wind stress
impact on eddy activity in the Southern Ocean. Geophys Res Lett 2022; 49:
£2022GL097859.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

Auger M, Sallée J, Thompson AF et al. Southern Ocean ice-covered
eddy properties from satellite altimetry. JGR Oceans 2023; 128:
€2022JC019363.

Auger M, Sallée J, Prandi P et al. Subpolar Southern Ocean seasonal vari-
ability of the geostrophic circulation from Multi-mission satellite altimetry.
JGR Oceans 2022; 127: €2021JC018096.

Chelton DB, Schlax MG, Samelson RM. Global observations of nonlinear
mesoscale eddies. Prog Oceanogr 2011; 91: 167-216.

Hallberg R. Using a resolution function to regulate parameterizations of
oceanic mesoscale eddy effects. Ocean Modell 2013; 72: 92-103.

Mack SL, Dinniman MS, Klinck JM et al. Modeling ocean eddies on Antarc-
tica's cold water continental shelves and their effects on ice shelf basal
melting. JGR Oceans 2019; 124: 5067-84.

Wang Q, Danilov S, Hellmer HH et al. Overflow dynamics and bottom water
formation inthe western Ross Sea: influence of tides. J Geophys Res 2010;
115:2010JC006189.

Stewart AL. Mesoscale, tidal, and seasonal/interannual drivers of the
Weddell Sea overturning circulation. J Phys Oceanogr 2021; 51: 3695-
722.

Shrestha K, Manucharyan GE, Nakayama Y. Submesoscale variability and
basal melting in ice shelf cavities of the Amundsen Sea. Geophys Res Lett
2024; 51: €2023GL107029.

Fu L, Pavelsky T, Cretaux J et al. The surface water and ocean topography
mission: a breakthrough in radar remote sensing of the ocean and land
surface water. Geophys Res Lett 2024; 51: €2023GL107652.

Qiu B, Chen S, Wang J et al. Seasonal and fortnight variations in internal
solitary waves in the Indonesian seas from the SWOT measurements. JGR
Oceans 2024;129: €2024JC021086.

Chelton DB, deSzoeke RA, Schlax MG et al. Geographical variability of the
first baroclinic Rosshy radius of deformation. J Phys Oceanogr 1998; 28:
433-60.

Kacimi S, Jaruwatanadilok S, Kwok R. SWOT observations over sea ice: a
first look. Geophys Res Lett 2025; 52: 2025GL116079.

Ni Q, Zhai X, Wang G et al. Random movement of mesoscale eddies in the
Global Ocean. J Phys Oceanogr 2020; 50: 2341-57.

Rocha CB, Chereskin TK, Gille ST et al. Mesoscale to Submesoscale
Wavenumber Spectra in Drake Passage. J Phys Oceanogr 2016; 46: 601-
20.

Rosevear MG, Gayen B, Vreugdenhil CA et al. How does the ocean melt
antarctic ice shelves? Annu Rev Mar Sci 2025; 17: 325-53.

Orsi AH and Wiederwohl CL. A recount of Ross Sea waters. Deep Sea Res
Part 11 2009; 56: 778-95.

Gaul A, Zhang W (Gordon), Cenedese C. Cross-shelf exchange in prograde
antarctic troughs driven by offshore-propagating dense water eddies. J
Phys Oceanogr 2024; 54: 1613-31.

Ngst OA, Biuw M, Tverberg V et al. Eddy overturning of the Antarctic Slope
Front controls glacial melting in the Eastern Weddell Sea. J Geophys Res
2011;116: 2011JC006965.

Stewart AL and Thompson AF. Eddy-mediated transport of warm Circum-
polar Deep Water across the Antarctic shelf break. Geophys Res Lett 2015;
42: 432-40.

Hattermann T. Antarctic thermocline dynamics along a narrow shelf with
easterly winds. J Phys Oceanogr 2018; 48: 2419-43.

Pedlosky J. Geophysical Fluid Dynamics [M]. New York: Springer Science
& Business Media, 2013.

. McWilliams JC. A survey of submesoscale currents. Geosci Lett 2019; 6:
3.

Page 9 of 10

920z 1Mdy 6z uo 1sanb Aq 6£26£58/181BeMU/ISU/SE0L "0 /I0P/3|0NIB-80UBAPE/ISU/WOD dNOo™oIWapeoeR//:sdly Woll papeojumod


http://dx.doi.org/10.1038/s41586-023-05762-w
http://dx.doi.org/10.1126/science.1252418
http://dx.doi.org/10.1038/ncomms4294
http://dx.doi.org/10.1002/2017GL075677
http://dx.doi.org/10.1175/JPO-D-18-0221.1
http://dx.doi.org/10.5670/oceanog.2016.106
http://dx.doi.org/10.1029/2018RG000624
http://dx.doi.org/10.1146/annurev-marine-010814-015717
http://dx.doi.org/10.1098/rsta.2017.0164
http://dx.doi.org/10.1029/2007RG000250
http://dx.doi.org/10.1016/j.dsr2.2008.10.037
http://dx.doi.org/10.1029/2009JC005812
http://dx.doi.org/10.1038/ngeo1738
http://dx.doi.org/10.1038/nature20825
http://dx.doi.org/10.1038/s41561-019-0356-0
http://dx.doi.org/10.1029/2008JC004955
http://dx.doi.org/10.1002/jgrc.20090
http://dx.doi.org/10.1038/ngeo2289
http://dx.doi.org/10.1002/2017JC012840
http://dx.doi.org/10.1002/2017JC013534
http://dx.doi.org/10.1029/2022GL097859
http://dx.doi.org/10.1029/2022JC019363
http://dx.doi.org/10.1029/2021JC018096
http://dx.doi.org/10.1016/j.pocean.2011.01.002
http://dx.doi.org/10.1016/j.ocemod.2013.08.007
http://dx.doi.org/10.1029/2018JC014688
http://dx.doi.org/10.1029/2010JC006189
http://dx.doi.org/10.1175/JPO-D-20-0320.1
http://dx.doi.org/10.1029/2023GL107029
http://dx.doi.org/10.1029/2023GL107652
http://dx.doi.org/10.1029/2024JC021086
http://dx.doi.org/10.1175/1520-0485(1998)028\begingroup \count@ 37\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {{\char "7E}}}\endgroup \setbox \thr@@ \hbox {}\@tempdima \wd \thr@@ \advance \@tempdima \ht \thr@@ \advance \@tempdima \dp \thr@@ 3c0433:GVOTFB\begingroup \count@ 37\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {{\char "7E}}}\endgroup \setbox \thr@@ \hbox {}\@tempdima \wd \thr@@ \advance \@tempdima \ht \thr@@ \advance \@tempdima \dp \thr@@ 3e2.0.CO;2
http://dx.doi.org/10.1029/2025GL116079
http://dx.doi.org/10.1175/JPO-D-19-0192.1
http://dx.doi.org/10.1175/JPO-D-15-0087.1
http://dx.doi.org/10.1146/annurev-marine-040323-074354
http://dx.doi.org/10.1016/j.dsr2.2008.10.033
http://dx.doi.org/10.1175/JPO-D-23-0088.1
http://dx.doi.org/10.1002/2014GL062281
http://dx.doi.org/10.1175/JPO-D-18-0064.1
http://dx.doi.org/10.1186/s40562-019-0133-3

52.

53.

54.

55.

56.

57.

58.

Natl Sci Rev, 2026, Vol. 13, nwag181

Prend CJ, Swart S, Stewart AL et al. Observed regimes of submesoscale
dynamics in the Southern Ocean seasonal ice zone. Nat Commun 2025;
16: 8344.

Li'Y, McGillicuddy DJ, Dinniman MS et al. Processes influencing formation
of low-salinity high-biomass lenses near the edge of the Ross Ice Shelf. J
Mar Syst 2017, 166: 108-19.

Arnscheidt CW, Marshall J, Dutrieux P et al. On the settling depth of
meltwater escaping from beneath Antarctic ice shelves. J Phys Oceanogr
2021; 51: 2257-70.

Naughten KA, Holland PR, De Rydt J. Unavoidable future increase in West
Antarctic ice-shelf melting over the twenty-first century. Nat Clim Chang
2023;13:1222-8.

Han X, Stewart AL, Chen D et al. Topographic Rosshy wave-modulated
oscillations of dense overflows. JGR Oceans 2022; 127: €2022JC018702.
Han X, Stewart AL, Chen D et al. Controls of topographic Rossby wave
properties and downslope transport in dense overflows. J Phys Oceanogr
2023; 53: 1805-20.

Sedwick PN, Marsay CM, Sohst BM et al. Early season depletion of dis-
solved iron in the Ross Sea polynya: implications for iron dynamics on the
Antarctic continental shelf. J Geophys Res 2011; 116: C12019.

59.

60.

61.

62.

63.

64.

65.

Han X, Stewart AL, Chen D et al. Circum-antarctic bottom water formation
mediated by tides and topographic waves. Nat Commun 2024; 15: 2049.
Auger M, Spence P, Morrison AK et al. The variability of Antarctic dense
water overflows can be observed from space. Commun Earth Environ
2025; 6: 286.
Lo Piccolo A, Horvat C, Fox-Kemper B. Energetics and transfer of subme-
soscale brine-driven eddies at a sea ice edge. J Phys Oceanogr 2024; 54:
1489-501.
Callies J and Wu W. Some expectations for submesoscale sea surface
height variance spectra. J Phys Oceanogr 2019; 49: 2271-89.
Han X, Stewart A, Wang Z et al Tidal effects on antarctic bot-
tom water formation in a changing climate. JGR Oceans 2025; 130:
€2025JC022443.
Charayron R, Schaeffer P, Ballarotta M et al. Blending data from SWOT
KaRIn science phase and 30 years of nadir altimetry to improve Mean
Sea Surface models. Abstract No. EGU25-8570, EGU General Assembly
Conference, Vienna, 27 April - 2 May, 2025.

AVISO+. SWOT Level 3 Ocean Products. https:/www.aviso.
altimetry.fr/en/data/products/sea-surface-height-products/global/
swot-I13-ocean-products.html (10 April 2026, date last accessed).

© The Author(s) 2026. Published by Oxford University Press on behalf of China Science Publishing & Media Ltd. This is an Open Access article distributed under the terms of the

Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided
the original work is properly cited.

Page 10 of 10

920z 1Mdy 6z uo 1sanb Aq 6£26£58/181BeMU/ISU/SE0L "0 /I0P/3|0NIB-80UBAPE/ISU/WOD dNOo™oIWapeoeR//:sdly Woll papeojumod


http://dx.doi.org/10.1038/s41467-025-63775-7
http://dx.doi.org/10.1016/j.jmarsys.2016.07.002
http://dx.doi.org/10.1038/s41558-023-01818-x
http://dx.doi.org/10.1029/2022JC018702
http://dx.doi.org/10.1175/JPO-D-22-0237.1
http://dx.doi.org/10.1029/2010JC006553
http://dx.doi.org/10.1038/s41467-024-46086-1
http://dx.doi.org/10.1038/s43247-025-02210-7
http://dx.doi.org/10.1175/JPO-D-23-0147.1
http://dx.doi.org/10.1175/JPO-D-18-0272.1
http://dx.doi.org/10.1029/2025JC022443
https://www.aviso.altimetry.fr/en/data/products/sea-surface-height-products/global/swot-l3-ocean-products.html
https://creativecommons.org/licenses/by/4.0/

	INTRODUCTION
	HIGH EDDY ACTIVITY OBSERVED BY SWOT
	EDDIES GENERATED BY ICE SHELF MELTWATER EXPORT
	EDDIES GENERATED BY DSW FORMATION
	SUMMARY AND DISCUSSION
	METHODS
	DATA AVAILABILITY
	SUPPLEMENTARY MATERIAL
	ACKNOWLEDGEMENTS
	FUNDING
	AUTHOR CONTRIBUTIONS
	REFERENCES

