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Abstract

Recent studies suggest that local eddy-mean flow interactions associated with standing meanders play key roles in the dynamics

of the

Antarctic Circumpolar Current. Here we explore the importance of the local dynamics quantitatively with a viewpoint of energy

transfer using the Lorentz diagram concept. Results confirm the importance of the eddy-mean flow interactions in the standing

meander, showing that 55% of the wind energy input is converted to the eddy energy through the baroclinic instability in the

standing meander region. It is also found that most of the eddy kinetic energy is dissipated local in the deeper layer due to

the vertical energy redistribution governed by the vertical pressure flux. Contrary, the eddy effects are negligible outside the

standing meander region.
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Key Points: 9 

• The baroclinic energy conversion dissipates 55% of the local wind energy input within 10 

the standing meander region. 11 

• The vertical eddy energy flux redistributes the eddy kinetic energy in vertical within the 12 

standing meander region. 13 

• The eddy effects are negligible outside the standing meander region. 14 
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Abstract 16 

Recent studies suggest that local eddy-mean flow interactions associated with standing 17 

meanders play key roles in the dynamics of the Antarctic Circumpolar Current. Here we explore 18 

the importance of the local dynamics quantitatively with a viewpoint of energy transfer using the 19 

Lorentz diagram concept. Results confirm the importance of the eddy-mean flow interactions in 20 

the standing meander, showing that 55% of the wind energy input is converted to the eddy 21 

energy through the baroclinic instability in the standing meander region. It is also found that 22 

most of the eddy kinetic energy is dissipated local in the deeper layer due to the vertical energy 23 

redistribution governed by the vertical pressure flux. Contrary, the eddy effects are negligible 24 

outside the standing meander region. 25 

Plain Language Summary 26 

The insensitivity of the Antarctic Circumpolar Current transport to changes in wind stress is 27 

thought to be caused by a secondary circulation due to mesoscale eddies.  Previous studies have 28 

pointed out qualitatively that the eddy-mean flow interactions occur rather limited region near 29 

standing meanders, but its quantitative evaluation of associated processes has not been 30 

conducted. This study thus explores the importance of the local dynamics quantitatively using 31 

the Lorentz diagram concept. Our results indicate that the baroclinic instability efficiently 32 

transfer the wind energy input to the eddy energy within the standing meander regions. Only five 33 

major standing meanders can provide most of the baroclinic energy transfer for the entire 34 

Southern Ocean. It is also shown that the vertical pressure flux is responsible for the vertical 35 

energy transport from the eddy energy generation sites in the upper 3000 m depth down to the 36 

deeper layer, where the eddy energy dissipation mainly occurs. 37 
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1 Introduction 38 

It has been suggested that total time-mean volume transport of the Antarctic Circumpolar 39 

Current (ACC) and associated local meridional overturning circulation is insensitive to changes 40 

in wind forcing (e.g. Hogg et al. 2008; Munday et al. 2013; Thompson and Naveira Garabato 41 

2014; Constantinou and Hogg 2019). This phenomenon often referred to as “eddy saturation” is 42 

explained through a balance between the wind-driven Ekman transport and the eddy-induced 43 

counter transport in the zonally averaged framework (e.g. Marshall and Radko 2003; Marshall 44 

and Speer 2012; Munday et al. 2013; Youngs et al. 2019). This zonally averaged view, however, 45 

conceals the ACC’s complex frontal structures and eddy characteristics in the zonal direction 46 

(Thompson and Naveira Garabato 2014 and references therein, hereafter TG2014). For example, 47 

TG2014 suggested that large eddy activities are localized in the vicinity of standing meanders 48 

associated with the significant topography and that eddy-mean flow interactions are quite weak 49 

in the regions far from the standing meanders. Their analysis based on the Eliassen-Palm tensor 50 

(Plumb, 1986) revealed that the eddy forcing along the streamlines decelerates the mean flow 51 

within the meandering sections in the equilibrium state. TG2014 also showed that the increased 52 

transport driven by the wind forcing enhances the meander curvature, resulted in enhanced eddy 53 

kinetic energy (EKE). The large eddy activities strengthen the vertical momentum transport due 54 

to baroclinic instability, which in turn changes the baroclinic structure of the meander and 55 

decreases the mean flow. They indicated qualitative importance of this localized negative 56 

feedback mechanism in the eddy saturation and suggested necessity of a quantitative evaluation 57 

of the process. 58 

Here we explore the importance of the local dynamics quantitatively with the viewpoint 59 

of the Lorentz diagram concept (Lorentz, 1955). Although the eddy-mean flow energy transfer 60 
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over the entire Southern Ocean has already been analyzed in several previous literatures with 61 

realistic models (Chen et al., 2014; Wu et al., 2017; Jüling et al., 2018), suggesting that 62 

baroclinic instability dominates the generation of EKE, its spatial structure has not been 63 

investigated. On the other hand, Youngs et al. (2017) has shown that the mixed barotropic and 64 

baroclinic instability is important in the region of standing meanders using an idealized model, 65 

but not for a realistic condition. In this study, detailed energy transfer, including the vertical 66 

component of energy flux, is investigated using the local Lorentz diagram applied to the standing 67 

meander region appeared in a realistic eddy-resolving model. Our results support the importance 68 

of the local negative feedback hypothesis suggested by TG2014 and, in addition, give a clearer 69 

insight into vertical energy redistribution associated with the eddy-mean flow interactions, which 70 

is missing from the canonical Lorentz diagram analysis. 71 

 72 

2 Model Data 73 

Results from an eddy-resolving Ocean General Circulation Model (OGCM), named 74 

OGCM for the Earth Simulator (OFES) (Masumoto et al., 2004), are used in the following 75 

analyses. OFES is based on the Modular Ocean Model ver. 3 (MOM3) developed at GFDL 76 

(Pacanowski & Griffies, 2000) and optimized for the massively-parallel computational 77 

architecture of the Earth Simulator. The horizontal grid spacing is 0.1° x 0.1° and there are 54 78 

vertical levels. The 3-day snapshots for a period of 2001-2010, driven by the NCEP reanalysis 79 

products as the surface boundary forcing, are used (see Sasaki et al. (2006, 2008) for more 80 

detailed model settings). It has been shown that OFES captures variability in the Southern Ocean 81 

realistically (e.g. Masumoto, 2010; TG2014), providing a reasonable platform to examine the 82 
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eddy-mean flow interactions in the ACC. It is confirmed that following results are qualitatively 83 

the same for different analysis periods. 84 

 85 

3 Method 86 

We consider a variable 𝑥 that can be described by its temporal average 𝑥 and eddy 87 

perturbations 𝑥′ as a deviation from the temporal average, i.e., 88 

𝑥′ = 𝑥 − 𝑥. (1) 89 

With this separation between the mean field and eddy turbulences, the mean kinetic and 90 

available potential energy are respectively defined as  91 

𝐾𝑀 =
1

2
𝜌0(𝑢

2
+ 𝑣

2
), (2) 92 

𝑃𝑀 = −
1

2

𝑔

𝑛0
 𝜌∗

2
, (3) 93 

and the eddy kinetic energy (EKE) and the eddy available potential energy are defined as 94 

𝐾𝐸 =
1

2
𝜌0 (𝑢′2 + 𝑣′2) , (4) 95 

𝑃𝐸 = −
1

2

𝑔

𝑛0
 𝜌′2 . (5) 96 

Here, 𝑛0 is the globally averaged, time mean vertical gradient of the potential density referenced 97 

to a depth of 2000 m (Von Storch et al., 2012). The variation of the density is defined by 98 

𝜌∗ = 𝜌 − 〈𝜌〉 , (6) 99 

where 〈𝑋〉 means the temporal and global average of the value 𝑋.  100 
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According to Chen et al., (2014), the mean flow and eddy energy equations satisfy 101 

𝜕

𝜕𝑡
𝐾𝑀 + ∇(𝒖𝐾𝑀) + 𝜌0∇(𝑢𝑢′𝒖′ + 𝑣𝑣′𝒖′) + ∇(𝒖𝑝∗)

= −𝑔𝜌∗𝑤 − 𝜌0[−𝑢′𝒖′ ⋅ ∇𝑢 − 𝑣′𝒖′ ⋅ ∇𝑣] + 𝑆(𝐾𝑀), (7)
 102 

𝜕

𝜕𝑡
𝐾𝐸 + ∇ (𝒖𝐾𝐸 + 𝒖′

1

2
𝜌0(𝑢′2 + 𝑣′2)) + ∇ (𝒖′𝑝′ )

= −𝑔𝜌′𝑤′ + 𝜌0[−𝑢′𝒖′ ⋅ ∇𝑢 − 𝑣′𝒖′ ⋅ ∇𝑣] + 𝑆(𝐾𝐸)

(8) 103 

𝜕

𝜕𝑡
𝑃𝑀 + ∇(𝒖𝑃𝑀) + ∇ℎ ⋅ (−𝜌′𝒖ℎ

′  
𝑔

𝑛0
𝜌∗) = 𝑔𝜌∗𝑤 −

𝑔

𝑛0
𝜌′𝒖ℎ

′ ⋅ ∇ℎ𝜌 + 𝑆(𝑃𝑀), (9) 104 

𝜕

𝜕𝑡
𝑃𝐸 + ∇(𝒖𝑃𝐸) + ∇ ⋅ (−

𝑔

2𝑛0
𝒖′𝜌′2) = 𝑔𝜌′𝑤′ +

𝑔

𝑛0
𝜌′𝒖ℎ

′ ⋅ ∇ℎ𝜌 + 𝑆(𝑃𝐸), (10) 105 

where 𝒖 is the three-dimensional velocity vector, 𝒖𝒉 is the horizontal component of the velocity, 106 

∇  is the three-dimensional gradient operator, ∇ℎ  is the horizontal gradient operator, 𝑝  is the 107 

combined sea surface elevation and hydrostatic pressure, 𝑝∗ = 𝑝 − 〈𝑝〉 , 𝑆(⋅) is the source/sink 108 

term calculated as the residual from the respective balance equation. The second term of the right-109 

hand side in the equations (7) and (8), i.e.  110 

𝐵𝑇𝑅 = 𝜌0[−𝑢′𝒖′ ⋅ ∇𝑢 − 𝑣′𝒖′ ⋅ ∇𝑣] , (11) 111 

 is the barotropic conversion rate (BTR) due to eddy-mean flow interactions. Positive values of 112 

BTR means that the barotropic instability transfers the mean flow energy into the EKE.  113 

Similarly, the second term of the right-hand side of the equations (9) and (10), i.e. 114 

𝐵𝐶𝑅 =
𝑔

𝑛0
𝜌′𝒖ℎ

′ ⋅ ∇ℎ𝜌 , (12) 115 
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 is the baroclinic conversion rate (BCR), whose positive sign indicates that eddies extract the 116 

mean available potential energy from the mean stratification. The first term of the right-hand side 117 

of the equation (8) and (10), i.e. 118 

𝑉𝐸𝐷𝐹 = −𝑔𝜌′𝑤′ , 119 

 is the vertical eddy density flux (VEDF), which releases the eddy available potential energy 120 

generated due to baroclinic instability. Positive values of the VEDF are associated with the 121 

convective process, with dense fluid sinking and light fluid rising (Zhai & Marshall, 2013; Aiki 122 

et al., 2016). The third term of the left-hand side of (8), i.e. ∇ (𝒖′𝑝′ ), is the energy flux by the 123 

eddy pressure work, of which the vertical component 𝜕𝑧(𝑤′𝑝′) represents redistribution of the 124 

EKE in vertical (Zhai & Marshall, 2013). 125 

Noted here that the available potential energies in the form of (3) and (5) are not the 126 

exact conservative quantities (Von Storch et al., 2012; Chen et al., 2014; Aiki et al., 2016), and 127 

resultant conservation equations of (9) and (10) are the approximate forms (Chen et al., 2014; 128 

Aiki et al., 2016; Wu et al., 2017). Aiki et al. (2016) proposed the exact form of the eddy 129 

available potential energy, independent of the choice of the background density profile, without 130 

any assumptions and derived the associated conservation law. However, their eddy available 131 

potential energy is not well-defined in the mixed-layer and inside the weakly stratified water 132 

mass such as the Subantarctic Mode Water (McCartney, 1979). Therefore, we use the 133 

approximated energy equations of (7) - (10) in the present study. It should be noted here, 134 

however, that our results do not change qualitatively when we use the exact Lorentz diagram of 135 

Aiki et al. (2016).  136 
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4 Results 137 

4.1 Basic structures of the standing meander 138 

We focus on the standing meander of the ACC in the region 45˚S - 60˚S, 25˚E - 40˚E in 139 

this study. This choice is arbitrary, but resultant energy pathways in other standing meanders are 140 

almost the same (see the supplement materials). Horizontal distributions of the EKE in the upper 141 

layer at a depth of 207 m and the sea surface elevation averaged from 2001 to 2010 simulated in 142 

OFES are shown in Figure 1a. The strong eastward flow associated with the ACC is mainly 143 

located within a region bounded by the sea surface elevation contours of −0.4 m and −1.6 m.  144 

The contours of the sea surface elevation are closely packed in the upstream region (west of 145 

35˚E), while downstream of the meander (east of 35˚E) the ACC jet broadens. Inside the 146 

meander, the EKE values exceed 1000 cm2 s−2. Regions of relatively large EKE values are also 147 

observed along the 3000 m isobath between 40˚E and 50˚E in spite of the weak sea surface 148 

elevation gradient. On the other hand, the EKE is very weak far from the standing meander 149 

region, indicating non-uniformity of the ACC in the zonal direction. The horizontal distribution 150 

of the EKE in the deeper layer at a depth of 2119 m (Figure 1b) has a coherent structure with that 151 

of the surface EKE. The EKE values are larger than 80 cm2 s−2  within the longitude band of the 152 

standing meander, while they are smaller than 20 cm2 s−2 outside the standing meander. All 153 

these features of the EKE are consistent with the previous studies (e.g. TG2014 and references 154 

therein). 155 

  156 
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 157 

Figure 1. Horizontal distributions of the EKE at a depth of (a) 207 m and (b) 2119 m. Black and 158 

green contours in (a) represent the sea surface elevation with a contour interval of 0.2 m, with 159 

green lines indicate the -0.4 m and -1.6 m contours as the boundaries of the ACC. The yellow-160 

edged white contours indicate the 3000 m isobath.  161 
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 162 

4.2 Horizontal distribution of the energy conversion rate 163 

Figure 2 shows spatial distributions of the mean wind energy input, the BTR, and the 164 

VEDF. The mean wind energy input is calculated using 𝑊𝑤𝑖𝑛𝑑 = 𝝉 ⋅ 𝒖𝟎, where 𝝉 is the mean 165 

surface wind stress and 𝒖𝟎 is the mean total surface velocity (Zhai & Marshall, 2013) . Since the 166 

BCR includes the rotational component which doesn’t contribute to the eddy-mean flow energy 167 

transfer (Marshall & Shutts, 1981), it would be useful to examine the VEDF as the baroclinic 168 

energy pathway instead (Chen, 2013).  According to Figure 2a, the surface wind forcing is 169 

uniformly distributed along the ACC path. The westerlies are as high as 0.2 N m−2 between the 170 

sea surface elevation contours of −0.4 m and −1.6 m. Reflecting the homogeneous distribution 171 

of wind stress, the energy input is also large in a wide area within the ACC, exceeding 172 

4.0 × 10−2 W m−2. The atmospheric winds thus tend to homogeneously accelerate the ACC. 173 

On the other hand, large values of the BTR and VEDF are highly confined in the standing 174 

meander region, bounded by the 25˚E and 40˚E longitude lines zonally and by −0.4 m and 175 

−1.6 m sea surface elevation contours meridionally (SM region hereafter) (Figure 2b,c). The 176 

elongated dipole structures of the BTR are observed in the region 47˚S - 50˚S, 33˚E -38˚E, where 177 

the contours of sea surface elevation are densely packed together. The area-integrated BTR in the 178 

SM region is 0.2 GW , which is only 0.5% of the wind energy input, indicating that the 179 

barotropic instability plays a minor role in the dynamics in the standing meander. Unlike the 180 

BTR, the VEDF (Figure 2c) is uniformly large inside the SM region, suggesting that eddies 181 

systematically work to flatten isopycnals. As is expected from the linear theory of the baroclinic 182 

instability (e.g. Olbers et al. 2012), the EKE generation through the VEDF follows the location 183 
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of the mean sea surface elevation gradients. Values of the VEDF exceeds 8.0 × 10−2 W m−3 at 184 

around the center of the standing meander and larger than  4.0 × 10−2 W m−3 at the flank of the 185 

jet. The area-integrated value of the VEDF in the SM region reaches 21 GW, which is nearly 186 

55% of the local mean wind energy input. This result is consistent with previous works using 187 

realistic eddy-resolving models (Zhai & Marshall, 2013; Aiki et al., 2016), which has shown that 188 

the wind energy input to the gyre circulation is largely balanced by the VEDF. It is also worth 189 

noting that this VEDF distribution differs slightly from that of the EKE distribution (Figure 1). 190 

The eddy production is larger between 25˚E and 35˚E compared to that in the region east of 35˚E 191 

even within the SM region, whereas relatively large values of the EKE extend to the east of 192 

35˚E. The area-integrated EKE advection i.e. ∇(𝒖𝐾𝐸) in the eastern part of SM region between 193 

35˚E and 40˚E is 3.0 GW, which is comparable to the VEDF value of  3.8 GW within the same 194 

region, suggesting that transient eddies are advected downstream from a region of the initial 195 

baroclinic growth as pointed out in previous researches (Abernathey & Cessi, 2014; Bischoff & 196 

Thompson, 2014; Thompson & Garabato, 2014; Chapman et al., 2015; Youngs et al., 2017).  197 

In the downstream region, bounded by the 40˚E and 55˚E longitude lines zonally and  198 

−0.4 m and −1.6 m sea surface elevation contours meridionally (DS region hereafter) (see 199 

Fig.2b for the location), the baroclinic conversion is weak in spite of the strong energy input by 200 

the wind forcing. While the wind energy input is 44 GW in the DS region, the value of VEDF is 201 

only 1.6 GW. The barotropic conversion also has little contributions to the EKE balances. These 202 

features demonstrate that the energy cascade by eddy-mean flow interactions is localized within 203 

the SM region, which is consistent with the result of TG2014.  204 

  205 
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 207 

Figure 2.  Horizontal distributions of (a) the mean wind energy input, (b) the BTR, and (c) the 208 

VEDF. The black arrows in (a) represent the mean wind stress. The black and green contours in 209 

(a) are the same as those in Figure 1. The region bounded by two green contours representing the 210 

northern and southern boundaries of the ACC is further divided into the standing meander (SM) 211 

region and the downstream (DS) region by 25˚E, 40˚E, and 55˚E longitude lines and shown in 212 

(b) and (c). 213 

 214 

  215 
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The Lorentz diagram shown in Figure 3 summarizes more detailed energy pathways, 216 

including the energy transfer discussed above, focusing on the eddy energy budget. It is noted 217 

that non-local eddy-mean flow interactions (Murakami, 2011; Chen et al., 2014, 2016) is 218 

confirmed to be negligible in our target region, therefore we don’t treat the non-local interactions 219 

in this paper. The baroclinic conversion rate BCR in the SM region is as large as 22 GW , which 220 

is nearly equal to that of the VEDF. This large values of the BCR suggest that the eddy induced 221 

density transport effectively runs across the mean density contours and weakens the isopycnal 222 

slope. Almost all the extracted energy by the baroclinic instability is released from the 223 

stratification through the VEDF as seen in the above discussion. Since the barotropic energy 224 

conversion rate and advective fluxes are weak in the SM region, almost all the converted EKE 225 

through the baroclinic instability is dispersed locally by the viscosity and the bottom drag. On the 226 

other hand, the energy sink in the form of the eddy available potential energy is only 1.6 GW. 227 

Therefore, more than a half of the local energy input by the winds is dissipated through the 228 

baroclinic energy pathway 𝑃𝑀 → 𝑃𝐸 → 𝐾𝐸   in the SM region, which is similar to the energy 229 

pathway obtained for the entire ACC region (Chen et al. 2014; Wu et al. 2017; Jüling et al. 2018 230 

and Supplement in this paper).  231 

In the DS region, on the other hand, the baroclinic conversion rate is very small, while 232 

the wind input is comparable to that in the SM region. Only 5% of the energy gain is cascaded to 233 

the eddy fields, indicating that the energy sink by the eddy-mean flow interactions is localized in 234 

the SM region. This result suggests that a limited area of the ACC showing the standing meander 235 

is possibly responsible for the baroclinic energy pathway of the entire Southern Ocean as 236 

hypothesized by TG2014. In fact, the VEDF (the EKE dispersion) integrated in the five major 237 
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standing meander regions along the ACC reaches 74% (67%) of the VEDF (the EKE dispersion) 238 

integrated over the entire ACC (see Supplement).  239 

  240 
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 241 

 242 

Figure 3. The Lorentz energy diagram in GW (109W) calculated in the SM region (upper 243 

diagram) and the DS region (lower diagram), respectively. Black and red arrows connecting the 244 
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four boxes represent the energy transfer associated with the barotropic conversion (BTR), the 245 

baroclinic conversion (BCR), and the vertical eddy density flux (VEDF). The curved arrow of 246 

𝑆(𝐾𝐸) (𝑆(𝑃𝐸)) connected to the 𝐾𝐸 (𝑃𝐸) box indicates the energy source/sink in the equation (8) 247 

(the equation (10)).  248 

  249 
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 250 

4.3 The vertical energy transfer 251 

Figure 4 shows vertical distributions of the VEDF, source/sink of the EKE i.e. 𝑆(𝐾𝐸) of 252 

(8), divergence of the eddy pressure flux ∇(𝒖′𝑝′), and its difference from the vertical component 253 

𝜕𝑧(𝑤′𝑝′). Each value is obtained by averaging over the meridional extent of the envelope 254 

bounded by the −0.4 m and −1.6 m sea surface elevation contours. This choice of the 255 

boundaries is arbitrary, but following results do not change with a different choice of bounded 256 

contours. 257 

According to Figure 4a, the EKE generation has a deep structure with its maximum 258 

strength in the upper 1000 m depth and relatively strong values penetrate down to a depth deeper 259 

than 3000 m. This feature is different from the vertical structure of VEDF in both the subtropical 260 

gyre, where the large VEDF is surface-intensified, and the subpolar gyre, where the maximum of 261 

VEDF appears around a depth of 2000 m, in the North Atlantic (Zhai & Marshall, 2013). The 262 

zonal position of the active eddy generation area follows the location of the standing meander. 263 

Although the VEDF is relatively small in the eastern part of the SM region (35˚E - 40˚E), it has 264 

also a deep structure reaching a depth of 3000 m. 265 

The distribution of the source/sink terms (Figure 4b) is different from that of the VEDF. 266 

Strong EKE dissipation, i.e. the energy sink, are observed within the upper 500 m depth or the 267 

layer below 3000 m depth in the SM region. This mismatch in the vertical location between the 268 

energy generation and the energy sink can be reconciled through the non-local process by the 269 

pressure flux (Figure 4c). While the energy flux by the pressure work converges in the lower 270 

layer deeper than 3000 m depth, it diverges in the upper 3000 m depth, where the EKE 271 
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production is prominent as seen in Figure 4a. This vertical communication seems to be achieved 272 

by the vertical pressure flux 𝑤′𝑝′, which shows downward flux throughout the water column 273 

east of 30˚E. The eddy energy flux thus acts to make the flow more barotropic inside the 274 

standing meander. In the region west of 30˚E, the vertical pressure flux is upward near the 275 

surface and downward in the deeper layer with the separation boundary at around 2000 m depth. 276 

This upward flux in the upper layer of the upstream region may be related to the increase in the 277 

baroclinicity of the flow by the along-stream eddy forcing shown in TG2014. To confirm that the 278 

vertical communication is dominated by the vertical energy flux, we calculate the difference 279 

between ∇(𝒖′𝑝′) and 𝜕𝑧(𝑤′𝑝′) (Figure 4d). The difference is quite small in the layer below 1000 280 

m depth, although there are signatures of small-scale noises in the depth below 4000 m depth. 281 

Therefore, it is concluded that the EKE is generated in the upper 3000 m depth and the eddy 282 

energy is transported downward by the vertical pressure flux. The eddy energy converged near 283 

the bottom may be dissipated by the bottom friction and the viscosity in OFES.  In reality, 284 

energy dissipation associated with small-scale processes, such as the generation of internal 285 

waves by the topography, may be important as the energy sink.  286 

 287 

  288 
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  290 
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 291 

Figure 4. The vertical distribution of (a) the VEDF, (b) the eddy energy sources/sinks, (c) the 292 

divergence of the pressure flux 𝛻(𝒖′𝑝′) , and (d) the differences between the divergence of the 293 
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pressure flux and its vertical component 𝜕𝑧(𝑤′𝑝′) averaged meridionally in the envelope defined 294 

by -0.4m and -1.6m seas surface elevation contours. The black arrows in (c) represent the 295 

vertical energy flux 𝑤′𝑝′ in W m−2. The vertical black dotted lines at 25˚E and 40˚E indicate the 296 

western and eastern boundary of the standing meander region, respectively. 297 

  298 
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 299 

5 Discussion and Conclusions 300 

We have evaluated the energy pathways and the role of vertical energy flux in the 301 

standing meander region of the ACC using outputs of an eddy resolving OGCM from the 302 

viewpoint of the eddy-mean flow interactions. The analysis of the Lorentz diagram reveals that 303 

more than a half of the wind energy input is converted to the eddy energy through the baroclinic 304 

conversion  𝑃𝑀 → 𝑃𝐸 → 𝐾𝐸 in the standing meander region. In the downstream region, the wind 305 

energy input has the same magnitude as that in the standing meander region, whereas the eddy-306 

mean flow interactions no longer work efficiently. The eddy kinetic energy generation occurs 307 

mainly in the layer shallower than 3000 m depth. It is the vertical pressure flux that transport the 308 

EKE from the generation sites to the deeper layer, where the energy dissipation mainly occurs. 309 

The pressure flux, therefore, plays a key role for the vertical energy redistribution although it is 310 

shown to have only a minor role in the integrated viewpoint of the Lorentz diagram (see 311 

Supplement for the schematic map of our findings). 312 

These results suggest that the eddy-mean flow interactions in the standing meander 313 

region play a significant role in relaxing changes in the wind forcing. In fact, the dissipation of 314 

EKE integrated only in the five major meanders reaches 22% of the total mean wind energy 315 

input and 67% of the EKE dissipation over the entire ACC region (see Supplement), supporting 316 

importance of the local negative-feedback mechanism of the eddy saturation suggested in 317 

TG2014.  318 

The energy dissipation except for the standing meander regions is a remaining problem. 319 

Although the baroclinic conversion rate can balance the local wind forcing, it is insufficient to 320 
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dissipate all the energy gained over the entire ACC. Recently, Youngs et al. (2019) suggested 321 

using the two-layer quasigeostrophic channel model that the residual overturning circulation is 322 

also important for the eddy saturation as well as the processes associated with a topography. 323 

Armour et al. (2016) showed that the surface heat advection may also contribute to the energy 324 

export from the Southern Ocean, although their model is too coarse to resolve eddy effects. Since 325 

the energy pathways in the idealized model could be different from that in the realistic model, 326 

these mechanisms should be tested using outputs of realistic eddy-resolving models. The 327 

estimation of the three-dimensional residual circulation in a realistic OGCM is challenging and 328 

needs further investigation.  329 

  330 
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