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Abstract
Heat and momentum exchanges at the Southern Ocean surface are crucial for the Earth’s Climate, but the importance of the 
small-scale spatial variability of these surface fluxes is poorly understood. Here, we explore how small-scale heterogenei-
ties of the surface conditions due in particular to ocean eddies affect the atmosphere–sea ice–ocean interactions off Adélie 
Land, in East Antarctica. To this end, we use a high-resolution regional atmosphere–sea ice–ocean coupled model based on 
the NEMO-LIM and MAR models. We explore how the atmosphere responds to small-scale heterogeneity of the ocean or 
sea ice surface conditions, how eddies affect the sea ice and atmosphere, and how the eddy-driven surface fluxes impact the 
heat, freshwater, and momentum budget of the ocean. The atmosphere is found to be more sensitive to small-scale surface 
temperature gradients above the ice-covered than above the ice-free ocean. Sea ice concentration is found to be weaker 
above anticyclonic than cyclonic eddies due to increased sea ice melting or freezing (0.8 cm/day) partly compensated by sea 
ice convergence or divergence. The imprint of ice-free eddies on the atmosphere is weak, but in the presence of sea ice, air 
warming (+ 0.3 ◦ C) and wind intensification (+ 0.1 m/s) are found above anticyclonic eddies, while cyclonic eddies have 
the opposite effects. Removing the interactions of eddies with the sea ice or atmosphere does not affect the total sea ice vol-
ume, but increases the ocean kinetic energy by 8% and weakens northward advection of sea ice, leading to a 15% decrease 
in freshwater flux north of 62.5 ◦ S and weaker ocean restratification.
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1 Introduction

The exchanges of heat, freshwater, and momentum at the 
air–sea interface are primordial drivers of the ocean circu-
lation and especially, of the Southern Ocean circulation. 
The Southern Ocean is a central component of the Earth’s 
climate: it contributes to isolate Antarctica from meridi-
onal heat transport (Martinson 2012) and hosts exchanges 

between the surface and the deep ocean thanks to wind-
driven upwelling and winter deep convection (Orsi et al. 
1999). The Southern Ocean is also closely tied to the Ant-
arctic Ice Sheet: ice–shelf basal melt was found to be the 
main cause of Antarctic ice mass loss during the past dec-
ades (Rignot et al. 2019). Understanding the Earth’s climate 
requires to comprehend what drives the evolution of the 
Southern Ocean. The Antarctic Circumpolar Current (ACC) 
is suggested to be forced by surface momentum (Allison 
et al. 2010) and buoyancy fluxes (Hogg 2010). Coupled with 
the ACC, the Southern Ocean hosts a meridional thermoha-
line circulation which is driven by surface heat and freshwa-
ter fluxes (Walin 1982; Abernathey et al. 2016) and by the 
wind curl (Marshall and Radko 2003). The wind curl above 
the Southern Ocean also drives upwelling which closes the 
global meridional overturning circulation (Marshall and 
Speer 2012). Hence, it is indubitable that the interactions 
between the ocean and the atmosphere or the sea ice play 
a substantial role in the Southern Ocean dynamics. But the 
understanding of the processes affecting the atmosphere–sea 
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ice–ocean interactions in the Southern Ocean remains 
incomplete. For instance, the role of processes taking place 
at small scales (below 100 km) such as ocean mesoscale 
eddies is mostly unknown due to the lack of high-resolution 
observations and to the cost of high-resolution models.

Ocean mesoscale eddies are swirling circulation patterns 
with scales ranging from 10 to 100 km observed almost 
all around the world with the exception of the equatorial 
oceans (Faghmous et al. 2015). At the mesoscale, the flows 
are still strongly affected by the Earth’s rotation, which is not 
the case at a smaller spatial scale called the submesoscale 
(McWilliams 2016). Mesoscale eddies are particularly active 
in the energetic currents such as Western Boundary Cur-
rents or the ACC. They play an important role in the ocean 
dynamics as they represent most of the ocean kinetic energy 
(Ferrari and Wunsch 2010) and potentially contribute to the 
transport and mixing of temperature, salinity, or carbon 
(Moreau et al. 2017).

Eddies can also modulate the interactions between the 
ocean and the atmosphere. Indeed, eddies are often associ-
ated with anomalies of sea surface temperature, salinity, and 
ocean currents, which can affect the turbulent fluxes at the 
air–sea interface (Villas Bôas et al. 2015). Their effects on 
air–sea interactions have been extensively studied in the past 
two decades. It appears that, at small scales, the sea surface 
temperature variability can drive the variability of air–sea 
heat fluxes. For instance O’Neill et al. (2005), observed a 
linear relationship between surface temperature gradients 
and wind stress curl over the Aghulas Current. This relation-
ship was confirmed by modelling studies (Song et al. 2009) 
and other observations (Chelton et al. 2007; Chelton and Xie 
2010). The underlying mechanisms, described in Small et al. 
(2008), involve a modification of the near-surface atmos-
phere stability, vertical momentum transfer, and surface 
pressure in response to air temperature changes. Eddies also 
affect air–sea momentum fluxes via their imprint on surface 
currents. The friction of ocean eddies on the atmosphere 
generates a wind stress curl (Renault et al. 2017), reducing 
the eddy kinetic energy and lifetime (Renault et al. 2016), 
and affecting large-scale currents (Renault et al. 2016). 
Eddy-induced stress curl also generates small-scale Ekman 
pumping (Gaube et al. 2015). The modulation of air–sea 
fluxes by eddies however seems to be variable in space 
and time. Small et al. (2019) showed that the drivers of the 
air–sea fluxes’ small-scale variability vary from one region 
to another.

In the Southern Ocean, Frenger et al. (2013) and Chelton 
(2013) observed the imprint of eddies on wind speeds, cloud 
cover, and precipitation. Eddies also influence the mixed-
layer depth, potentially affecting air–sea interactions (Haus-
mann et al. 2017). Winds can also affect eddies in return: 
Du Plessis et al. (2019) showed that winds could dampen 
the submesoscale activity of the ocean. The impact of eddies 

on air–sea momentum fluxes was found to impact the ACC 
energy budget and stratification (Song et al. 2020). Through 
this mechanism, eddies were suggested to drive Southern 
Ocean multi-decadal variability (Le  Bars et  al. 2016). 
Though it is clear that eddies influence air–sea exchanges, it 
is unclear whether these processes are at play in the ice-cov-
ered Southern Ocean. High-latitude eddies are often smaller 
(Chelton et al. 1998; LaCasce and Groeskamp 2020) than 
elsewhere in the ocean, limiting the possibility for the atmos-
phere to respond to their presence. Average winds over the 
Southern Ocean are particularly strong, with very frequent 
storms, which could reduce the relative importance of ocean 
currents with respect to wind velocity compared to other 
eddy-prone regions. The low sea ice temperature may lead 
to the development of temperature inversions making the 
low-level atmosphere very stable, inhibiting the atmosphere 
sensitivity to surface conditions. Besides, thermal contrast 
between sea ice and leads or polynyas may induce mesoscale 
convective features (Gryschka et al. 2008). Finally, thick sea 
ice insulates the ocean from the atmosphere and could shut 
down mesoscale air–sea interactions during winter. Whether 
eddies impact air–sea interactions to a significant extent over 
the Southern Ocean regions remains an open question.

The imprint of eddies on the atmosphere can arise from 
their imprint on sea ice. Recent observations suggest that 
eddies affect the sea ice concentration and drift. By detecting 
the imprint of eddies on sea ice concentration, Kozlov et al. 
(2019) described the eddy activity in the Arctic. Cassianides 
et al. (2021) proposed a method to detect eddies beneath sea 
ice via their imprint on the sea ice vorticity. Eddy-like swirls 
can also be found in the sea ice [see Fig. 1 of Manucha-
ryan and Thompson (2017)]. The interactions of eddies 
with sea ice have already been simulated in several models. 
Manucharyan and Thompson (2017) suggested that eddies 
and sea ice interact in the development of the Marginal Ice 
Zone (MIZ). They showed that eddies spontaneously appear 
in the MIZ where they affect sea ice advection and ocean-
ice heat fluxes. Besides, the curl of eddies currents leads to 
sea ice divergence or convergence, affecting the air–sea and 
ocean-ice heat exchanges. Similar to the friction of eddies on 
the atmosphere (Renault et al. 2016), eddies also rub on the 
sea ice, which drives Ekman pumping or eddy-ice pumping 
(EIP) in the ocean. This process is described in Gupta et al. 
(2020), who showed that EIP reduced sea ice thickness by 
10% and mixed layer depth by 60% due to increased sea 
ice melt in an idealized Southern Ocean simulation. Sea ice 
can also affect the eddy activity. Meneghello et al. (2020) 
showed that the friction of eddies on the Arctic sea ice was 
one of the reasons for the decay of ocean mesoscale activity 
in winter. Horvat et al. (2016) showed that lateral density 
gradients linked with sea ice melting at the edges of ice floes 
drive submesoscale circulation. As mesoscale eddies influ-
ence sea ice, they could as well affect the air–sea interactions 
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and the atmosphere in ice-covered regions. Observations of 
small-scale atmosphere–sea ice–ocean interactions are how-
ever too scarce to evaluate the role of eddies.

With the present study, our goal is to explore how mes-
oscale eddies influence air–sea interactions in the presence 
of sea ice. We use a regional high-resolution ocean–sea 
ice–atmosphere model to analyze the influence of mesoscale 
eddies on sea ice, atmosphere, and air–sea–ice exchanges 
from the scale of the eddies to the regional scale. To do 
so, we have developed a high-resolution regional coupled 
model of the ocean, sea ice, and atmosphere based on the 
NEMO-LIM (ocean and sea ice) and MAR (atmosphere) 
models (Sect. 2). This model enables the study of atmos-
phere–sea ice–ocean interactions at scales where observa-
tions are missing and coupled models are rarely used. Due 
to the high cost of such a high-resolution coupled model, we 
limit our study to the Adélie Land sector, East Antarctica. 
Our regional coupled model is presented in Sect. 2. We then 
analyze to what extent individual eddies affect the overlying 
sea ice and atmosphere properties (Sect. 3) and we describe 
the overall effect in the entire simulated region (Sect. 4). The 
results are discussed in Sect. 5, followed by our conclusions.

2  The model, experimental design, 
and analysis strategy

2.1  The NEMO ocean–sea ice model

The ocean–sea ice model is adapted from the one used in 
Huot et al. (2021a) and Huot et al. (2021b). It is a regional 
configuration of the NEMOv3.6 platform (Nucleus for 
European Modelling of the Ocean, Madec (2016)), includ-
ing the sea ice model LIM3 (Louvain-la-Neuve sea Ice 
Model). The ocean domain extends from 70◦ S to 59◦ S 
and from 129◦ E to 151◦ E. The grid is derived from the 
eORCA1 global tripolar grid which was refined to a reso-
lution of 1∕24◦ . The grid spacing ranges from 1.8 to 2.3 
km, which is enough to resolve eddies away from the con-
tinental shelves (Hallberg 2013). The vertical discretiza-
tion consists of 75 levels of increasing thickness from top 
to bottom (from 1 to 200 m). The vertical mixing is treated 
via a TKE scheme (Bougeault and Lacarrere 1989; Gas-
par et al. 1990). Convection is parameterized by enhanced 
vertical mixing in case of unstable stratification (Lazar 
et al. 1999). LIM3 is a dynamic-thermodynamic model 
described in Vancoppenolle et al. (2009) and Rousset et al. 
(2015). We make use of a subgrid-scale distribution of 
sea ice thicknesses with 5 categories. We have increased 
the ocean–ice drag coefficient to 6.8 × 10−3 (instead of 
5 × 10−3 in Huot et al. (2021a)) to adjust to the stronger 
wind stress provided by MAR compared to the one cal-
culated with the bulk CORE formula (Large and Yeager 

2004) in forced mode. The parameterization of landfast sea 
ice (Van Achter et al. 2021; Huot et al. 2021b) was modi-
fied: sea ice experiences a bottom stress where a grounded 
iceberg is present, instead of treating icebergs as land 
points. The bottom stress is set to �lfs = ai�icb (with ai the 
sea ice concentration and �icb a constant stress of 10 N∕m2 ). 
The two methods produce similar results, but the one used 
here does not require adapting the land-sea mask. The 
ocean-sea ice model is forced at its lateral boundaries by 
the PSY4V3R1 1/12◦ global reanalysis as in Huot et al. 
(2021b). Tides are applied at the lateral boundaries using 
the FES2012 dataset (Carrère et al. 2012), as in Maraldi 
et al. (2013) and Jourdain et al. (2019).

2.2  The atmospheric model MAR

MAR (Modèle Atmosphérique Regional) is a hydrostatic 
polar-oriented model originally developed by Gallée and 
Schayes (1994). This model has often been used to study 
the climate over the Antarctic Ice Sheet (e.g., Amory et al. 
(2015); Kittel et al. (2018); Agosta et al. (2019); Donat-
Magnin et al. (2020)). We refer to Kittel et al. (2021) for a 
description and evaluation of MAR all over Antarctica. The 
MAR configuration used in this study was adapted from the 
one utilized in Huot et al. (2021b), and the MAR model was 
updated to version 3.11. The model uses the E − � scheme of 
Duynkerke (1988) for the subgrid-scale vertical fluxes. MAR 
is coupled to the surface model SISVAT from De Ridder and 
Gallée (1998) (part of which is based on a former version 
of the CROCUS model for snow-covered surfaces (Brun 
et al. 1992)). Each grid cell of MAR in our configuration 
is either a land cell, possibly including a nunatak fraction, 
or an ocean cell, possibly including a fraction of sea ice. 
Sea sprays enhance evaporation acting as a moisture source 
over the ocean and decreasing the air potential temperature 
(Andreas and Decosmo 2002). The atmospheric model is 
forced at its lateral boundaries and nudged in the top tropo-
sphere by 6-hourly outputs of ERA5 (Hersbach et al. 2020). 
The atmospheric state obtained from ERA5 is imposed at the 
MAR boundaries with a 7-pixel relaxation zone (see Mar-
baix et al. (2003) for details about the boundary treatment in 
MAR). The synoptic variability is thus mostly driven by the 
lateral forcing, ensuring the realism of the coupled model 
simulations. MAR evolves freely within the inner domain 
(outside the 7-pixel relaxation zone). The horizontal reso-
lution is set to 5 km (same grid as the AM5 simulation of 
Huot et al. (2021b)). The vertical discretization consists of 
24 sigma levels, with the first level at approximately 2 m. 
The atmospheric domain is larger than the one covered by 
the ocean model and MAR takes its surface conditions from 
the OSTIA reanalysis (Donlon et al. 2012) outside of the 
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common area. A relaxation zone of 5 grid points is used 
between the coupled and uncoupled surfaces.

2.3  NEMO‑MAR coupling

We have revised the coupling interface originally devel-
oped by Jourdain et  al. (2011), by updating all model 
components, including the OASIS3-MCT3 coupler (Craig 
et al. 2017), by coupling at a higher frequency, and by 
revisiting some of the flux formulations. MAR computes 
the fluxes for NEMO-LIM, and NEMO-LIM sends its 
surface conditions to MAR. The coupling time step is 
600 s (equal to 4 oceanic time steps and 30 atmospheric 
time steps). Every coupling time step, NEMO-LIM sends 
its 600-s averaged sea surface temperature, sea surface 
velocities, sea ice concentration, sea ice and snow thick-
nesses, sea ice albedo, sea ice surface temperature, and sea 
ice velocities. Sea ice albedo is a function of ice surface 
temperature, ice, and snow depth (Shine and Henderson-
Sellers 1985). The ocean albedo is recomputed in MAR 
and is a function of the zenithal angle and cloud cover. 
MAR sends net shortwave radiation, the non-solar heat 
flux (sum of net longwave, latent and sensible heat fluxes), 
and the turbulent momentum flux separately for the sea ice 
and the ocean to NEMO-LIM. In addition, MAR sends 
rainfall and snowfall, ice sublimation, and total evapora-
tion. MAR also sends the non-solar heat flux sensitivity to 
surface temperature. The latter (computed as in Jourdain 
et al. (2011)) is used to adjust the fluxes to the actual sea 
ice temperature in NEMO-LIM to avoid large-amplitude 
noise in the sea ice temperature. All exchanged fields are 
interpolated bi-linearly in the longitude–latitude space 
between the two grids (this method is non-conservative, 
but avoid the apparition of unphysical fluxes). Though the 
sea ice component LIM has a subgrid-scale ice thickness 
distribution, it is not the case for the atmosphere. NEMO-
LIM, therefore, sends the fraction-weighted average of 
the distributed variables (ice and snow thicknesses, ice 
temperature). The same air–ice fluxes are then applied to 
each sea ice category.

As in Renault et al. (2016), we use relative winds for 
the wind stress computation over ocean or sea ice. The 
relat ive zonal  wind speed Urel  is  def ined as: 
U

rel
= (U10m − U

oce
)(1 − a) + (U10m − U

ice
)a , with U10m the 

10 m zonal wind speed component, Uoce the surface zonal 
ocean current speed, Uice the zonal sea ice speed and a the 
sea ice concentration, and similarly in the meridional 
direction. The surface roughness length used for the 
a i r–sea  o r  a i r– i ce  f luxes  i s  computed  a s : 
z0 = z0oce(1 − a) + z0icea , with z0oce and z0ice the ocean and 
sea ice surface roughness lengths, respectively. z0moce , the 
ocean roughness length for momentum, is a function of the 
l o c a l  w i n d  s p e e d  a f t e r  Wa n g  ( 2 0 0 1 ) : 

z0moce = 0.016
(U∗)2

g
+ 0.11

�

U∗
 , with U ∗ the friction veloc-

ity, � the air kinematic viscosity ( 1.35 × 10−5 m 2/s) and g 
the gravitational acceleration. The roughness lengths for 
the sea ice latent, sensible, and momentum fluxes are con-
stant and set to 1 × 10−3 m as in Cassano et al. (2001) and 
Bromwich et al. (2001).

2.4  Experimental design: REF and SMOOTH 
experiments

The reference (REF) simulation starts on the 1st of January 
2011 and ends on the 31st of December 2013, using the 
outputs of a stand-alone ocean simulation forced by MAR 
outputs as an initial state (OM5 in Huot et al. (2021b)). The 
first year serves as a model spin-up and is discarded from the 
analyses. A comparison of the mean state of the ocean with 
the WOA18 climatology (Zweng et al. 2018; Locarnini et al. 
2018) and atmosphere with the ERA5 reanalysis (Hersbach 
et al. 2020) is proposed in the supplementary material. In 
REF, the sea ice and the atmosphere feel the presence of the 
oceanic mesoscale activity which is at least partly resolved 
north of the continental shelf given that the effective ocean 
model resolution is generally estimated as 2 to 10 times the 
grid resolution i.e. 4 to 20 km in our configuration (Hall-
berg 2013; Soufflet et al. 2016). In comparison, LaCasce 
and Groeskamp (2020) estimated the 1st Rossby radius to 
be comprised between 10 and 20 km at the high latitudes 
of the Southern Ocean. Hence, our model should be able to 
resolve most of the mesoscale eddies. In addition, the 5 km 
horizontal resolution of the atmospheric model should be 
enough to capture the surface signature of eddies with such 
spatial scales.

The time series of the sea ice area simulated in REF is 
compared to the observed sea ice area in Fig. 1. The REF 
simulation offers a satisfying representation of the sea 
ice area (Fig. 1) when compared to the OSI-450 dataset 
(Lavergne et  al. 2019). REF underestimates the sea ice 

Fig. 1  Time series of sea ice area integrated over the Adélie Land 
sector simulated in REF and derived from the observations OSI-450 
(OSI SAF Global Sea Ice Concentration Climate Data Record)
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extent by 15% in the winters of 2011 (considered as a spin-
up year hereafter) and 2012 while doing a better job in 2013. 
This negative bias may lead to an underestimation of the 
imprint of eddies on the sea ice pack as the eddy activity 
increases northwards.

The eddy kinetic energy simulated in REF and estimated 
from the AVISO sea level anomaly dataset are illustrated 
in Fig. 2. The spatial and temporal resolutions of the mod-
eled ( 1∕24◦ and daily) and observed SLA (function of track 
density, Ballarotta et al. (2019)) are too different to permit 
direct comparison and some adaptation is needed to com-
pare observations and model on an even ground (as was 
for instance done in Amores et al. (2018)). Here, we have 
reconstructed the SLA of AVISO from the along-track 
SLA and using the interpolation algorithm developed by 
Garcia (2010) and applied to geophysical datasets in Wang 
et al. (2012). The reconstructed SLA compares well with 
the AVISO interpolated field, with an averaged root mean 
squared error of 0.69 cm. The same methodology is applied 
to the modeled field: “along-track” SLA are obtained using 
the real tracks of the altimeter used in AVISO, and the SLA 
is interpolated. Before the interpolation, we have masked the 
locations with an observed sea ice concentration (in the OSI-
450 dataset) higher than 0%. The model overestimates the 
ocean EKE in the northwestern part of the domain (where 
it can be four times higher than the one estimated from 
AVISO) but shows reasonable values of EKE in the eastern 
part. The simulated EKE is however similar to that simulated 
by Stewart et al. (2018).

To test the effects of the ocean eddies on the atmos-
phere–sea ice–ocean interactions, we perform a second 
experiment named SMOOTH. SMOOTH starts on the 1st 
of January 2012, using a snapshot of the ocean, sea ice 
and atmosphere states from REF as initial conditions. In 
SMOOTH, we remove the modulation of atmosphere–sea 
ice–ocean heat and momentum fluxes by ocean eddies. To 
do so, we smooth the oceanic fields before their use in the 
sea ice model and before their exchange with the atmosphere 

model. The filter ‘F’ (inspired from Renault et al. (2019)) 
is a 2D Gaussian with a standard deviation of 40 km. It is 
applied online to the sea surface temperature (SST), salinity 
(SSS), and meridional and zonal currents (SSU and SSV). 
We mirrored the oceanic fields across the lateral limits to 
avoid nonphysical boundary effects. We also masked land 
points and adapted the filter weights in the neighborhood of 
coastlines. The filter width (i.e., the distance after which the 
weights are set to zero) is set to 6 times the standard devia-
tion of the Gaussian. In this experiment, the atmosphere and 
the sea ice do not feel the small-scale heterogeneity of ocean 
surface conditions. Note that the sea ice fields are not filtered 
before the exchange with the atmosphere. The same filter is 
used offline to isolate the mesoscale variability of a given 
field. We decompose a field X into its mesoscale part X meso 
and large-scale part X large such as X = X meso + X large . X large 
is obtained by filtering X by the Gaussian filter 'F' described 
above.

The effects of smoothing are illustrated by the snapshots 
of sea ice concentration and sea surface temperature in 
Fig. 3. The imprint of mesoscale activity is manifest on the 
SST of REF, with circular or swirling warm and cold anoma-
lies. The SST of SMOOTH is exempt from these eddies 
and filaments (note that the eddies of both simulations are 
not in phase). As explained before, the sea ice fields are not 
smoothed in SMOOTH. The ice pack presents small-scale 
heterogeneity due for instance to the opening of leads and 
polynyas in both simulations. Yet, the ice edge has a distinct 
shape between both simulations: between 64◦ S and 62◦ S, 
the eddies are deforming the ice pack. Swirling shapes in the 
sea ice concentration are found in REF but not in SMOOTH. 
This study aims to understand the mechanisms at play and 
their implications for the exchanges with the atmosphere. 
The ocean kinetic energy and SST power spectra before and 
after filtering (Fig. 4) show how different wavelengths are 
filtered. The filter effectively reduces the variability of the 
SST for length scales lower than 150 km.

Fig. 2  Eddy kinetic energy 
obtained from geostrophic 
currents simulated in REF (a) 
and estimated from AVISO (b), 
averaged over 2011 and 2012
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Caution must be exercised when analyzing the results 
from the SMOOTH experiment. As described above, the 
filter dampens the imprint of small-scale processes on the 
sea surface. This includes the effects of the eddies but 
also the imprint of other processes (such as heterogene-
ous surface fluxes). Filtering the surface fields thus also 
dampens the small-scale feedbacks between surface fluxes 
and the ocean. In other words, while the ocean is free to 
adjust to surface fluxes, the sea ice and atmosphere see a 
diluted response due to the spatial filtering. This can have 
the effect of inhibiting the small-scale atmosphere–sea 
ice–ocean interactions which are not associated with ocean 

mesoscale activity. We carried out another experiment 
where the filter is applied to surface currents only (not 
to SST or SSS). This did not impact the results presented 
here (not shown). Therefore, we can confidently attribute 
the effects of the filtering described hereafter to the mes-
oscale dynamical structures (eddies, meanders).

2.5  Eddy tracking and compositing

As we are particularly interested in understanding the mech-
anisms of atmosphere–sea ice–ocean interactions induced 
by mesoscale ocean eddies, it is important to analyze the 

Fig. 3  Snapshots of sea ice concentration (black and white shading) and SST (red-green-blue shading) seen by MAR in REF (left) and 
SMOOTH (right) on 27th Aug. 2013

Fig. 4  Radially averaged power spectra of the ocean kinetic energy 
(left) and SST (right) simulated in REF and obtained after smoothing 
the oceanic fields of SMOOTH over the period 2012–2013. The SST 
is the one seen by MAR and has a resolution of 5 km, while the ocean 

kinetic energy was recomputed offline and has a resolution of ∼ 2 km. 
The dashed black line indicates the k −2 slope, and the vertical black 
line a wavelength of 150 km
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simulations at the scale of those eddies. To do so, we pro-
duced a series of sea surface and atmosphere composites 
above eddies. Several methods have been developed to track 
oceanic mesoscale eddies either based on sea-level anoma-
lies (Chelton 2013; Frenger et al. 2013) or on flow properties 
(Williams et al. 2011; Haller 2016). Here, we use a method 
which tracks eddies using sea-level anomalies, as was for 
instance done in Frenger et al. (2013), Hausmann et al. 
(2017), or Gupta et al. (2020). The eddy tracking algorithm 
used here was developed by Faghmous et al. (2015). It was 
originally developed for remotely sensed data but can be 
applied to outputs from numerical models as well. The algo-
rithm localize local extremum of SLA within squares of 9 × 
9 pixels. Then, it finds the largest closed contour of SLA that 
contains a single SLA extremum. The eddy consists of all 
the pixels enclosed within the largest SLA contour. Closed 
contours of SLA with an area lower than 300 grid points (a 
circle with a radius of approximately 10 grid points in our 
configuration) are discarded. Eddies with an SLA anomaly 
lower than 3 cm were also discarded. Note that one eddy can 
be detected several days in a row. The daily sea surface, sea 
ice, and atmospheric conditions within 3 eddy radius from 
the eddy center were gathered and averaged to produce com-
posite images. These composites represent the mean state of 
the ocean, atmosphere, or sea ice in the eddies referenced 
frame. Before averaging, the eddies were scaled according to 
their individual eddy radius. Additionally, atmospheric fields 
were rotated to be aligned with the local wind direction (as 
in Frenger et al. (2013)) averaged over one eddy radius from 
the eddy center. For each variable, we make separate com-
posites for cyclonic and anticyclonic eddies.

3  Atmosphere–sea ice–ocean interactions 
at the mesoscale

In this section, we investigate how eddies affect air–sea 
interactions at small scales and the mesoscale variability 
of the sea ice, atmosphere, and ocean. First, the response 
of the small-scale wind to the mesoscale surface tempera-
ture variability is assessed. Then, we describe the imprint 
of individual eddies on the sea ice, atmosphere, and ocean.

3.1  Small‑scale atmosphere–sea ice–ocean 
coupling

In this section, we analyze how the atmosphere responds 
to mesoscale anomalies of surface conditions (i.e. not only 
eddies but all mesoscale heterogeneities).

We first focus on the thermal feedback, i.e. the anomaly 
of wind or stress divergence across surface temperature 
gradients and of wind or stress curl along surface tem-
perature gradients (O’Neill et al. 2005; Chelton and Xie 

2010). As discussed earlier, a positive surface temperature 
anomaly leads to wind intensification. Thus, a downwind 
surface temperature gradient yields a downwind wind 
intensification (divergence). Similarly, a crosswind surface 
temperature gradient leads to a crosswind wind intensifi-
cation (curl). Details about the mechanisms can be found 
in Chelton and Xie (2010). We compute the relationships 
between the surface temperature (ST) gradient and wind 
curl or divergence using the outputs of REF. For the ice-
covered cells, we use the cell-averaged surface temperature 
of the ocean and sea ice instead of the SST. We compute 
the surface temperature downwind and crosswind gradients 
as in O’Neill et al. (2005). The downwind ST gradient is 
defined as: ���������⃗∇downST = ��⃗∇ST .�⃗k and the crosswind gradient as: 
���������⃗∇crossST = ��⃗∇ST × �⃗k with �⃗k a unit vector in the wind direc-
tion and ST the surface temperature. We extract the mes-
oscale anomalies of these fields and of the wind curl ( ��⃗∇ × ��⃗U , 
with ��⃗U the 10 m wind) and divergence ( ��⃗∇.��⃗U ) using the filter 
F described in Sect. 2.4. The ST gradients simulated over the 
whole sector in 2012 and 2013 are then gathered into bins 
(with a width of 1 × 10−6 ◦C∕m ). The wind curl or diver-
gence simulated for each ST gradient range are averaged. 
We then derive the relationship between the binned ST gra-
dients and bin-averaged wind conditions. A relationship is 
calculated for ice-free ( SIC = 0 ) and one for ice-covered 
( SIC > 0.05 ) cases.

The resulting binned scatterplots are displayed in Fig. 5a, 
b (and their associated spread in Supplementary Fig. B.3 and 
B.4). For the ice-free ocean, there is a positive relationship 
between the crosswind gradient of surface temperature and 
the wind curl. A positive relationship is also found between 
the downwind surface temperature gradient and the wind 
curl. These positive relationships are in agreement with 
previous work (Chelton and Xie 2010; Song et al. 2009). 
The relationships are also positive for the ice-covered ocean, 
but the coupling is stronger. The slopes of the crosswind 
ST—wind curl relationship and of the downwind ST—wind 
divergence relationship are indeed increased by a factor of 
2 in the presence of sea ice. This stronger response above 
sea ice can arise from a stronger sensitivity of the cold and 
stable atmospheric boundary layer to surface temperature 
gradients, but also from the higher heat transfer coefficient 
over the sea ice than over the ocean in our model.

Then we focus on the so-called current feedback (Renault 
et al. 2016), which depends on the relative velocity of wind 
and ocean currents. This feedback induces wind stress curl 
over ocean vorticity, which tends to extract vorticity from 
the ocean and therefore to weaken ocean eddies. Renault 
et al. (2016) defined the dynamical coupling as the rela-
tionship between the surface currents vorticity and the wind 
or surface stress curl. Here, we use the relative vorticity of 
geostrophic currents (hereafter geostrophic vorticity), i.e. the 
curl of the geostrophic currents derived from the simulated 



 P.-V. Huot et al.

1 3

sea surface height using the geostrophic balance. The rela-
tionships between the mesoscale anomalies of these fields 
are depicted in Fig. 5c, d. As for the thermal effect, we com-
pute one relationship for the ice-free ( SIC = 0 ) and one for 
the ice-covered ( SIC > 0.05 ). Note that the “stress” is the 
cell average of the wind stress and ice stress on the ocean 
(hereafter “ocean stress”). In the ice-covered ocean, it thus 
also incorporates the dynamical interactions between the 
ocean and the sea ice.

For the ice-free case, REF simulates a positive relation-
ship between the current vorticity and the wind curl, in 
agreement with previous results (Renault et al. 2016). This 
can be explained by the negative relationship between the 
current vorticity and the ocean stress curl. The friction of 
eddies against the atmosphere leads to a stress curl opposed 
to the ocean currents. This results in a modification of the 
air–sea stress and induces a wind curl in the same direc-
tion as the ocean currents vorticity. However, there are no 

significant relationships between the geostrophic vorticity 
and the wind divergence (not shown) as was previously 
reported by Renault et al. (2019). The presence of sea ice 
does not seem to affect the relationship between the surface 
current vorticity and the wind curl, but the confidence in the 
relationship is low as the spread within each bins becomes 
large over the ice-covered ocean (Supplementary Fig. B.4b, 
c). The relationship between the geostrophic vorticity and 
the stress curl is amplified. Two reasons can be given to 
explain the strength of the vorticity-stress curl relationship 
in the ice-covered ocean. First, the ocean–ice drag coeffi-
cient is larger than the ocean–air one. Also, ocean currents 
and sea ice velocities have the same order of magnitude, 
making sea ice more sensitive to ocean currents. Yet, the 
relationship gets weaker for a high absolute current vorticity. 
This suggests that ocean currents drive sea ice motion in 
intense eddies, which leads to a saturation of the ice–ocean 
stress. By taking only the pixels where SIC > 0.8 (dark gray 

Fig. 5  Binned scatterplots of the small-scale anomalies of: a the 
crosswind surface temperature (ST) gradient and the wind curl, b the 
downwind ST gradient and the wind divergence, c the geostrophic 
current vorticity and the wind curl, d the geostrophic currents vorti-
city and the ocean stress curl. Bin widths are 1 × 10−6 ◦C∕m for tem-
perature gradients and 1 × 10−6 s −1 for the geostrophic vorticity. Each 
marker corresponds to the average of all simulated points within the 

bin range. The binned scatter plots are built from daily outputs over 
the period 2012-2013. For the “ice free” relationships, only the pix-
els with a sea ice concentration (SIC) equal to zero are considered. 
Linear regressions on the bin averages are indicated when such a 
relationship exists. The slopes (S) and regression coefficients (R) are 
indicated on each panel. The spreads within each bin are indicated in 
Supplementary Figs. B.3 and B.4
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markers of Fig. 5d) likely representing more resistant sea 
ice, the effect of currents vorticity on stress curl weakens 
for high absolute vorticity but does not saturate anymore. A 
potential explanation is that a more compact sea ice cover 
offers a stronger resistance to the deformation generated by 
small-scale oceanic currents. Comparing geostrophic vorti-
city to sea ice velocity curl (Supplementary Fig. B.5) shows 
that weak sea ice ( SIC < 0.8 ) closely follows rotating geos-
trophic currents, but that more compact sea ice ( SIC > 0.8 ) 
does not for high geostrophic vorticity values. The alignment 
of sea ice velocities with ocean currents for weak sea ice 
cover can also explain why the vorticity-wind curl relation-
ship (Fig. 5c) is not affected by the presence of weak sea ice. 
Indeed, the eddies will affect the air–ice momentum transfer 
by generating a curl of sea ice velocities.

In the SMOOTH simulation, the dynamical effect van-
ishes, as illustrated by the flat curves of Fig. 5c. This is due 
to the removal of the contribution of small-scale currents to 
ocean stress. For the ice-covered ocean, SMOOTH exhibits a 
positive relationship between the vorticity and the stress curl, 
which might indicate the forcing of the ocean circulation 
by the large-scale sea ice curl. The relationships between 
ice-free surface temperature gradients and wind divergence 
become null, and the one with the wind curl becomes nega-
tive (Fig. 5a, b). It is not the case for the coupling between 
surface temperature gradient and wind divergence or curl 
in the presence of sea ice (orange markers in Fig. 5a, b). In 
SMOOTH, small-scale heterogeneities in the sea ice cover 
are not filtered out. Thus, there are still small-scale surface 
temperature gradients that can drive small-scale interactions 
in the ice-covered regions.

3.2  Imprint of eddies on the sea ice, atmosphere 
and ocean

In the previous section, we have described the mechanisms 
of atmosphere–sea ice–ocean coupling for general mes-
oscale structures. The origins of small-scale heterogene-
ity in the ocean surface and sea ice characteristics can be 
diverse (eddies, leads, local air–sea fluxes). Here, we focus 
on the imprint of ocean eddies. To do so, we apply the eddy 
tracking and analysis method described in Sect. 2.5 to the 
daily SSH of the REF simulation. Between the 1st of Janu-
ary 2012 and 31st of December 2013, we detected ∼ 5100 
occurrences of cyclonic eddies and ∼ 3400 occurrences of 
anticyclonic eddies (approximately 7 cyclonic eddies and 5 
anticyclonic eddies each day). Note that a single eddy can 
be detected and counted several days in a row. As illustrated 
in Fig. 6, anticyclonic and cyclonic eddies are relatively 
uniformly distributed apart from the peak in cyclonic eddy 
frequency near 64◦ S and the peak of anticyclonic eddy fre-
quency near 63◦ S.

First, we investigate the effects of eddies on sea ice. To 
do so, we consider here only the eddies with a mean sea 
ice concentration greater than 0.4 within 3 eddy radius. 
Most of the ice-covered eddies are encountered close to 
the ice edge, as shown by the northward decrease in sea ice 
concentration (Fig. 7a, b). Anticyclonic eddies are associ-
ated with negative SIC anomalies, while cyclonic eddies 
are associated with positive ones. The mean sea ice pro-
duction rate north and alongside the eddies is negative, as 
ice-covered eddies are mostly encountered in the north of 
the ice pack (Fig. 7c, d). The imprint of eddies is overlaid 
on this large-scale trend. There is a stronger melt (− 1 
cm/day within the eddy core compared to − 0.2 cm/day 
outside) in anticyclonic eddies and a lower melt or even 
freezing ( + 0.6 cm/day on average) above cyclonic eddies. 
Cyclonic eddies thus enable the formation of sea ice fur-
ther north where sea ice should normally melt, but this is 
compensated by increased melt on the north of cyclonic 
eddies.

We separate the sea ice concentration trend into its ther-
modynamical and dynamical components in Fig. 7e, f, g, h. 
As for the sea ice growth rate anomalies, cyclonic and anti-
cyclonic eddies have an opposite imprint on the thermody-
namical SIC trend. The thermodynamical SIC trend is nega-
tive above anticyclonic eddies and positive above cyclonic 
eddies. This can be related to the sea surface temperature 
anomalies of mesoscale eddies, but also to Ekman pumping 
generated by the eddies’ friction on the sea ice (discussed 
later). These anomalies are compensated by the imprint of 
eddies on the dynamical SIC trend. The sea ice converges 
above anticyclonic eddies (as previously described by 
Manucharyan and Thompson (2017)) and diverges above 

Fig. 6  Location of eddies detected in REF between 1st of January 
2012 and 31st of December 2013. The green lines indicate the maxi-
mum sea ice extent for years 2012 and 2013. The coastline is indi-
cated as a thick black line and the 1200 m isobath as a dashed black 
line. The insert represent the meridional distribution of eddies
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cyclonic eddies. Cyclonic eddies are also associated with a 
northward sea ice advection, as seen by the positive dynami-
cal SIC trend in Fig. 7h. The advected sea ice likely encoun-
ters warmer waters north of the ice edge, leading to intensi-
fied melt (Fig. 7d, f).

We apply the same diagnostics to detect the imprint of 
eddies on air–sea fluxes and on surface air properties (Fig. 8) 
in the REF simulation. On average, the imprint of ice-free 
eddies on near-surface air temperature or humidity is almost 
indistinguishable ( < 0.05 ◦ C and < 0.05 g/kg). The imprint 
of eddies becomes significant for ice-covered eddies, the 
atmosphere is warmer ( +0.3 ◦C ) and moister (+0.3 g/kg) 
over ice-covered anticyclonic eddies. The sign of the anoma-
lies is reversed for ice-covered cyclonic eddies. The tempera-
ture and moisture anomalies originate from the imprint of 
eddies on latent and sensible heat fluxes (Fig. 8e, f). These 
stronger anomalies are coherent with the negative (positive) 
sea ice concentration anomalies of anticyclonic (cyclonic) 
eddies, but could also illustrate the stronger sensitivity of the 
atmosphere to small-scale heterogeneity of surface condi-
tions in ice-covered regions described earlier (Fig. 5).

The influence of eddies can also be observed on the 
winds. The presence of anticyclonic eddies leads to wind 
intensification, while cyclonic eddies lead to the opposite 
response (Fig. 8c). As with air temperature, the imprint 
is stronger for ice-covered than for ice-free eddies, which 
can be related to the stronger changes in air temperature for 
ice-covered eddies. Two mechanisms are often proposed to 
explain the modulation of wind speed by mesoscale eddies. 

The first one involves a modification of the vertical momen-
tum transfer due to changes in atmosphere stability associ-
ated with the warming/cooling effect of eddies. The second 
one is a modification of local pressure (due to changes in air 
density), which can drive local winds. The imprint of eddies 
on surface pressure (not shown) is either null or uncorrelated 
to the simulated changes in wind speed. The effects of eddies 
on wind speed simulated in REF are most likely imputable to 
changes in vertical momentum transfer. This is in agreement 
with the imprint of eddies on the planetary boundary layer 
(Fig. 8d). The planetary boundary layer (PBL) is on aver-
age thicker above anticyclonic eddies than above cyclonic 
eddies. Thicker PBL enables a stronger downward momen-
tum transfer and stronger winds above anticyclonic eddies.

The coupled model shows that mesoscale eddies affect air 
temperature and wind speed off Adélie Land. The imprint 
on air temperature or wind speed remains relatively weak, 
but the latter is in agreement with the imprint on wind speed 
observed by Frenger et al. (2013). However, the influence 
of eddies on the atmosphere quickly vanishes as we move 
away from the surface. Despite the imprint on the height 
of the PBL, we have not detected any imprint on the cloud 
cover or precipitation rates in our simulation. Besides, the 
atmospheric response to eddies suggests the existence of 
small-scale feedbacks. Air warming (cooling) above anticy-
clonic (cyclonic) eddies reduces the air-surface temperature 
contrast and thus, the turbulent heat fluxes. The modification 
of wind speeds due to the presence of eddies can amplify or 
on the contrary dampen the temperature contrast diminution 

Fig. 7  Composites of the eddies’ imprint on the sea ice concentra-
tion (a, b), sea ice growth rate (c, d), sea ice concentration thermo-
dynamical (e, f), and dynamical (g, h) trends simulated in REF. Only 
the eddies with a sea ice concentration averaged within 3 eddy radius 
larger than 0.4 are accounted for. Anticyclonic eddy (warm core) and 
cyclonic eddy (cold core) are shown on the left and right columns of 

each sub-figure, respectively. Each eddy has been scaled with respect 
to its radius but the orientation of eddies is not modified. Composites 
are built from 01/01/12 to 31/12/13. A circle of one eddy radius is 
drawn on each panel. The inter-eddy variability can be found in Sup-
plementary Fig. B.6
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effect, as stronger (weaker) winds would intensify (lower) 
the heat loss above anticyclonic (cyclonic) eddies.

An interesting result is the higher sensitivity of the 
atmosphere to eddies in ice-covered areas which might be 
related to the stronger air–sea coupling in presence of sea 
ice described in Sect. 3.2. As sea ice limits air–sea fluxes, 

the anomalies of sea ice concentration associated with mes-
oscale eddies likely intensify the atmosphere’s response to 
the presence of a mesoscale eddy. In addition, sea ice can 
reach lower temperatures than the sea surface, leading to 
stronger surface temperature gradients than over ice-cov-
ered than over ice-free eddies. However, it seems that the 

Fig. 8  Downwind transects of the imprint of eddies on the mes-
oscale anomalies of surface conditions, heat fluxes, and atmosphere. 
A negative (positive) eddy radius corresponds to the upwind (down-
wind) side of the eddies. a Surface temperature (weighted average 
of the ocean and sea ice temperatures, light blue and pink) and 2 m 
air temperature (red and blue), b 2 m air specific humidity, c 10 m 
wind speed, d planetary boundary layer height, e latent heat flux, and 
f sensible heat flux. A positive heat flux means an energy loss by the 
surface. The mesoscale anomalies of each field were first extracted 
following the method described in Sect. 2.4 and the composites were 

built by averaging the anomalies found above the eddies. Eddies were 
resized with respect to their radius and rotated to be aligned with the 
local wind. Separated downwind transects are computed for anticy-
clonic eddies (red or pink) and cyclonic eddies (blue or light blue). 
The distinction is also done between ice-free (dashed line) and ice-
covered ( SIC > 0.4 , solid line) eddies. The vertical black lines rep-
resent the standard deviation (centered around zero) of the compos-
ites, computed at the eddies’ center (x = 0) in REF (solid line) and 
SMOOTH (dashed line). The composites are computed using daily 
outputs from REF between 2012 and 2013
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difference between surface temperature and near-surface 
air temperature is similar between ice-covered and ice-free 
eddies in the REF simulation (not shown). The higher sen-
sitivity of the atmosphere to ice-covered eddies could arise 
from the differences in heat transfer coefficient between the 
ocean and sea ice. Another potential cause might be the pres-
ence of a thermal inversion over the sea ice, increasing the 
sensitivity of surface air to surface heat fluxes.

Finally, we investigate the eddies signature on ocean sur-
face conditions and how it is affected by the interactions 
of eddies with the atmosphere or sea ice by comparing the 
eddies’ surface characteristics in REF and SMOOTH. In 
both simulations, anticyclonic eddies have a warm and fresh 
core and cyclonic eddies a cold and saline core, whether 
they are covered by sea ice or not (Fig. 9a–d). This signature 
differs from the warm and saline/cold and fresh anomalies 
observed by Frenger et al. (2015), and the SST signature 

Fig. 9  Mean zonal sections of the mesoscale anomalies of the sea 
surface temperature (top row), sea surface salinity (middle row), and 
Ekman pumping (bottom row) simulated in REF and SMOOTH. The 
composites are built as in Fig. 8 but the eddies were not aligned with 
the local wind here. Therefore, a negative (positive) eddy radius cor-

responds to the west (east) side of the eddies. Computed for ice-free 
(left) and ice-covered ( SIC > 0.4 , right) eddies. The vertical black 
lines represent the standard deviation (centered around zero) of the 
composites, computed at the eddies’ center (x = 0) in REF (solid line) 
and SMOOTH (dashed line)
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of eddies simulated is approximately half the one observed 
by Frenger et al. (2015) (they however consider eddies in 
the whole Southern Ocean and likely do not detect eddies 
as small as the one accounted for here). In the absence of 
sea ice, the interactions of eddies with the atmosphere act 
to dampen their thermal and saline structure. The signa-
ture of ice-free eddies on surface temperature or salinity is 
indeed weaker by 20% in REF than in SMOOTH. For ice-
covered eddies, the temperature anomaly is also dampened 
in REF compared to SMOOTH, but the salinity anomaly is 
enhanced. This can be related to the increase (decrease) of 
sea ice production over cyclonic (anticyclonic) eddies. In 
addition to the anomalous heat and salt flux, the friction 
of eddies against the surface generates Ekman suction in 
anticyclonic eddies and Ekman pumping in cyclones ones 
(Fig. 9e, f), which can affect the surface properties of the 
ocean. The Ekman suction/pumping is stronger over ice-
covered eddies (up to 0.6 m/day) compared to ice-free eddies 
(0.1 m/day) and is close to the values obtained by Gupta 
et al. (2020). Eddy-driven atmosphere–sea ice–ocean inter-
actions thus contribute to vertical exchanges, especially in 
the ice-covered ocean.

4  Effects of eddies on momentum 
and buoyancy fluxes at the ocean surface

4.1  Momentum transfer and kinetic energy budget

In the previous section, we have shown that eddies were 
associated with small-scale variability of ocean, sea ice, and 
atmosphere properties. We now investigate how the afore-
mentioned interactions affect the large-scale atmosphere–sea 
ice–ocean buoyancy and momentum fluxes.

The friction of mesoscale ocean currents on the atmos-
phere or sea ice extracts energy from the eddies. This pro-
cess is at play in REF (as illustrated in Fig. 5) but not in 
SMOOTH, and can affect the oceanic kinetic energy budget. 
The ocean kinetic energy (KE) time series in REF and 
SMOOTH are shown in Fig. 10. Total KE in REF experi-
ences a strong variability at the sub-annual time scale. It has 
two maxima, one in May and one in November (though 
being weaker in 2013). The total ocean kinetic energy is 
higher in SMOOTH, and the seasonal variability is less pro-
nounced. We compute the KE source originating from the 
eddying component of the surface stress following Renault 
et  al. (2016), i.e. as FeKe = 1

�0
(�xUoce + �yVoce) , with 

�0 = 1035 kg/m3 the reference density of seawater, �x and �y 
the eddy surface stress zonal and meridional components 
(average of wind stress and sea ice stress) and Uoce and Voce 
the eddying components of the zonal and meridional ocean 
surface current velocities. As in Renault et al. (2016), the 

eddying components of the surface stress or surface current 
velocities are computed as the departure from the 2-year 
average (without filtering the seasonal cycle). The work 
exerted by friction at the top of eddies (hereafter eddy stress 
work) in REF and SMOOTH are shown in Fig. 10b. There 
is a clear seasonal cycle with a maximum kinetic energy 
input during the winter season, as wind speeds are generally 
stronger. The eddy stress work is higher during winter in 
SMOOTH, especially in 2012. This might be one of the rea-
sons for the lower total KE in REF. The eddy-killing effect 
is roughly equally efficient over the ice-free ocean than over 
the ice-covered ocean with a 10.2% and 12.8% of eddy stress 
work decrease between REF and SMOOTH, respectively. 
Overall, the energy input through eddy stress work is 
decreased by 11%, and the ocean KE by 8.2% when eddy-
driven atmosphere–sea ice–ocean interactions are turned on.

4.2  Freshwater and buoyancy fluxes

By forming close to the coast and melting offshore, the sea 
ice redistributes freshwater at the Southern Ocean surface. 
As eddies affect the ocean interactions with the sea ice and 
the atmosphere, they can also affect the freshwater budget of 
the ocean. The total sea ice production (Fig. 11, black curve) 
and the total sea ice volume (not shown) are not affected by 
the presence of eddies. But, this hides compensating changes 
in sea ice growth and melt. Indeed, REF produces more sea 

Fig. 10  a Upper 200 m ocean kinetic energy north of 65◦ S in REF 
and SMOOTH. b Eddy stress work north of 65◦ S for the whole 
area (black), the ice-free (SIC = 0) area (red), and the ice-covered 
( SIC > 0.05 ) area (blue). REF and SMOOTH are denoted with solid 
and dashed lines, respectively. A common sea ice mask is used for 
the computation of the eddy stress work for ice-free and ice-covered 
oceans in REF and SMOOTH. A 60 day moving average was applied 
to the time series
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ice than SMOOTH (Fig. 11), which is compensated by 
larger melt. The lowering of sea ice freezing and melting in 
SMOOTH occurs from early July to September, or between 
the maximum sea ice extent and the summer. Eddies have 
no clear effect during the onset of the seasonal ice cover 
(from March to June). It is only when sea ice advances far 
enough offshore that it can encounter mesoscale eddies. If 
the total freshwater flux associated with sea ice melt/freeze 
is similar between the two simulations, its effects on the 
ocean are not necessarily compensated. The brine rejection 
due to seawater freezing destratifies the water column and 
impacts the subsurface ocean, which is not the case for sea 
ice melting. In addition, melting and freezing do not occur at 
the same place, thus the spatial distribution of the freshwater 
fluxes may be modified.

The meridional distribution of the sea ice melting differs 
between the two simulations (Fig. 12a). The amount of sea 
ice melting north of 62.5◦ S is increased by 15% in REF com-
pared to SMOOTH. To support the larger melt rates north 
of 63◦ S in REF, additional sea ice transport is required. 
There is indeed an increased northward sea ice advection 
in REF (Fig. 12b): starting from 63.5◦ S, the northward sea 
ice volume advection is higher by 2 × 103 m 3 /s in REF. This 
results in higher melting in the northern half of the domain, 
leading to stronger ocean stratification (Fig. 12c). Another 
effect of the lower northward sea ice export in SMOOTH is 
its accumulation inside the ice pack, leading to the intensi-
fied melt near 63.5◦ S.

The redistribution of sea ice and the modulation of 
air–sea heat fluxes by eddies can affect the surface buoyancy 
fluxes and the transformation of water masses off Adélie 
Land. Water masses undergoes two types of transformation 
in the Southern Ocean: either an increase in density domi-
nated by brine rejection and ocean cooling, or an opposite 
density decrease dominated by sea ice melt, ocean warming, 

and precipitation. We compute the water mass transforma-
tions by surface fluxes following the method proposed by 
Walin (1982) and used for the Southern Ocean in Aber-
nathey et al. (2016) and Jeong et al. (2020). The water mass 
t r a n s f o r m a t i o n  r a t e  �  i s  d e f i n e d  a s 
�(�, t) =

1

�k+1−�k
∫ ∫

A
(

�Q

Cp�0
+

�SF

�0
)dA . � is the seawater poten-

tial density referenced to the surface, � and � the thermal 
expansion and haline contraction coefficients, Q the surface 
heat flux, Cp the thermal capacity of seawater at constant 
pressure ( Cp = 3994 J/kg ◦C), S the surface salinity, F the 
freshwater flux, �0 the reference density of seawater, and A 
the area of the ocean surface with 𝜎k < 𝜎 < 𝜎k+1 . We use a 
� scale with a bin width of 0.1 kg/m3 below 26.9 kg/m3 , 0.05 
kg/m3 between 26.9 kg/m3 and 27.5 kg/m3 , and 0.01 kg/m3 
above 27.5 kg/m3 to increase the resolution for the high den-
sity water masses. We compute a transformation rate for the 
freshwater flux associated with sea ice melting or freezing 
and for E–P (rainfall and snowfall minus the evaporation). 
We also compute a transformation rate due to heat fluxes, 

Fig. 11  Time series of the total thermodynamical sea ice volume 
trend (black), sea ice freezing (teal) and melting (orange) simulated in 
REF and SMOOTH

Fig. 12  Meridional profiles of: a mean sea ice growth rate, b total 
meridional sea ice advection (positive northward), and c, ocean 
potential density (referenced to the surface) contoured every 0.05 kg/
m3 as simulated in REF and SMOOTH over the year 2013
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which is separated into the ice-free and ice-covered 
( SIC > 0.05 ) cases.

The water mass transformation rates simulated in REF 
and SMOOTH are illustrated in Fig. 13. The total transfor-
mation (black curves) shows the expected buoyancy loss 
by dense waters ( 𝜎 > 27.4 kg/m3 ) and the buoyancy gain 
of lighter waters ( 𝜎 < 27.4 kg/m3 ). The buoyancy loss of 
dense waters is dominated by the brine flux, with a second-
ary role of heat loss in the ice-covered ocean for relatively 
lighter waters. The gain of buoyancy is distributed between 
the freshwater and heat fluxes from sea ice melting, the sur-
face warming for the ice-free ocean, and precipitation. The 
surface transformation of water masses denser than 𝜎 > 27.4 
kg/m3 is weakly affected by the eddies. Most of the surface 
transformation of dense waters takes place on the conti-
nental shelf, where the model is not eddy-resolving. The 
transformation of intermediate waters ( 27 < 𝜎 < 27.4 kg/
m3 ) is reduced in SMOOTH compared to REF. This means 
that intermediate density waters receive weaker buoyancy 
fluxes in SMOOTH. Buoyancy loss due to heat fluxes in the 
ice-free ocean is higher in SMOOTH than in REF. There 
is an opposite effect for the ice-covered ocean. This results 
from the lowering of the sea ice extent in response to weaker 
northward sea ice advection in SMOOTH. Buoyancy gain 
through heating in the ice-free ocean is slightly decreased in 
SMOOTH. The contribution of sea ice melt to water masses 
transformation is also lowered. We note a slight decrease in 
buoyancy gain due to E–P. As seen in Fig. 12, eddies con-
tribute to the northward export of sea ice. In SMOOTH, less 
sea ice is available for melting in the intermediate density 

waters encountered in the north of the Adélie Land sector. 
This leads to a weaker freshwater flux and buoyancy gain. 
The combined effect of eddies is an increase of buoyancy 
loss or water mass transformation for the intermediate to low 
density waters. Thus, by redistributing the sea ice, eddies 
act to restratify the ocean and transform water masses in the 
upper branch of the thermohaline circulation.

5  Discussion

The present results reveal that eddies can affect the air–sea 
fluxes and the atmosphere in high latitudes of the Southern 
Ocean, even in the presence of sea ice. To our knowledge, 
it is the first time that the modulation of atmosphere–sea 
ice–ocean interactions by mesoscale eddies is described 
in a coupled model. Our results confirm the possibility 
for eddy–sea ice interactions through the mechanisms 
described by Manucharyan and Thompson (2017) and 
Gupta et al. (2020). As in those studies, the imprint of 
eddies on the sea ice originates from the dynamical and 
thermal forcing of eddies. The sea ice also affects the 
eddies in return, via the modulation of surface buoyancy 
fluxes or the mechanical slow down of eddies. We found 
that the eddy-driven sea ice advection explains most of the 
large-scale effects of eddies. The mechanism of Manucha-
ryan and Thompson (2017) might be a key process govern-
ing the evolution of the MIZ and the ocean stratification 
in the Southern Ocean. Eddies are thought to contribute 
to ocean restratification by flattening tilted isopycnals 
(McWilliams 2008; Chanut et al. 2008). The eddy-driven 
sea ice advection can be a second mechanism by which 
eddies restratify the Southern Ocean. Gupta et al. (2020) 
suggested that eddy-ice pumping in anticyclonic eddies 
leads to upward heat flux and sea ice thickness reduction. 
The EIP seems to have a weaker effect in our simulations, 
which might be due to the higher proportion of cyclonic 
compared to anticyclonic eddies simulated off Adélie 
Land. Besides, we showed that the stress curl response to 
an increase of current vorticity saturated for eddies cov-
ered by weak sea ice. As we do not detect many eddies in 
the strong ice pack, the EIP simulated in our experiments 
is likely weaker than the one of Gupta et al. (2020).

Besides the imprint of eddies on the sea ice, we also 
explored how eddies modulate air–sea interactions with 
and without sea ice. For the ice-free ocean, we found that 
the dynamical and thermal mesoscale air–sea coupling are 
at play in our simulation (Chelton and Xie 2010; Renault 
et al. 2016). This illustrates a tight coupling between the 
ocean and atmosphere at the mesoscale despite the small 
eddy radius and swift winds of the Southern Ocean. One 
of our most striking results is the existence of mesoscale 
air–sea interactions despite the presence of sea ice. The 

Fig. 13  Water mass transformation rate per density class in REF 
(solid lines) and SMOOTH (dashed lines). The total contribution 
(black line) is the sum of the buoyancy flux due to sea ice freezing or 
melting (blue), the buoyancy flux associated with heat fluxes (latent, 
sensible, longwave, and shortwave) for the ice-free (red) and ice-cov-
ered (orange) cases, and the precipitation over the ocean (teal)
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response of the atmosphere to the presence of mesoscale 
eddies is even stronger above the ice-covered than above 
the ice-free ocean. Through both mechanisms, ice-free 
and ice-covered eddies affect the near-surface atmosphere. 
This opens the possibility of feedback. The air cooling 
above ice-covered cyclonic eddies likely increases the 
sea ice lifetime, increasing the potential for eddy-driven 
advection. A proper quantification of the atmosphere–sea 
ice–ocean feedback remains to be done. Our findings sug-
gest that the eddy imprint on the atmosphere observed by 
Frenger et al. (2013) could be extended to the ice-covered 
ocean. However, we did not find imprints of eddies on 
the atmosphere away from the surface. The cooler surface 
or stronger atmosphere stratification in the southernmost 
Southern Ocean might inhibit the upward propagation 
of the surface anomalies in the atmosphere (Bailey and 
Lynch 2000; van Lipzig et al. 2002; Kittel et al. 2018). 
This could also be due to model limitations such as the 
hydrostatic approximation or the use of a vertical mix-
ing scheme designed for the ice sheet. Further sensitivity 
experiments have to be carried out to clarify this issue.

The effects of eddies on atmosphere–sea ice–ocean 
interactions have several implications for the modeling 
and understanding of the polar climate and Southern 
Ocean dynamics. Most current global climate models do 
not resolve mesoscale eddies. While several effects of 
eddies on the ocean are parameterized in climate mod-
els, no parameterization exists to represent the effects of 
eddies on the atmosphere–sea ice–ocean interactions. We 
showed that eddies affect the freshwater redistribution by 
the sea ice and the ocean surface momentum fluxes. Fresh-
water fluxes are essential for the dynamics of the Southern 
Ocean, as they condition the ocean stratification and the 
rate of water masses transformation. Changes in freshwa-
ter fluxes could induce a modification of heat and carbon 
storage in the Southern Ocean, affect the sea ice (Bintanja 
et al. 2015), and modulate the thermohaline circulation 
(De Lavergne et al. 2014; Abernathey et al. 2016). On the 
other hand, the effects of eddies on momentum fluxes can 
have repercussions for the Southern Ocean dynamics. The 
modulation of air–sea momentum fluxes by eddies was 
suggested to drive multidecadal variability of the Southern 
Ocean (Le Bars et al. 2016). Finally, the effects of eddies 
on the polar atmosphere are mostly unknown. Foussard 
et al. (2019) suggested that eddies affect the large-scale 
atmospheric circulation in an idealized polar vortex. As we 
have shown, eddies also affect the atmosphere in an ice-
covered ocean. However, the imprint of eddies on the sea 
ice or atmosphere described in the present study remains 
relatively weak. There is no change in the total sea ice 
production if the interactions of eddies with the sea ice 
are turned off, the imprint on air–sea flux is lower than 
10W∕m2 leading to a temperature response of the order of 

0.2 ◦C , and the effect on the atmosphere is limited to the 
lowermost layers. The role of eddies on air–sea momentum 
fluxes and sea ice advection is more important and might 
have large-scale consequences, but the effects remain of 
second-order compared to other sources of error in Cli-
mate Models. Some of our conclusions might have, how-
ever, been underestimated due to the prescription of lat-
eral boundary conditions. A similar experiment other the 
whole Southern Ocean would enable us to better quantify 
the importance of the processes described in this study.

We expect that the mesoscale atmosphere–sea ice–ocean 
interactions simulated here off Adélie Land are at play else-
where in the Southern Ocean. Yet, one of the particularities 
of the Adélie Land sector is the proximity of ACC jets to the 
continental shelf (Sokolov and Rintoul 2009). This likely 
explains the high eddy activity found in this region (Haus-
mann et al. 2017) and also the relatively low sea ice extent 
in this sector of Antarctica. High-resolution coupled models 
of the whole Southern Ocean would be needed to under-
stand how the processes described here affect the large-scale 
ocean, sea ice, and atmosphere. Besides, even higher reso-
lution models would be needed to understand the role of 
eddies in the lower-cell of the thermohaline circulation and 
the formation of Dense Shelf Waters (Stewart et al. 2018). 
The results presented here might be sensitive to modeling 
and diagnostic choices. We used the eddy detection method 
based on sea-level anomalies developed by Faghmous et al. 
(2015), but many other methods exists such as the one of 
Haller (2016) (used in Abernathey and Haller (2018) or Tar-
shish et al. (2018)) or the use of the Okubo–Weiss parameter 
(see Williams et al. (2011) or Souza et al. (2011)). Using 
sea-level anomalies implies that eddies are in geostrophic 
balance, which is not necessarily the case when approach-
ing the submesoscale (McWilliams 2016). The hypothesis 
that the eddies simulated here are in geostrophic balance is 
supported by the fact that our model cannot resolve such 
submesoscale flows. Besides, Abernathey and Haller (2018) 
showed that the radius of eddies detected by the method 
of Haller (2016) were smaller than the ones detected using 
sea-level anomalies in Chelton (2013). Using another eddy 
detection method with different estimates of the eddy radius 
could modify the dependence of the eddy-driven anomalies 
to the distance from the eddy core presented here, but the 
amplitude of the anomalies should remain the same. Evalu-
ating the strengths, weaknesses, and range of application of 
these methods for the high latitudes would be highly ben-
eficial to pursue the investigation of mesoscale eddies’ role 
in the Southern Ocean but is out of the scope of the present 
study. Besides, an assessment of the sensitivity of mesoscale 
atmosphere–sea ice–ocean interactions to the model param-
eters is also needed. For instance, the treatment of the sea 
ice rheology might influence the ability of sea ice to deform 
due to small-scale ocean currents. The choice of transfer 
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coefficients for the atmosphere–sea ice–ocean fluxes could 
also affect small-scale atmosphere–sea ice–ocean interac-
tions. In our experiments, the sea ice roughness lengths for 
air–ice or sea ice momentum fluxes are assumed to be con-
stant. But they may vary with the sea ice concentration or the 
sea ice morphology (Lüpkes et al. 2012). We compute the 
sea surface roughness as a function of wind speed, but this 
relationship does not hold when waves interact with sea ice 
(Boutin et al. 2018). In addition, the choice of vertical mix-
ing scheme in the atmosphere possibly impacts the small-
scale air–sea interactions (Song et al. 2009). It is unclear 
now how to represent the boundary layer turbulence above 
the sea ice. MAR is adapted for the representation of the 
stable boundary layer over the Antarctic Ice Sheet and thus 
potentially underestimates the turbulence over the ocean. 
The response of the atmosphere to the eddies might also be 
different with a non-hydrostatic model as shallow convec-
tion may occur over sea ice leads or polynyas (Gryschka 
et al. 2008).

6  Conclusion

The Southern Ocean is a region of intense atmosphere–sea 
ice–ocean interactions with global repercussions. It is also 
a hotspot of mesoscale activity. Yet, the role of eddies in 
modulating atmosphere–sea ice–ocean interactions is poorly 
understood. In this work, we have assessed how mesoscale 
eddies affect atmosphere–sea ice–ocean interactions in the 
Adélie Land sector using a regional ocean–sea ice–atmos-
phere model. We found that eddies affect the sea ice motion 
and melting/freezing. For the first time, we showed that 
eddies also imprint the near-surface air temperature and 
wind speed in ice-covered regions. These imprints are due 
to the modulation of atmosphere–sea ice–ocean heat and 
momentum fluxes by the eddies. At the scale of the Adélie 
Land sector, the modulation of atmosphere–sea ice–ocean 
interactions by eddies has two major effects for the ocean 
and sea ice. First, eddies dampen the energy input to the 
ocean by surface stress, reducing the large-scale kinetic 
energy. Secondly, eddies redistribute the sea ice and con-
tribute to its northward advection. This leads to higher fresh-
water fluxes favoring ocean restratification in the seasonal 
ice zone. These results suggest that there is a tight coupling 
between the atmosphere, ocean, and sea ice at the mesoscale 
which could have an influence on the sea ice drift and ocean 
circulation at larger scale.

The recent research about ocean eddies in polar regions 
suggests that they play a bigger role than previously thought. 
This represents an important issue for the modeling of cli-
mate. Most global climate models do not resolve mesoscale 
eddies (let alone eddies in polar regions), and the parame-
terizations of eddy effects are not accounting for the specific 

processes of polar regions. The knowledge gap is yet a great 
opportunity for scientific research, as it opens many ques-
tions. Understanding the effects of the mesoscale atmos-
phere–sea ice–ocean interactions on the whole Southern 
Ocean is crucial. It may impact the dynamics of the ACC, 
the storm track, the thermohaline circulation, and the ocean 
carbon and heat uptake. Further work is needed to under-
stand how to simulate mesoscale atmosphere–sea ice–ocean 
interactions. Such effort would benefit from the development 
of observational capabilities at small spatial scales.
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