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Abstract The response of eddy kinetic energy (EKE) to the strengthening of Southern Hemisphere winds
occurring since the 1950s is investigated with a global ocean model having a resolution of 1/12° in the
Antarctic Circumpolar Current domain. The simulations expose regional differences in the relative importance
of stochastic and wind-related contributions to interannual EKE changes. In the Pacific and Indian sectors the
model captures the EKE variability observed since 1993 and confirms previous hypotheses of a lagged response
to regional wind stress anomalies. Here the multidecadal trend in wind stress is reflected in an increase in
EKE typically exceeding 5 cm2 s�2 decade�1. In the western Atlantic, EKE variability is mostly stochastic, is
weakly correlated with wind fluctuations, and its multidecadal trends are close to zero. The nonuniform
distribution of wind-related changes in the eddy activity could affect the regional patterns of ocean circulation
and biogeochemical responses to future climate change.

1. Introduction

Driven by vigorous midlatitude westerly winds, the Antarctic Circumpolar Current (ACC) is the dominant fea-
ture of the Southern Hemisphere circulation and one of the most eddy-rich regions in the global ocean. The
ACC is a key region for the air-sea exchanges of heat, fresh water, and atmospheric trace gases [Rintoul and
Naveira Garabato, 2013], and its future evolution as a sink of carbon is one of the largest uncertainties in pro-
jections of future climate change [Le Quére et al., 2007; Toggweiler and Russell, 2008; Landschützer et al., 2015].
Observations indicate that the ACC transport and stratification remained relatively stable in the past decades
[Böning et al., 2008; Meredith et al., 2011; Hogg et al., 2015], despite a concomitant intensification of westerly
winds in conjunction with positive phases of the Southern Annular Mode [Marshall, 2003]. According to the
eddy saturation and eddy compensation hypotheses, the recent trends in wind forcing should have become
primarily manifested in the energy of the ocean mesoscale eddy field—through the release of potential
energy via baroclinic instability—with little change in the mean flow strength of the large-scale circulation
[Straub, 1993; Hallberg and Gnanadesikan, 2006; Farneti et al., 2010; Viebahn and Eden, 2010; Munday et al.,
2013;Morrison and Hogg, 2013]. However, significant uncertainty still remains regarding the role of mesoscale
eddies in affecting the sensitivity of the Southern Ocean circulation to climate change.

Ocean mesoscale eddies themselves exhibit a complicated relationship to atmospheric forcing. Satellite alti-
metry and some ocean models support the notion of a 1–3 year lagged response of eddy kinetic energy (EKE)
to wind stress anomalies [Meredith and Hogg, 2006; Screen et al., 2009; Morrow et al., 2010; Langlais et al.,
2015], while other models find that a 1–3 year lag is indistinguishable from other possibilities [Wilson et al.,
2014]. Satellite altimetry additionally reveals a positive trend in the Southern Ocean EKE since the early
1990s concomitant with the continuing increase in westerly winds [Hogg et al., 2015]. This deterministic view
of wind-eddy interaction seems, however, at odds with recent studies showing that a large proportion of the
interannual to decadal ocean variability in the ACC region is of an intrinsic or stochastic nature rather than of
a forced origin [Penduff et al., 2010; O’Kane et al., 2013;Wilson et al., 2014; Sérazin et al., 2015]. Low-frequency
stochastic variability is associated with the dynamics of eddy-mean flow interaction [Hogg and Blundell, 2006;
Le Bars et al., 2016] and is typically highest within the main unstable currents [Sérazin et al., 2015].

An estimate of Southern Ocean EKE changes in the past several decades is not available from the satellite
altimeter record, which exists only since 1993. Inferences from global ocean models at an eddying resolution
are hampered by spurious trends partly due to the high computational expenses that prevent fully adjusted
simulations [Tréguier et al., 2010]. In this study a novel set of simulations is performed using a global ocean
general circulation model with realistic topography and forcing, achieving a 1/12° horizontal resolution in
the ACC regime through a nesting technique. A hindcast simulation from 1948 to 2007, in conjunction with
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a simulation using a repeated “normal-year” forcing, is assessed against altimeter data and previous studies
and used to investigate (1) the relative contribution of stochastic processes in affecting EKE variations in dif-
ferent sectors of the ACC and (2) the regional response patterns of EKE to the variability and trends of the
atmospheric forcing in the period 1958 to 2007.

2. Methods

A set of simulations was performed with the NEMO-LIM2 ocean-sea ice model [Madec, 2008], where the
AGRIF “two-way” nesting technique [Debreu et al., 2008] was used to enhance the horizontal resolution in
the ACC regime, except for a small discontinuity between 69.5°E and 76.5°E (whose effect on the propagation
of mesoscale eddies was found to be negligible as described in Text S1 in the supporting information).
Specifically, a 1/12° model was embedded between 30°S and 68°S within a 1/4° global configuration of
NEMO (ORCA025) developed within the DRAKKAR collaboration [DRAKKAR Group, 2007]. A grid spacing of
~6 km is thereby achieved at 50°S, compared with a Rossby radius of ~18 km at 50°S [Chelton et al., 2011].
Eddy parameterizations are not used in either model component. This configuration, hereafter named
ORION12 (Figure 1 and Movie S1), was used to perform two experiments. In a hindcast experiment (hereafter
HIND), ORION12 was forced with bulk formulas using the CORE.v2 atmospheric data set [Large and Yeager,
2009] over the period 1948–2007. A companion climatological experiment (hereafter CLIM) was integrated
under the CORE.v2 normal-year forcing, i.e., a repeated annual cycle retaining synoptic variability. The
CLIM experiment was initialized with temperature and salinity from the World Ocean Atlas [Levitus et al.,
1998] and integrated for 90 years. The HIND experiment was initialized from the 31st year of the CLIM experi-
ment and integrated between 1948 and 2007. To achieve a better representation of Antarctic Bottom Water,
relaxation to temperature and salinity fields given by the World Ocean Atlas [Levitus et al., 1998] was applied
in areas of recently formed Antarctic Bottom Water (see Text S2 in the supporting information).

The simulated sea surface height (SSH) variance (a measure of surface geostrophic eddy variability) is com-
pared with that computed from absolute dynamic topography obtained from the Archiving, Validation,
and Interpretation of Satellite Oceanographic data (AVISO) product available since 1993. SSH variance in

Figure 1. Variance of 5 day means of sea surface height (SSH). (a) SSH variance in ORION12 averaged between 1993 and
2007; contours show the 1/12° nested domain, (b and c) zonal averages of SSH variance in the (Figure 1b) east Indian sector
(76.5°E–180°E) and in the (Figure 1c) Pacific sector (180°E–76°W) for the AVISO satellite product (red line), ORCA025 (grey line),
and ORION12 (blue line), (d) meridional average (30°S–70°S) of SSH variance in the Indian sector for the AVISO satellite product
(red line), ORCA025 (grey line), ORION12 nested model (thick blue line), and ORION12 host model (dashed blue line).
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ORION12 is close to the satellite estimates in terms of magnitude and spatial structure (Figures 1b–1d). As a
comparison, a companion stand-alone ORCA025 simulation also captures the main features of the observed
SSH variance, albeit with lower values.

The analysis focuses on the interannual and multidecadal variations of EKE at 100m depth, where direct
wind-driven ocean velocities should be negligible (a justification of this choice is found in Text S3 in the sup-
porting information). EKE was computed based on 5 day means of the model output, using an averaging per-
iod of 1 year. To facilitate the analysis of EKE over the ACC domain and associated EKE hot spots, an averaging
mask based on ACC streamlines and mean EKE values was applied (Figure 2a) and used to perform regional
averages over different ACC sectors. For the analysis of interannual EKE variability, the CLIM and HIND experi-
ments were detrended at each grid point with their own linear fit. The percentage of the total year-to-year
variance of stochastic nature was computed by first spatially averaging the detrended annually averaged
EKE time series over the sectors of the ACC (Figure 2a) and subsequently by computing the intrinsic-to-total
ratio of EKE variance (hereafter I/T ratio) asσ2CLIM=σ

2
HIND�100 [Penduff et al., 2010], whereσ2CLIM andσ2HIND are the

EKE variances of the CLIM and HIND experiments.

Accounting for residual spurious trends unrelated to the atmospheric forcing [Tréguier et al., 2010] appears
critical for assessing the long-term trends in HIND (Figures S1b–S1d). For the analysis of EKE multidecadal
trends, the HIND experiment was therefore detrended at each grid point with the linear fit of the CLIM experi-
ment, in the reasonable assumption that the two experiments have a similar rate of internal adjustment lead-
ing to similar model spurious drifts. In the following, the interannual variability and themultidecadal trends of
HIND are analyzed between 1958 and 2007, with the first 10 years of the HIND experiment treated as spin-up.

3. Results

Along the path of the ACC, simulated mean EKE has values typically ranging between 50 and 500 cm2 s�2,
with local maxima up to 1000 cm2 s�2 downstream of large topographic barriers (Figure 2a). This is consistent
with observational estimates based on satellite and drifter data [Trani et al., 2011; Frenger et al., 2015]. The
interannual variability of EKE over the satellite era is also well captured. Averaged over the whole ACC
domain, the model exhibits lower EKE values in the mid-1990s and a peak in 2000–2002, in agreement with
the AVISO satellite product (Figure 3a). A diversified picture emerges, however, when analyzing the temporal
evolution of EKE over different sectors of the ACC (Figures 3b–3f). In the lee of Kerguelen Plateau (Figure 3b),
south of Australia (Figure 3c), and in the central Pacific (Figure 3d) the match between model and satellite is
good (with correlation coefficients of 0.61, 0.53, and 0.60, respectively, all statistically significant at 95%),

Figure 2. EKE at 100m depth in the ACC domain. (a) Colors: EKE in HIND (1958–2007 average), contours: 5 Sv and 110 Sv
contours of the barotropic stream function, boxes: sectors used for spatial averages, (b) intrinsic-to-total ratio of EKE
variance on interannual time scales over ACC sectors, (c) EKE linear trends in HIND between 1958 and 2007 averaged over
sectors, where only trends that are statistically significant at 95% are shown; sector numbers are superimposed in black.
The ACC domain is defined using the following criteria: (1) the ocean barotropic stream function is included between 5 Sv
and 110 Sv and/or (2) EKE is higher than 45 cm2 s�2, with both quantities spatially smoothed prior this computation, and
(3) regions corresponding to the Malvinas Current and the Agulhas Return Current are manually removed.
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whereas in the vicinity of Drake Passage (Figure 3e) and in the western Atlantic (Figure 3f), the model and the
satellite time series are totally uncorrelated on interannual time scales.

This result can be rationalized by considering, for each sector, the percentage of EKE variance which is of a sto-
chastic nature rather than of a forced origin, i.e., by analyzing the intrinsic-to-total ratio of EKE variance
(Figure 2b). The I/T ratio provides a first estimate of the regions in which wind-driven responses of EKE aremore
likely to be masked by stochastic variability. It is found that in general, the sectors where the match between
model and satellite is best are also characterized by a comparatively lower I/T ratio. On the other hand, in sectors
where thematch with the satellite product is poor, the I/T ratio exceeds 75%. As discussed in section 4, the high
I/T ratio in the Atlantic sector, which is in agreement with previous studies [Sérazin et al., 2015], is possibly
related to the combination of distinct topographic properties and low wind stress forcing. The substantial con-
tribution of stochastic processes to the total EKE variance at Drake Passage and in the western Atlantic helps
explaining the mismatch between simulated and observed EKE in those regions (Figures 3e and 3f).

The relation between interannually varying winds and EKE is investigated by computing correlation
coefficients between linearly detrended and regionally averaged time series of total wind stress and EKE

Figure 3. Time series of simulated EKE at 100m depth and of satellite-observed surface EKE. Red lines: CLIM (years 41 to
89), blue lines: HIND (years 1958 to 2007), and black lines: AVISO satellite product (years 1993 to 2007). Spatial averages
are performed over (a) the whole ACC domain and over (b–f) sectors of the ACC (corresponding sector numbers are shown
in Figure 2c); correlation coefficients between simulated and observed EKE over the period 1993–2007 are shown at the
bottom right of each panel (an asterisk indicates a 95% statistically significant correlation). EKE in HIND was detrended with
the linear fit of CLIM (dashed red line). The time axis refers to the HIND experiment. The left y axis refers to both CLIM and
HIND; notice the different y axis for simulated and observed EKE.
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(Figure 4a). Interestingly, we find that correlations of EKE with regionally averaged wind stress are overall
higher than with circumpolar wind stress or with the Southern Annular Mode index (Figure S2a), pointing
to the importance of regional wind stress forcing in determining an EKE response. Consistent with previous
hypotheses of wind-EKE interaction [Meredith and Hogg, 2006], an EKE increase after a wind peak often occurs
with a delay ranging between 0 and 3 years depending on the ACC sector (Figure S2b). Maximum correlation
coefficients over this time horizon (Figure 4a) are statistically significant at 95% in about half of the analyzed
sectors, whereas at Drake Passage and in the western Atlantic correlations are at the lowest end of spectrum.
Thus, despite the importance of stochastic processes which tend to mask the wind-EKE relationship, a deter-
ministic response of EKE to wind stress fluctuations can at least be identified in some regions of the ACC.

Having assessed the capability of the model in reproducing the observed EKE temporal evolution over sev-
eral sectors of the ACC as well as the proposed linkage to interannual wind stress fluctuations [Meredith
and Hogg, 2006], the multidecadal trends of EKE since 1958 are analyzed next. Between 1958 and 2007, an
increase of EKE of 5 cm2 s�2 decade�1 (i.e., an 17% increase) is simulated over the whole ACC (Figure 3a), con-
comitant with a 26% increase in wind stress. The multidecadal changes in EKE are, however, not distributed
uniformly along the path of the ACC (Figure 2c). Over large parts of the ACC, EKE multidecadal trends are sta-
tistically significant and typically exceed 5 cm2 s�2 decade�1 whereas at Drake Passage and in the western
Atlantic EKE changes are close to zero. This inhomogeneous pattern of change is analogous to that found
in satellite estimates since 1993 [Hogg et al., 2015].

We note that concomitant to these multidecadal changes in wind stress and EKE, the ACC volume transport
and the residual meridional overturning circulation (MOC) in density space exhibit an increase of 9% and
44%, respectively (both statistically significant at 95%, see also Figures S1c and S1d). These values are com-
parable to “eddy-permitting” ocean models under realistic forcing [Farneti et al., 2015] and somewhat higher
(in the case of the MOC) than idealized modeling studies at a similar resolution [Morrison and Hogg, 2013],
suggesting that the ACC simulated in this 1/12° model is not in a completely eddy-saturated state.

4. Summary and Discussion

The variability and trends of EKE in the Southern Ocean were investigated in multidecadal simulations with a
novel global ocean model configuration having 1/12° resolution in the ACC domain and realistic topography.
The model captures the variability and trends of the satellite-derived EKE over several sectors of the ACC and
overall confirms previous hypotheses of a lagged EKE response to wind stress anomalies [Meredith and Hogg,
2006] despite a substantial contribution of stochastic processes to the EKE variance. It is found that the depen-
dence of EKE on wind changes is not uniformly distributed along the ACC. Over large parts of the Pacific and
Indian sectors, EKE responds to wind changes, its variability matches that inferred from satellite altimetry, and
a statistically significant multidecadal increase exceeding 20% since 1958 is found. On the other hand, close
to Drake Passage and in the western Atlantic EKE variability is mostly stochastic, its correlation with interannual
wind stress fluctuations is low, and EKE multidecadal trends are close to zero.

Figure 4. Scatter plots of (a) EKE-wind stress maximum correlations against wind stress standard deviation in ACC sectors (corresponding numbers in Figure 2c); the
correlation value shown is the maximum in the temporal domain of 0 to 3 years lagging the wind stress; the dashed line indicates the 95% confidence level, (b) EKE-
wind stress maximum correlations against the standard deviation of small-scale bathymetry in ACC sectors; the small-scale bathymetry was obtained by removing a
smoothed bathymetry interpolated on a 4° grid from the original bathymetry and thus contains horizontal scales <400 km, (c) EKE multidecadal trend against total
wind stress multidecadal trend in ACC sectors.
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Themodel simulations offer two possible explanations for this nonuniform regional behavior. One reason could
lie in the regional differences of wind stress changes between different sectors of the ACC. The interannual and
decadal variability of wind stress at Drake Passage and in the western Atlantic is on average ~30% lower than
over the remaining sectors (Figure 4a), which makes it more probable for stochastic variability to prevail over
the wind-driven response. A corresponding behavior can be noted on multidecadal time scales, where ~40%
lower wind stress trends with respect to the zonal average are reflected in low EKE trends at Drake Passage
and in the western Atlantic (Figure 4c). Another possible contribution to the nonuniform regional behavior of
wind-EKE correlation patterns could arise from the spatial differences in the small-scale topographic roughness.
While in general the presence of a positive wind-EKE interaction, as found in this study for several ACC sectors, is
considered to crucially depend on the existence of topography [Hogg and Blundell, 2006; Meredith and Hogg,
2006], our model results indicate that smaller-scale topographic roughness may have the opposite effect
(Figure 4b). This is possibly related to the fact that topographic roughness dissipates mesoscale eddies more
effectively than a smoother ocean bottom, as found in previous studies across a range of ocean model resolu-
tions and complexity [e.g., Böning, 1989; Nikurashin et al., 2013], a behavior which might possibly interfere with
the positive topographic feedback proposed by Meredith and Hogg [2006].

Since the strengthening of westerly winds is projected to continue under rising greenhouse gas emissions
[Gillett and Fyfe, 2013], a concomitant increase in mesoscale eddy activity could have a global climatic impact.
It is hypothesized that mesoscale eddies might mitigate the projected reduction of the Southern Ocean car-
bon sink in response to increasing westerly winds [Le Quére et al., 2007; Dufour et al., 2013; Abernathey and
Ferreira, 2015]. Mesoscale eddies have also been shown to affect the properties of mode waters forming
on the equatorward side of the ACC [Herraiz-Borreguero and Rintoul, 2010] as well as the transport of heat,
salt, and biogeochemical tracers poleward across the ACC [Ansorge et al., 2014; Dufour et al., 2015]. A local
increase in mesoscale activity could thus impact environmentally relevant properties such as water mass for-
mation, the sea ice edge location, marine productivity, and marine biota. This study points to a nonuniform
distribution of wind-related changes in the Southern Ocean eddy activity. This finding needs to be accounted
for when assessing the implications of trends in eddy-induced fluxes on the sequestration of heat, CO2, and
biogeochemical tracers in the Southern Ocean.
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