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Ocean eddy activity in the high-latitude Southern Ocean is linked to critical drivers of the global
climate, yet it is missing from effectively all projections of climate change due to computational costs.
Using a high-resolution ocean model and cost-reducing simulation design, eddy activity in the high
southern latitudes is revealed in detail, including three-dimensional spatial distribution and
characteristics, unobstructed information beneath sea ice, and projections of future conditions after
prolonged anthropogenic warming. The detected eddy activity is closely linked to large-scale
circulation features like gyres and the Antarctic Slope Current. Eddy activity exhibits a strong seasonal
cycle in which the presence of sea ice decreases the eddy population and increases the proportion of
anticyclones. Anthropogenic warming is projected to shift eddy activity from the Antarctic Circumpolar
Current poleward, intensify eddy activity along the Antarctic Slope Current, and reduce the seasonal

cycle affecting eddy population and rotational direction.

The study of mesoscale ocean dynamics on a global scale has become
drastically more accessible in recent decades through the development of
satellite altimetry and high-resolution ocean models. Accordingly, the
importance of mesoscale activity to global ocean and climate dynamics has
become increasingly clear'. Yet the effective range of altimetry-derived
data and the eddy-resolving capabilities of the vast majority of model
simulations do not reach the poles, where sea ice obscures the ocean surface
and eddies can be smaller than the effective resolution of the altimetry
products or model grids”"’. These gaps in high-quality data have led to the
omission of the high latitudes, and particularly the high-latitudes of the
Southern Hemisphere, from many studies of ocean eddy activity. Yet the
relevance of the polar regions to the global climate is widely accepted'' ™.
Therefore, the missing polar mesoscale may be a serious shortcoming in the
modern understanding of ocean dynamics. Now, new approaches to ocean
modeling have been able to reduce the computational burden of investi-
gating ocean eddy activity'”'"®, presenting an opportunity to integrate the
polar ocean mesoscale into the global understanding of ocean dynamics.
While the polar regions are challenging to research across scientific
fields, it is undoubtable that the high-latitude Southern Ocean plays a critical
role in global ocean circulation and climate. The seas surrounding the
Antarctic continent host the formation sites of the Antarctic Bottom Water
(AABW) occupying the deepest portions of the ocean and forming the lower

branch of global meridional overturning circulation (MOC)"*"**. The
region hosts the southern part of the world’s sea ice, steering Southern
Hemisphere albedo®, transporting freshwater equatorward™, and repre-
senting a feedback mechanism for anthropogenic climate change®. The
Antarctic shelf waters, and particularly the Antarctic Slope Current (ASC),
can shield the marine-terminating Antarctic glaciers and ice sheets from
warmer waters, regulating freshwater flux from meltwater and again,
representing a feedback mechanism to anthropogenic warming'*". Direct
connections can be drawn between these globally impactful oceanic pro-
cesses of the high southern latitudes and regional mesoscale activity; eddy
activity introduces the precursors of AABW to the polar gyres”** and
facilitates shoreward transport of warm mid-depth water onto the con-
tinental shelves where it can become denser and sink". Seasonal ice melt
may be hastened by eddy activity through the disturbance of insulating
layers of cold meltwater below retreating ice” . Mid-depth, cross-slope
heat transport toward the Antarctic continent and ice shelves is attributed
mainly to eddy activity, primarily through isopycnal eddy stirring*~, and
eddies have been observed contributing to vertical heat transport in ice shelf
cavities”. While not an exhaustive list, these examples of mesoscale impacts
on both high-latitude and global ocean circulation demonstrate the
importance of high-latitude eddy activity both today and particularly in the
context of anthropogenic warming.
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Although a comprehensive, pan-Antarctic description of the ocean
mesoscale is absent from the literature, there is a patchwork of knowledge to
be sourced from in-situ observations, remote sensing, and modeling
research. Perhaps most notable, is the altimetry-derived sea surface height
dataset of the seasonally ice-covered Southern Ocean, which is similar to the
altimetry products typically used to study low-latitude eddy activity, but
relies on measurements from sea ice leads™. Eddy tracking has been applied
to this dataset, but as the authors acknowledge, the dataset is too coarse to
identify typical eddies in the region according to the local Rossby radius™.
Moreover, particularly in ice-covered regions, the peak of eddy activity is
likely below the surface and beyond the range of sea surface height-based
detection’ and substantial differences in eddy population and dynamics
can exist between the mixed layer and deep ocean™™. In-situ observations
of eddies also exist in the high latitudes*"”, but are more common in the
Arctic and, relative to satellite or model-based eddy tracking, the sample size
and spatial coverage of observations is low. Finally, a limited range of
modeling studies have been performed with resolutions sufficient to resolve
eddy activity in the high southern latitudes. One such described the con-
tribution of eddies to shoreward heat transport via scale decomposition™,
but relied on just over a year of data and stopped short of a detailed
description of mesoscale activity. Others rely on regional models to inves-
tigate various small-scale processes such as tidal or mesoscale contributions
to circulation, but these can be limited in spatial scope®®, often stop short of
describing the mesoscale itself “**, and can omit important external factors.

While limiting the scope and complexity of modeling studies can
introduce caveats, these applications allow researchers to push the limits of
what state-of-the-art modeling resources and infrastructure can facilitate.
The alternative is to constrain simulations to lower-resolution configura-
tions which lack high-latitude mesoscale flows, such as the Coupled Model
Intercomparison Project (CMIP'). However, these simulations consistently
perform poorly in the high latitudes™”, potentially confounding widely-
referenced projections of global climate change. Moreover, it is unlikely that
ocean resolutions even in the coming phases of CMIP will be sufficient to
resolve high-latitude eddies. Thus, in order to investigate the impacts of
mesoscale processes, cost-minimizing strategies are necessary.

The Finite volumE Sea-ice Ocean Model version 2 (FESOM2) is a post-
CMIP6 model with multi-scale horizontal resolution capabilities, enabling
the concentration of computational resources in focal regions within global
simulations®. This approach has now been demonstrated in multiple
non-idealized use cases to be an effective approach to simulating mesoscale
processes that would be computationally prohibitive with traditional model
grids"”'*”". In particular, Beech et al."* employed FESOM?2 to simulate the
Southern Ocean in both a historical climatic state and a projected climate
scenario following substantial anthropogenic warming with fully eddy-
resolving conditions nearly until the Antarctic coast. This was accomplished
by simulating the transient response to climate change with a lower-

resolution configuration of FESOM2 and branching off simulations with the
regionally focused, high-resolution grid for shorter periods. This dataset has
been demonstrated to accurately reproduce observed mesoscale activity, as
well as the anticipated mesoscale response to climate change in the mid-
latitude Southern Ocean'®. Now, this dataset will be applied to the high
southern latitudes to reveal the regional mesoscale structure and eddy
characteristics, as well as their evolution in the context of anthropogenic
climate change. In doing so, processes missing from most major global
climate simulations can be identified and used to strengthen the existing
oceanographic literature, interpret existing modeling studies, and inform
future modeling efforts or observational campaigns.

Results
Regional eddy distribution
On the northern boundary of the study region, eddy activity from the
Antarctic Circumpolar Current (ACC) is discernable by its eastward pro-
pagation, large eddy size and vorticity amplitude, and high eddy kinetic
energy (EKE) (Figs. 1, 2a, 3a, d). Poleward of this, the path of the Antarctic
Slope Current is host to near-circumpolar eddy activity with distinct
westward propagation and interruptions only around the West-Antarctic
Peninsula and the Iselin Bank of the Ross Sea (Fig. 1). Along the Antarctic
continental shelf, bathymetric features that steer the mean flow meridionally
intensify local mesoscale activity away from the coast (Fig. 1). In the Ross
Sea, this occurs as the continental shelf at the Iselin Bank steers the ASC
northward and in the eastern Weddell Sea, this occurs as the ASC interacts
with the Gunnerus Ridge and Astrid Ridge. The Maud Rise also con-
centrates flow over its northern flank, elevating local eddy activity (Figs. 1,
2a, b, 4a). Eddy generation at the Maud rise is often linked to complex
interactions with the distinct hydrography above the rise” ™, but more
generally, the bathymetric steering of mean flow is a source of eddy activity
throughout the Southern Ocean'®". In the open ocean, where bathymetric
features do not steer large-scale circulation, the Weddell Sea is the largest
eddy-rich region poleward of the eastward-propagating ACC regime. Eddy
trajectories tend to follow the closed contours of barotropic stream function
associated with the circulation at the boundaries of the Ross and Weddell
Gyres (Figs. 1, 3a). In both gyres, inflow at the northeast corners where ACC
waters with anomalous densities can be introduced are sites of distinct
poleward eddy propagation (Fig. 1). The presence of detected eddies is quite
consistent with eddy kinetic energy from Reynolds decomposition (Fig. 2a),
with the exception of the Ross Sea continental shelf, where relatively high
EKE is either non-coherent or otherwise undetected (Figs. 1, 2a).
Following sustained anthropogenic climate change, the large, fast-
moving, and eastward propagating ACC eddies in the north of the study
region are projected to advance southward, generally occupying space that
was previously eddy-poor, particularly the northern Bellingshausen and
Amundsen seas and in the Australian-Antarctic Basin, north of the ASC

Fig. 1 | Regional distribution of ocean eddy
activity south of 60 °S. Eddy presence in 1951-1956
(left) and 2091-2096 (center) and the difference
between the two periods (right) gridded on a 0.6°
longitudinal spacing and a varying latitudinal step
(see Methods) and smoothed by averaging grid
centers within a 60 km radius. Black arrows are the
mean eddy trajectories in a 2.5° latitude by 8°
longitude grid overlaid for regions with a sample size
greater than 60. Distances are exaggerated by a fac-
tor of 4 for visibility. The black contour is the 2200 m
isobath.
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Fig. 2 | Simulated kinetic energy. a Mean eddy
kinetic energy at 95 m depth. Note the logarithmic
scales. b Mean kinetic energy and 95 m depth. The
left column corresponds to the 1951-1956 period,
the middle column corresponds to the 2091-2096
period, and the right column corresponds to the
difference between the periods.
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(Figs. 1, 3a, d). The intensification of the ACC and the poleward shift of its
southern boundary has been relatively widely studied and attributed to
trends in the Southern Annular Mode (SAM) and westerly winds®"®, which
are well represented in the model forcing data (Fig. 4c). Eddy activity is
projected to intensify along the path of the ASC (Fig. 2a). Both baroclinic
and barotropic generation mechanisms may contribute to the heightened
eddy activity, as the mean flow of the ASC is projected to strengthen and the
density gradient over the continental shelf break is projected to steepen
(Figs. 2b, 4b). In the Weddell Sea, eddy activity is projected to advance
westward into a former seasonal refuge for sea ice (Fig. 5a, b) where eddies
were historically uncommon or absent (Fig. 1). Sea ice is known to have a
dampening effect on eddy activity’”** and this relationship will be explored
further in the following paragraphs. In the Ross Sea, eddy activity associated
with inflow at the northeast corner of the Ross Gyre intensifies and this is
reflected by projections of the local density gradients (Figs. 2a, 4a, b). Eddy
activity along the Ross Sea sector of the ASC appears constrained more
closely to the continental shelf (Figs. 1, 2a), which is reflected by a narrowing
or poleward shift of the mean flow in the region (Fig. 2b). The magnitude of
the projected changes in eddy presence relative to the historical interannual
range is high where the ACC enters formerly eddy-poor regions, where the
ASC intensifies, and at the gyre inflows (Supplementary Fig. 1). It is lowest in
regions historically occupied by ACC eddies and in the northern Wed-
dell Gyre.

Regional eddy characteristics

Eddy vorticity amplitude is high in regions with energetic largescale circu-
lation, like the ACC and ASC, and is distributed similarly to EKE (Figs. 2,
3a). This is particularly apparent in the patterns of projected climate change
impacts. Projections of vorticity amplitude reflect the aforementioned
poleward shift of ACC eddy activity, intensification of ASC eddy activity,
slight intensification of eddy activity at the gyre inflows, and eastward shift of
eddy activity in the Weddell Gyre interior. The projected changes in vor-
ticity amplitude are also some of the largest relative to the historical inter-
annual range (Supplementary Fig. 2). Mean eddy lifespan tends to be

shortest in energetic regions of the ASC and ACC, and highest in the gyre
interiors (Fig. 3b). Eddy propagation speed follows an inverse pattern, with
high speeds along the path of the ASC and ACC and low speeds in the gyre
interiors (Fig. 3¢). This relationship indicates that movement with largescale
background circulation is the primary driver of eddy propagation, but that
highly energetic circulation features can also dissipate coherent eddies.
Interestingly, eddy lifespan appears to surpass propagation speed in deter-
mining propagation distance, as the slow-moving gyre interiors also host
farther-travelling eddies than the major currents (Fig. 1). Projected changes
highlight the inverse patterns of propagation speed and lifespan; eddies
become shorter-lived and faster-moving virtually throughout the study
region, excluding parts of the Ross and Weddell gyres (Fig. 3a, b). While the
opposing trends are clear, these changes tend to be small compared to
historical interannual variability, particularly for lifespan which has a lower
sample size than the other eddy characteristics (Supplementary Fig. 2). Eddy
size varies strongly with latitude following the local baroclinic Rossby radius.
The most substantial variation in eddy area along equal latitudes occurs in
the ACC, where the effects of stratification and velocity shear are known to
cause the baroclinic instability length scale to deviate from the local Rossby
radius®™®. After sustained warming, the major impact on eddy size in the
study region is a poleward encroachment of large ACC eddies in the
Amundsen and Bellingshausen Seas and the Australian-Antarctic Basin
(Fig. 3d). In these regions, and in the southwest Weddell Sea, projected
changes are large relative to historical interannual variability (Supplemen-
tary Fig. 2).

Seasonality and vertical distribution

The historical eddy population exhibits a seasonal peak in the austral
summer (March-May) at approximately 95-100 m depth (Fig. 6a). The
seasonal minimum population occurs in Austral winter (September-
November), at the ocean surface (0-5 m), where and when the damping
effects of sea ice are strongest (Fig. 4¢). Both the cyclonic and anticyclonic
eddy populations exhibit similar seasonal patterns and peaks as a function of
depth (Fig. 6¢, d), but anticyclones are more numerous than cyclones during
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Fig. 3 | Regional characteristics of ocean eddy 1951-1956

o

activity south of 60 °S. a Vorticity amplitude.

b Lifespan. ¢ Propagation speed. d Eddy area. Each
variable is gridded with 0.6° longitudinal spacing
and a varying latitudinal step (see Methods) and
smoothed by averaging grid centers within a 100 km
radius. The left column corresponds to the
1951-1956 period, the middle column corresponds
to the 2091-2096 period, and the right column
corresponds to the difference between the periods.
The black contour is the 2200 m isobath.
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Austral winter, reaching up to approximately 55% of the total population
(Fig. 6b). The anticyclonic majority is concentrated at the surface and occurs
just before the seasonal eddy minimum. In Austral summer, cyclones form
the majority of eddies at depth and the cyclone/anticyclone populations at
the surface are roughly equal. Mean eddy size peaks at approximately the
same time as the population minimum and the anticyclonic majority
(Fig. 7a, b) suggesting a filtering of smaller eddies by sea-ice damping, which

could favor the typically larger anticyclones. Both eddy types exhibit mean
vorticity amplitude maxima around their population maxima (Fig. 7c, d),
but interestingly, the cyclonic population includes a second vorticity max-
imum around the population minimum and the anticyclonic majority,
which may further elucidate the selective sea-ice filtering.

After four degrees of warming, the eddy population rises substantially,
with the largest increases occurring at the ocean surface in June and July
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Fig. 4 | Selected simulated climatic variables.

a Vertically integrated horizontal barotropic stream
function. b Mean potential density at 95-100 m
depth. ¢ Mean zonal wind speed. The left column
corresponds to the 1951-1956 period, the middle
column corresponds to the 2091-2096 period, and
the right column corresponds to the difference
between the periods.

1951-1956

140 150

Horizontal barotropic streamfunction (Sv)

1026.8 1027.0 1027.2

-10.0 -7.5 -5.0

1027.4

=25

2091-2096

-10 =5 0 5 10

160 210 A Horizontal barotropic streamfunction (Sv)

170 180 190 200

-04 -0.2 0.0 0.2

A Density (kg/m?3)

0.4
1027.6

Density (kg/m?3)

1027.8 1028.0 1028.2

-3.0 -1.5

0.0
10.0 A Zonal surface wind speed (m/s Eastward)

15 3.0

0.0 2.5 5.0 4.5

Zonal surface wind speed (m/s Eastward)

(Fig. 6a). The population peak remains at 95-100 m depth, but shifts from
March/April to May, reflecting the extended period of low Southern Ocean
sea ice (Fig. 4c). As in the historical period, both cyclonic and anticyclonic
eddy populations exhibit similar seasonal and depth patterns (Fig. 6¢, d), but
vorticity regimes decline; the anticyclonic majority is weakened and con-
centrated closer to the surface, while the cyclonic majority at 180-200 m
depth becomes weaker in Austral summer and extends further into Austral
winter (Fig. 6b). Change in eddy size is weak at the historical peaks during
the seasonal sea ice maximum and stronger at depth (Fig. 7a, b). The surface
changes are consistent with a reduction in winter-season damping of small
eddies by sea ice, enabling smaller eddies to survive and reduce the mean size
(Fig. 3d). Mean vorticity amplitude rises with a similar pattern to population
growth, but the winter-season cyclonic vorticity amplitude peak is greatly
diminished, again, revealing a lesser role for sea ice (Fig. 7c, d).

Discussion

The simulated regional distribution of eddy presence and characteristics is
consistent with the largescale circulation features and eddy generation/
dissipation mechanisms that dominate the study region. Similarly, the
projected changes in eddy presence and characteristics can be linked to
climate change impacts on these largescale drivers that are present in the

modeled dataset and, in most cases, anticipated in the context of climate
change. For example, Southern Hemisphere westerlies are widely expected
to shift south and intensify, altering the ACC and its eddy activity’'. Ant-
arctic meltwater is expected to strengthen the ASC”, again providing more
energy for eddy generation. Antarctic sea ice can be expected to decline
substantially following prolonged climate change®®, reducing eddy-killing
stress on the ocean surface. By linking the projected climate change impacts
on eddy activity in the study region to more widely studied largescale cir-
culation, the reliability of these projections is strengthened. As more reliable
projections of high-latitude climate change become available, the results can
be reinforced or reconsidered.

The impacts of the high-latitude eddies identified in this study on
the wider climate are numerous; one is the introduction of Circumpolar
Deepwater to the high latitudes, representing a critical step in the for-
mation of AABW*®. The northeast corners of these gyres are regions
where streamlines turn south and host most of the southward propa-
gating eddies in the region (Fig. 1). This demonstrates the presence of an
eddy-driven component of flow into the gyres, which is consistent with
the published literature®*”. Projections of climate change indicate an
intensification of eddy activity at the Ross Gyre inflow and a decrease at
the Northeast corner of the Weddell Gyre (Figs. 1, 2a). However, in the
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Fig. 5 | Simulated sea ice seasonality and dis- 1951-1956
tribution. a September sea ice concentration.

b March sea ice concentration. ¢ Monthly sea ice
concentration south of 60 °S. In panels (a, b), the left
column corresponds to the 1951-1956 period, the
middle column corresponds to the 2091-2096 per-
iod, and the right column corresponds to the dif-
ference between the periods. In panel (c), dark red
and blue lines represent the mean climatology and
the shaded areas represent the range of monthly
average sea ice concentration over the six-year
periods.
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Ross Gyre, these results may indicate an intensification of density gra-
dients producing more, and more vigorous eddies, rather than more
inflow (Figs. 3a, 4b). While in the Weddell Gyre, observations have
identified two pathways of inflow from the lower latitudes™, suggesting
transport closer to the coast from the ASC may dominate AABW pro-
duction. Ultimately, these results are insufficient to make definitive
predictions regarding AABW production, but they indicate that research
on AABW in the context of climate change must consider the role of
eddies.

Once warm ACC waters reach the higher latitudes, eddy-driven cross-
slope heat transport can bring heat toward the Antarctic ice sheets, threa-
tening their vulnerable marine terminating flanks'”’. Eddy activity is pro-
jected to intensify along the ASC path, particularly in the in the Weddell Sea
(Figs. 1, 2a), which may intensify cross slope heat transport. To verify and
elucidate this result, high spatial and temporal resolution temperature data,
which was not saved from these simulations due to resource constraints, can
be produced to enable direct quantification of shoreward heat transport in
the context of climate change.

Seaice is theorized to be responsible for both eddy generation and eddy
killing in the mixed layer, with generation concentrated in the marginal ice
zone and eddy killing in regions of denser pack ice’>’****”"”, Pack ice and
the marginal ice zone each have seasonal cycles that are not necessarily

consistent with one another””””, meaning the seasonal cycle of eddy activity
must be interpreted as a cumulative response to these, as well as other
seasonal processes. However, the spatial distribution of eddy activity
remains concentrated around more typical eddy generation sites such as
large-scale flows and fronts, as well as bathymetric features (Figs. 1, 2a),
which is consistent with the lower latitudes'**. This indicates that eddy
generation through sea ice processes plays a relatively minor role in these
simulations, since the marginal ice zone could be expected to generate eddy
activity in a more widespread area as it shifts spatially on a seasonal time-
scale. Alternatively, one may question the model’s ability to resolve eddies
generated in the marginal ice zone, given that real sea ice floes can be smaller
than the model grid scale, and the eddies generated may be sub-mesoscale,
or smaller than the first baroclinic Rossby radius which these simulations
were designed to resolve. Ultimately, further research is necessary to dis-
entangle the various processes that contribute to the seasonal cycle of eddy
activity identified in this study.

The modest majority of anticyclonic eddies during the winter months
and near the ocean surface (Fig. 6b) is another indication of seasonal pro-
cesses impacting eddy activity. The anticyclonic tendency of under-ice
eddies has been observed in the Arctic, although with much greater antic-
yclonic dominance: up to 95% of the total population in some studies***™.
The more modest majority of up to 55% anticyclones in the simulated high
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Fig. 6 | Eddy populations south of 60 °S across depth and season. a Total eddy
population. b Percentage of cyclones in the total eddy population. ¢ Cyclonic eddy
population. d Anticyclonic eddy population. Left column figures are of the
1951-1956 period, middle column figures are of the 2091-2096 period, right column

Anticyclone population
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figures are the difference between the periods. The populations are defined as the
sum of the monthly values over the entire six-year periods. Eddies that exist during
multiple months are counted once in each month. Insignificant deviations from
equal proportions at 95% confidence are hatched.

latitude Southern Ocean can be attributed to both regional and methodo-
logical differences; a larger proportion of the Arctic Ocean remains ice-
covered through the summer months, allowing ice impacts to persist and
compound. Furthermore, most studies of Arctic under-ice eddies use sea ice
as an observational platform®** and tend to prefer thick multiyear ice in
order to extend the lifespan of their observations’®, which may bias obser-
vations to regions where the impacts of sea ice are greatest. While these
considerations do not repudiate observations of larger anticyclonic dom-
inance in the Arctic eddy population, they do indicate that in regions of the
Arctic with lower or more seasonal ice cover an anticyclonic eddy majority
may be more modest and seasonal than existing studies would imply. In the
context of climate change, the anticyclonic majority in both hemispheres
can be expected to decline. Given the inverted thermal and haline anomalies
typically associated with cyclones and anticyclones™**, this regime shift
could have broader impacts on the polar regions.

While it is clear that sea ice impacts the eddy population, this study has
not investigated the potential for eddies to modify the growth or decline of
sea ice in turn. Relevant eddy impacts could include the disturbance of
insulating meltwater layers”**, or more general vertical fluxes of heat and
salinity that eddies are known to produce*””””", The regions identified as
eddy-rich in this study can serve as focal points to assess simple relationships
and event-scale interactions between eddy activity and rates of seasonal ice
growth and decline in both numerical or observational studies.

Conclusion

High-latitude Southern Ocean mesoscale activity has been revealed in a
consistent, pan-Antarctic framework with unprecedented detail. Close links
to currents, gyres, and bathymetry, as well as a sea ice-mediated seasonal
cycle have been identified. The results can serve to unify the patchwork of
existing knowledge from satellite altimetry, regional and idealized models,
and in-situ observations. As anthropogenic climate change progresses, eddy

activity is projected to expand into formerly eddy-poor regions as ACC
activity intrudes poleward and sea ice damping declines. Eddy activity along
the path of the ASC and the northeast corner of the Ross Gyre is projected to
intensify. Eddy characteristics are projected to shift in response to evolving
largescale circulation patterns; eddy area increases where the ACC intrudes
poleward, eddy lifespans decline and propagation speeds rise where back-
ground circulation intensifies, and eddy vorticity amplitude increases where
eddy kinetic energy intensifies. Seasonal cycles in eddy population, char-
acteristics, and vorticity direction are projected to weaken. These results
carry implications for numerous climate-relevant processes including the
production of AABW and heat transport toward Antarctic ice sheets. They
demonstrate that eddy activity should be accounted for in dedicated studies
of each of these processes, as well as high-quality projections of climate
change in general.

Methods

Model simulations and data

The simulations analyzed in this study are described extensively in Beech
et al.'®. For the sake of completeness, a brief outline is included here. The
model data was produced with the Finite volumE Sea-ice Ocean Model
version 2 (FESOM2™) using a cost-reducing experiment design and a multi-
resolution ocean grid with a regional focus on the Southern Ocean (Sup-
plementary Fig. 7). FESOM2 is the successor of the Finite Element Sea-ice
Ocean Model version 1.4 (FESOM1.4)” after numerous updates and
improvements”>* which are ongoing. The precise iteration of the model
used in this study was FESOM2.5%, which, among other things, imple-
mented the ability to initialize sea ice variables from user-defined datasets;
an important aspect of these experiments. The most notable feature of both
FESOM1.4 and 2.5 is the unstructured horizontal ocean grid which employs
a mesh of spherical triangles to enable variable horizontal resolutions
throughout the model domain. The sea ice component is unique to FESOM,
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Fig. 7 | Eddy characteristics south of 60 °S across depth and season. a Monthly

mean area of cyclonic eddies. b Monthly mean area of anticyclonic eddies. ¢ Monthly
mean vorticity amplitude of cyclonic eddies. d Monthly mean vorticity amplitude of
anticyclonic eddies. Left column figures are of the 1951-1956 period, middle column

ﬂ

Anticyclone vorticity amplitude (10°s71)

dEET 292 T
=1 0 1

A Anticyclone vorticity amplitude (10°s~1)

3.5 4.5
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the periods. Average vorticity amplitude and area over each eddy’s lifespan are
calculated and grouped into months based on the middle date of the lifespan.
Insignificance differences of means at 95% confidence are hatched.

the Finite Element Sea Ice Model, and employs elastic-viscous-plastic
rheology”'.

The simulations with FESOM2.5 consisted of four parts. The first was a
transient, ocean-only simulation on a medium-resolution mesh stretching
from 1851 to 2100, forced with atmospheric data taken from AWI-CM-1-1-
MR’s CMIP6 contribution® to the historical”" and ScenarioMIP*’ simula-
tion frameworks. During the projected period beginning in 2014, shared
socioeconomic pathway (SSP) 3-7.0% is simulated, resulting in approxi-
mately 4 °C of mean global surface temperature rise as a result of anthro-
pogenic climate change over the course of the simulations. This simulation
was initialized from roughly preindustrial conditions after the 500-year
spin-up period of AWI-CM-1-1-MR in the preindustrial control framework
of CMIP6’". The ocean grid used in this simulation was the same one used by
AWI-CM-1-1-MR during CMIP6, consisting of approximately 830,000
ocean surface nodes and horizontal resolutions ranging from 10-40 km in
the Southern Ocean®. The three remaining simulations consisted of short
time slices at various points during the progression of anthropogenic climate
change, in which the model is reinitialized on a much higher-resolution,
regionally focused mesh with the same atmospheric forcing as the medium-
resolution transient simulation and initial ocean and sea ice conditions
derived from the lower-resolution transient simulation. The high-resolution
time slices began in 1950, 2015, and 2090, respectively, and were each run for
6 years. The first year of each simulation was discarded as a true spin-up,
leaving 5 years of usable data. Later, the historical and projected period
simulations were each extended by one year. The higher resolution mesh
consists of 70 vertical layers and approximately 11 million nodes at the
ocean surface, with a global resolution of approximately 25 km, gradually
increasing to approximately 2.5 km in the Southern Ocean, the Agulhas
current, and several narrow straits (Supplementary Fig. 7). This config-
uration reaches eddy-resolving conditions in the ACC and the bulk of the
Southern Hemisphere western boundary currents and maintains a global

resolution comparable to high-resolution CMIP6 models. Poleward of the
ACC, the grid is still eddy-resolving, as measured by the local Rossby radius
of deformation’, nearly to the Antarctic coast and only on the shelves does it
become eddy-permitting or worse (Supplementary Fig. 7).

These simulations are made possible by a cost-reducing experiment
design that necessarily also introduces caveats to the work. The high-
resolution simulations are short and are not likely to reach a climatic
equilibrium. Rather, the short simulations should reflect the climatic state of
the much longer transient simulations from which they are initialized. Thus,
the presence of mesoscale activity in the high-resolution simulations should
not be expected to substantially change the model state. Rather, the simu-
lated eddy activity can identify and characterize the mesoscale processes
omitted from lower-resolution simulations. The short spin-up of the high-
resolution simulations also makes them likely to drift. However, their length
should reduce the amount by which they can deviate toward a new climatic
state. Moreover, trends are not calculated within the simulations and the
impacts of climate change are instead identified by comparing the mean
states of the two climates. Therefore, the impacts of climate change simu-
lated during the long transient simulation at lower resolution should be the
dominant signal, rather than any effects of drift. It must be acknowledged
that the lower-resolution transient simulation does not resolve local eddy
activity, so the mesoscale activity identified in this study does not reflect the
long-term impacts or feedback of this activity on the mean state of the
climate.

Model evaluation

The model simulations with FESOM2 have been demonstrated to faithfully
reproduce observed eddy activity in the mid-latitude Southern Ocean
relative to observations, as well as the anticipated response of eddy activity to
anthropogenic climate change'. The evaluation relative to observed con-
ditions during the present day was performed using satellite altimetry data®
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during the 2016-2020 period. To assess the reliability of the projected cli-
mate impacts on eddy activity, the dataset was compared with an ensemble
of more traditional, transient simulations from AWI-CM-1-1-MR in
CMIP6'""*, The ensemble agreement was used to identify regions of high-
and low-confidence change and to distinguish between natural variability in
eddy activity and the impacts of climate change after various degrees of
warming. The results of the evaluation in Beech et al."® were used to inform
the analysis in this work; specifically, the limitation of the assessment of the
impacts of climate change to the periods of 1951-1956 and 2091-2096. This
will increase the signal-to-noise ratio of climate change to natural variability
and help link the projected changes to anthropogenic impacts. Due to the
limitations of the altimetry dataset at high latitudes and the ability of the
CMIP6 dataset to resolve small eddies, the evaluation in Beech et al.'® is
limited to the mid-latitude Southern Ocean and the ACC. Thus, an estimate
of the natural variability of eddy activity in the high-latitude Southern Ocean
must be made without a reference dataset. Moreover, the low sample size of
the short simulations and the strong seasonal cycle and regional diversity of
eddy activity in the region can invalidate the assumptions of traditional
statistical tests such as a normally distributed dataset. As a transparent
indication of the confidence of the results, the simulated historical ranges of
annual eddy presence and characteristics are presented in Supplementary
Figs. 1 and 2 along with the ratio of the projected climate change impacts
over the historical range. Without asserting statistical significance, this
measure can used to identify lower or higher-confidence changes. As more
extensive simulations become feasible, these results can be further
scrutinized.

As a further validation of a sufficient signal-to-noise ratio of climate
change to natural variability, the state of the dominant atmospheric
mode of variability, the SAM, is presented in Supplementary Fig. 8. The
SAM has substantial impacts on high-latitude Southern Ocean circula-
tion and is one of the major mechanisms by which anthropogenic climate
change affects the region®. Thus, it is important when assessing climate
change impacts using short simulation lengths that the state of the SAM
be consistent in each period. Using the Antarctic Oscillation Index
(AOTY), the state of the SAM is defined relative to conditions in each
period respectively, as well as for the projected period relative to historic
conditions (Supplementary Fig. 8). The AOI is relatively neutral relative
to the conditions in each period respectively, whereas the projected AOI
relative to historic conditions is substantially positive. This indicates that
the modeled impacts of climate change on the SAM are large, whereas
the other differences in the state of SAM which could be attributed to
natural variability are comparably minor.

Explicit validation of the model performance in the study region is
presented in Supplementary Figs. 3-6. Upper ocean temperature and salinity
are compared to the Southern Ocean State Estimate (SOSE™), and the World
Ocean Atlas climatology (WOA™) (Supplementary Figs. 3, 4). Simulated
EKE at the ocean surface is compared with the SOSE, which at 1/6° hor-
izontal resolution is referred to as eddy-permitting®®, as well as an
altimetry-derived data product of geostrophic current anomalies from the
seasonally-ice covered region of the Southern Ocean* (Supplementary
Fig. 5a-c). Additionally, EKE at approximately 95 m depth is presented for
SOSE and FESOM2 data (Supplementary Fig. 5d, ). Finally, the simulated
sea ice concentration at the approximate seasonal maximum and minimum
is presented and compared with satellite observations from the National
Snow and Ice Data Center” (Supplementary Fig. S6).

Modeled upper ocean temperatures in the open ocean tend to be
warmer than the WOA climatology and SOSE, with the largest differences
occurring in the Australian sector of the Southern Ocean (Supplementary
Figs. 3a, 4a). Temperatures over the continental shelf range from no bias to
slightly colder. The simulated upper ocean tends to be fresher than both
WOA and SOSE, with the largest differences occurring over the Weddell Sea
and East Antarctic continental shelves and the Australian sector of the
Southern Ocean (Supplementary Figs. 3b, 4b). EKE at the ocean surface
(Supplementary Fig. 5a-c) is of comparable magnitude in all three datasets,
although distinct features are difficult to discern, likely due to the effects of

wind and ice on surface velocity anomalies which are included in calcula-
tions of EKE using Reynolds decomposition. The observational product
exhibits higher EKE than either simulated dataset over the large continental
shelves in the Ross and Weddell Seas where both the SOSE and FESOM2
have low resolution relative to the local Rossby radius. Both the observa-
tional data product and the SOSE show broader regions of elevated EKE
along the path of the ASC, potentially indicating a bias in the representation
of the current in the FESOM2 simulations (Supplementary Fig. 5). Both the
observational data product and the SOSE also have higher levels of EKE in
the northern Ross Sea, demonstrating a bias regarding the shape of the Ross
Gyre and the southern extent of the ACC in this region. At depth, where the
effects of non-coherent EKE from wind and ice are lower, finer detail in eddy
activity is apparent in each of the simulated datasets (Supplementary
Fig. 5¢,d), demonstrating the impacts of both surface processes and Rey-
nolds decomposition. Simulated sea ice extent is generally lower than
observed, with the exception of the northern Bellingshausen, Amundsen,
and Ross seas during the seasonal maximum (Supplementary Fig. 6).
During the seasonal minimum, key refugia of high-concentration sea ice,
particularly in the southwest Weddell Sea, are present, but the continental
shelf in East Antarctica becomes almost entirely sea-ice free. During the
seasonal maximum, most of the study region is covered with pack ice, which
the model captures well.

The magnitudes of temperature, salinity, and sea ice concentration
biases in the FESOM2 simulations are comparable to those in the CMIP6
ensemble™”"”> and the sea-ice bias tends to be negative, which is also con-
sistent with most CMIP6 models’’. While this is by no means a compre-
hensive evaluation of the overall model skill, the relevant ocean hydrography
is reasonably represented relative to more traditional simulations from
which a wealth of science has been produced. The sparsity of observational
data in the Southern Ocean makes even the limited direct evaluation of
simulated eddy activity relative to interpolated satellite measurements and
an observationally constrained simulation in Supplementary Fig. 5 some-
what uncertain. Nonetheless, the high-resolution simulations with
FESOM2 share key features of ocean eddy activity with each of the reference
datasets, particularly as they relate to large-scale circulation features such as
the ACC, ASC and gyres. Considering the substantial cost of tuning high-
resolution models, the model skill demonstrated by the high-resolution
FESOM2 simulations is already respectable. Moreover, what biases are
present in the simulated climatic state do not interfere with a broadly
accurate mesoscale field relative to the limited observations with which the
model can be compared (Supplementary Fig. 5). Nonetheless, acknowl-
edging the presence of biases can improve the interpretation of the model
output as it relates to the real world.

Data processing

Daily velocity fields at selected vertical levels were first filtered and inter-
polated to a high-resolution, rectangular grid before eddy detection and
tracking. The spatial filtering was performed using an implicit filter method
described in”, and a band pass filter between length scales of 10 and 100 km
was chosen to isolate well-resolved eddies on the model grid (minimum
radius twice the local grid spacing) and to help distinguish these features
from larger background flow. Of course, since eddies are not always per-
fectly circular and filtering the velocity field may not fully remove the vor-
ticity signature, smaller features may still be detected. Using linear
interpolation, the smoothed data was transferred to a rectangular grid of
0.05° by 0.05° at the equator, with the latitudinal spacing reduced at higher
latitudes to maintain approximately square grid cells. At high latitudes, the
resulting rectangular grid is much higher resolution than the original grid to
reduce any errors introduced through interpolation.

Eddy detection and tracking

Eddy detection based on the Okubo-Weiss parameter’” was performed
using the python-based eddytools package after minor adjustments to
accommodate interpolated FESOM?2 data. The detection algorithm iden-
tifies continuous regions in which the Okubo-Weiss parameter (1) is below a

94,95

Communications Earth & Environment| (2025)6:237


www.nature.com/commsenv

https://doi.org/10.1038/s43247-025-02221-4

Article

threshold, indicating that vorticity is dominant in the region.
w=s*+n’— (1)

where w is the Okubo Weiss parameter, s is shear strain, # is normal strain,
and w is relative vorticity.

To be accepted as an eddy, regions must contain an interior minimum,
in other words, have increasing vorticity dominance between the perimeter
and interior, and fall within a range of acceptable sizes based on the number
of grid cells contained within the eddy. The threshold for the Okubo Weiss
parameter was defined as one tenth of the temporal mean of the spatial
standard deviation over the entire study region during the historical period.
This value was calculated separately for each depth, but kept constant during
the historical and projected periods to maintain consistent criteria. The
minimum number of grid cells to comprise an eddy was defined as 100,
which, given the variability of the grid cell sizes, places the minimum radius
for a circular detected feature at approximately 6.5 km at the southern end of
the study region, and 15.6 km at the northern end. The maximum number
of grid cells within an eddy was left arbitrarily large, meaning there was no
upper limit defined for eddy size.

Detected eddies were tracked based on similarity of size, vorticity
direction, vorticity amplitude, and separation. The minimum and max-
imum growth thresholds for size and vorticity amplitude were defined as 0.5
and 1.5, meaning an eddy can grow or shrink by a maximum of half of its
previous size or vorticity amplitude per day. The maximum distance
between two eddy detections was defined as 12 km per day, which roughly
translates to an eddy propagating in a background flow of 0.14m/s, a
relatively high speed along the fastest-moving circulation feature in the focus
region, the ASC”. Finally, eddies with lifespans shorter than three days were
removed, and eddies that dissipated after propagating less than 1 km per day
from their point of genesis were removed.

The choices of parameters and thresholds in the detection and tracking
steps were investigated thoroughly and the details of the effects are too
numerous and minute to discuss entirely. Primarily, relaxing the thresholds
for detection increases the number of detected eddies, but does not sub-
stantially change the spatial or seasonal distributions of the resulting eddy
population. While some characteristics of the eddy population could be
changed, such as lower average size given lower minimum thresholds, the
spatial and seasonal patterns of these characteristics remained similar.
Relaxing the thresholds during the tracking stage lowered the total number
of tracked eddies and increased lifespans, suggesting that several eddies were
combined into individual tracks, accurately or not. Other studies have
performed more extensive evaluation of detection and tracking parameters
through comparison with different algorithms and approximations of truth,
but this work deserves its own dedicated study.

Eddy detection and tracking was performed at several depths in the
upper ocean to produce a three-dimensional description of eddy activity
that is necessarily absent from satellite and SSH-based detection methods.
Across all depths, between 99,572 and 109,674 distinct eddies were tracked
over their lifetimes during the 1951-1956 period, representing between
1,321,688 and 1,643,808 eddy-days of detections that were not discarded for
failing to meet tracking thresholds described above. In the 2091-2096
period, between 127,434 and 143,092 eddies were tracked representing
between 1,724,618 and 1,952,563 eddy detections across levels, excluded
those that were discarded. For detailed population information across
depths, see Figs. 6 and 7. Eddy populations and characteristics from each
level are presented in Figs. 6 and 7. Spatial details are presented for the
population peak at 95-100 m depth, but other levels produced only minor
population differences from the peak depth and relatively consistent spatial
distributions. Spatial figures for all depths are available in Supplementary
Figs. 9-14.

Visualization
Eddy presence and characteristics in Figs. 1 and 3 were grouped spatially
based on the position of the eddy center within an equal area grid with 0.6°

longitudinal spacing and variable latitudinal spacing which is reduced at
higher latitudes to maintain approximately square grid cells. The binned
spatial data is then smoothed by averaging bins within a radius of 60 km
(Fig. 1) or 100 km (Fig. 3). For eddy characteristics in Fig. 3, grid cells that do
not contain any eddy observations are not included in the smoothing
process and remain blank, whereas for eddy presence in Fig. 1, zero is treated
a valid value. The interannual historical range of eddy presence and char-
acteristics in Supplementary Figs. 1 and 2 is the difference between the
minimum and maximum annual value of each variable observed in any
given simulated year of the historical simulations for each grid cell respec-
tively. Due to the limited sample size after reducing the dataset to individual
grid cells and the strong seasonality of the data, statistical significance tests
are not performed on the regional projected changes.

In Figs. 6 and 7, eddies are grouped by month and characteristics or
population sizes are calculated over the entire study region south of 60 °S.
The use of the detected eddy population rather than Eulerian fields such as
EKE ensures that the effects of wind and ice on the near surface ocean are not
included in the assessment of eddy intensity as they are in Supplementary
Fig. 5. It is important to acknowledge that many eddies are vertically
coherent, meaning the same eddy may be identified in multiple layers in
Figs. 6 and 7. However, many eddies are not coherent throughout the water
column®, particularly in the high latitudes, where the effects of sea ice and
mixed layer dynamics play a major role”. In Fig. 6b, the statistical sig-
nificance of the proportion of either eddy type deviating from equality was
calculated using a one-proportion z-test”, while in Fig. 7 the difference
between population means for each eddy characteristic between the two
simulation periods was calculated using a two-tailed t-test assuming
unequal variance and a normal distribution”. For both Figs. 5 and 6, a
threshold of p < 0.05 is used to indicate significance.

Data availability

Initial conditions used to initialize the FESOM2 simulations are publicly
available at https://doi.org/10.5281/zenodo.14975627”. The SO3 mesh and
other FESOM meshes are publicly available at https://doi.org/10.5281/
7en0do.14910006'”". Ocean velocity, temperature, and salinity data was
acquired from the Southern Ocean State Estimate™. Sea ice concentration
data was retrieved from the NASA National Snow and Ice Data Center'"".
Ocean surface velocity anomaly data was acquired from SEANOE™. Ocean

temperature and salinity data was acquired from the World Ocean Atlas'”.

Code availability

The FESOM2 model code used to conduct these simulations is available at
https://doi.org/10.5281/zenodo.10476072%. All code used to conduct the
simulations with FESOM2 and perform the analysis is available at https://
doi.org/10.5281/zenodo.14975969'”.
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