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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:

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

the standing meander region.

e The vertical eddy energy flux redistributes the eddy kinetic energy in vertical within the

standing meander region.

e The eddy effects are negligible outside the standing meander region.
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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.
Plain Language Summary

The insensitivity of the Antarctic Circumpolar Current transport to changes in wind stress is
thought to be caused by a secondary circulation due to mesoscale eddies. Previous studies have
pointed out qualitatively that the eddy-mean flow interactions occur rather limited region near
standing meanders, but its quantitative evaluation of associated processes has not been
conducted. This study thus explores the importance of the local dynamics quantitatively using
the Lorentz diagram concept. Our results indicate that the baroclinic instability efficiently
transfer the wind energy input to the eddy energy within the standing meander regions. Only five
major standing meanders can provide most of the baroclinic energy transfer for the entire
Southern Ocean. It is also shown that the vertical pressure flux is responsible for the vertical
energy transport from the eddy energy generation sites in the upper 3000 m depth down to the

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

It has been suggested that total time-mean volume transport of the Antarctic Circumpolar
Current (ACC) and associated local meridional overturning circulation is insensitive to changes
in wind forcing (e.g. Hogg et al. 2008; Munday et al. 2013; Thompson and Naveira Garabato
2014; Constantinou and Hogg 2019). This phenomenon often referred to as “eddy saturation” is
explained through a balance between the wind-driven Ekman transport and the eddy-induced
counter transport in the zonally averaged framework (e.g. Marshall and Radko 2003; Marshall
and Speer 2012; Munday et al. 2013; Youngs et al. 2019). This zonally averaged view, however,
conceals the ACC’s complex frontal structures and eddy characteristics in the zonal direction
(Thompson and Naveira Garabato 2014 and references therein, hereafter TG2014). For example,
TG2014 suggested that large eddy activities are localized in the vicinity of standing meanders
associated with the significant topography and that eddy-mean flow interactions are quite weak
in the regions far from the standing meanders. Their analysis based on the Eliassen-Palm tensor
(Plumb, 1986) revealed that the eddy forcing along the streamlines decelerates the mean flow
within the meandering sections in the equilibrium state. TG2014 also showed that the increased
transport driven by the wind forcing enhances the meander curvature, resulted in enhanced eddy
kinetic energy (EKE). The large eddy activities strengthen the vertical momentum transport due
to baroclinic instability, which in turn changes the baroclinic structure of the meander and
decreases the mean flow. They indicated qualitative importance of this localized negative
feedback mechanism in the eddy saturation and suggested necessity of a quantitative evaluation

of the process.

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

of the Lorentz diagram concept (Lorentz, 1955). Although the eddy-mean flow energy transfer
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over the entire Southern Ocean has already been analyzed in several previous literatures with
realistic models (Chen et al., 2014; Wu et al., 2017; Juling et al., 2018), suggesting that
baroclinic instability dominates the generation of EKE, its spatial structure has not been
investigated. On the other hand, Youngs et al. (2017) has shown that the mixed barotropic and
baroclinic instability is important in the region of standing meanders using an idealized model,
but not for a realistic condition. In this study, detailed energy transfer, including the vertical
component of energy flux, is investigated using the local Lorentz diagram applied to the standing
meander region appeared in a realistic eddy-resolving model. Our results support the importance
of the local negative feedback hypothesis suggested by TG2014 and, in addition, give a clearer
insight into vertical energy redistribution associated with the eddy-mean flow interactions, which

IS missing from the canonical Lorentz diagram analysis.

2 Model Data

Results from an eddy-resolving Ocean General Circulation Model (OGCM), named
OGCM for the Earth Simulator (OFES) (Masumoto et al., 2004), are used in the following
analyses. OFES is based on the Modular Ocean Model ver. 3 (MOM3) developed at GFDL
(Pacanowski & Griffies, 2000) and optimized for the massively-parallel computational
architecture of the Earth Simulator. The horizontal grid spacing is 0.1° x 0.1° and there are 54
vertical levels. The 3-day snapshots for a period of 2001-2010, driven by the NCEP reanalysis
products as the surface boundary forcing, are used (see Sasaki et al. (2006, 2008) for more
detailed model settings). It has been shown that OFES captures variability in the Southern Ocean

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

the same for different analysis periods.

3 Method
We consider a variable x that can be described by its temporal average x and eddy
perturbations x" as a deviation from the temporal average, i.e.,

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

available potential energy are respectively defined as

Ky 2,oo(u +7°),

g =2
n'D

P_1
M= 9

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

(1)

(2)

(3)

(4)

(5)

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

to a depth of 2000 m (Von Storch et al., 2012). The variation of the density is defined by
p*=p—A{p),

where (X) means the temporal and global average of the value X.

(6)
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According to Chen et al., (2014), the mean flow and eddy energy equations satisfy

0 - —
o K + V@K + poV(uu'v +vv'u’) + V(up*)

= —gp'W — po[—uw'w - Vi — v'u’ - Vo] + S(Ky), 7

0 _ 1 —
EKE +V <uKE + u’zpo(u’z + v’2)> +V (u’p )

(8)
=—gp'w' + po[—u’u’ -Vu—-v'u'- VE] + S(Kg)
4 = T I s IS o=
a_PM'l'V(uPM) + Vi (=p'up, —p*) = gp*'w ——p'uy - Vypp + S(Py), 9)
t ng no
a = 9 A2y T, ! g [ =
— Pz +VuPg) + V- (—=—u'p’*) = gp'w' + —p'uj, - Vpp + S(Pg), (10)
ot Zno Un
where u is the three-dimensional velocity vector, u,, is the horizontal component of the velocity,
V is the three-dimensional gradient operator, V,, is the horizontal gradient operator, p is the
combined sea surface elevation and hydrostatic pressure, p* = p — (p) , S(-) is the source/sink
term calculated as the residual from the respective balance equation. The second term of the right-
hand side in the equations (7) and (8), i.e.
BTR = py[—u'v - Vu —v'u’ - Vv|, (11)

is the barotropic conversion rate (BTR) due to eddy-mean flow interactions. Positive values of
BTR means that the barotropic instability transfers the mean flow energy into the EKE.

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

BCR = ip’u;l -Vup, (12)
Ny
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is the baroclinic conversion rate (BCR), whose positive sign indicates that eddies extract the
mean available potential energy from the mean stratification. The first term of the right-hand side

of the equation (8) and (10), i.e.
VEDF = —gp'w’,
is the vertical eddy density flux (VEDF), which releases the eddy available potential energy

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

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

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

eddy pressure work, of which the vertical component az(w'p') represents redistribution of the

EKE in vertical (Zhai & Marshall, 2013).

Noted here that the available potential energies in the form of (3) and (5) are not the
exact conservative quantities (Von Storch et al., 2012; Chen et al., 2014; Aiki et al., 2016), and
resultant conservation equations of (9) and (10) are the approximate forms (Chen et al., 2014;
Aiki et al., 2016; Wu et al., 2017). Aiki et al. (2016) proposed the exact form of the eddy
available potential energy, independent of the choice of the background density profile, without
any assumptions and derived the associated conservation law. However, their eddy available
potential energy is not well-defined in the mixed-layer and inside the weakly stratified water
mass such as the Subantarctic Mode Water (McCartney, 1979). Therefore, we use the
approximated energy equations of (7) - (10) in the present study. It should be noted here,
however, that our results do not change qualitatively when we use the exact Lorentz diagram of

Aiki et al. (2016).
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4 Results

4.1 Basic structures of the standing meander

We focus on the standing meander of the ACC in the region 45°S - 60°S, 25°E - 40°E in
this study. This choice is arbitrary, but resultant energy pathways in other standing meanders are
almost the same (see the supplement materials). Horizontal distributions of the EKE in the upper
layer at a depth of 207 m and the sea surface elevation averaged from 2001 to 2010 simulated in
OFES are shown in Figure 1a. The strong eastward flow associated with the ACC is mainly
located within a region bounded by the sea surface elevation contours of —0.4 m and —1.6 m.
The contours of the sea surface elevation are closely packed in the upstream region (west of
35°E), while downstream of the meander (cast of 35°E) the ACC jet broadens. Inside the
meander, the EKE values exceed 1000 cm? s™2. Regions of relatively large EKE values are also
observed along the 3000 m isobath between 40°E and 50°E in spite of the weak sea surface
elevation gradient. On the other hand, the EKE is very weak far from the standing meander
region, indicating non-uniformity of the ACC in the zonal direction. The horizontal distribution
of the EKE in the deeper layer at a depth of 2119 m (Figure 1b) has a coherent structure with that
of the surface EKE. The EKE values are larger than 80 cm? s~2 within the longitude band of the
standing meander, while they are smaller than 20 cm? s~2 outside the standing meander. All
these features of the EKE are consistent with the previous studies (e.g. TG2014 and references

therein).
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Figure 1. Horizontal distributions of the EKE at a depth of (a) 207 m and (b) 2119 m. Black and
green contours in (a) represent the sea surface elevation with a contour interval of 0.2 m, with
green lines indicate the -0.4 m and -1.6 m contours as the boundaries of the ACC. The yellow-

edged white contours indicate the 3000 m isobath.
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4.2 Horizontal distribution of the energy conversion rate

Figure 2 shows spatial distributions of the mean wind energy input, the BTR, and the
VEDF. The mean wind energy input is calculated using W,,ina = T - Ug, Where T is the mean
surface wind stress and ug is the mean total surface velocity (Zhai & Marshall, 2013) . Since the
BCR includes the rotational component which doesn’t contribute to the eddy-mean flow energy
transfer (Marshall & Shutts, 1981), it would be useful to examine the VEDF as the baroclinic
energy pathway instead (Chen, 2013). According to Figure 2a, the surface wind forcing is
uniformly distributed along the ACC path. The westerlies are as high as 0.2 N m~2 between the
sea surface elevation contours of —0.4 m and —1.6 m. Reflecting the homogeneous distribution
of wind stress, the energy input is also large in a wide area within the ACC, exceeding

4.0 x 1072 W m~2. The atmospheric winds thus tend to homogeneously accelerate the ACC.

On the other hand, large values of the BTR and VEDF are highly confined in the standing
meander region, bounded by the 25°E and 40°E longitude lines zonally and by —0.4 m and
—1.6 m sea surface elevation contours meridionally (SM region hereafter) (Figure 2b,c). The
elongated dipole structures of the BTR are observed in the region 47°S - 50°S, 33°E -38°E, where
the contours of sea surface elevation are densely packed together. The area-integrated BTR in the
SM region is 0.2 GW , which is only 0.5% of the wind energy input, indicating that the
barotropic instability plays a minor role in the dynamics in the standing meander. Unlike the
BTR, the VEDF (Figure 2c) is uniformly large inside the SM region, suggesting that eddies
systematically work to flatten isopycnals. As is expected from the linear theory of the baroclinic

instability (e.g. Olbers et al. 2012), the EKE generation through the VEDF follows the location
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of the mean sea surface elevation gradients. Values of the VEDF exceeds 8.0 X 1072 W m™3 at
around the center of the standing meander and larger than 4.0 x 1072 W m™~3 at the flank of the
jet. The area-integrated value of the VEDF in the SM region reaches 21 GW, which is nearly
55% of the local mean wind energy input. This result is consistent with previous works using
realistic eddy-resolving models (Zhai & Marshall, 2013; Aiki et al., 2016), which has shown that
the wind energy input to the gyre circulation is largely balanced by the VEDF. It is also worth
noting that this VEDF distribution differs slightly from that of the EKE distribution (Figure 1).
The eddy production is larger between 25°E and 35°E compared to that in the region east of 35°E
even within the SM region, whereas relatively large values of the EKE extend to the east of
35°E. The area-integrated EKE advection i.e. V(uKz) in the eastern part of SM region between
35°E and 40°E is 3.0 GW, which is comparable to the VEDF value of 3.8 GW within the same
region, suggesting that transient eddies are advected downstream from a region of the initial
baroclinic growth as pointed out in previous researches (Abernathey & Cessi, 2014; Bischoff &

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

In the downstream region, bounded by the 40°E and 55°E longitude lines zonally and
—0.4 m and —1.6 m sea surface elevation contours meridionally (DS region hereafter) (see
Fig.2b for the location), the baroclinic conversion is weak in spite of the strong energy input by
the wind forcing. While the wind energy input is 44 GW in the DS region, the value of VEDF is
only 1.6 GW. The barotropic conversion also has little contributions to the EKE balances. These
features demonstrate that the energy cascade by eddy-mean flow interactions is localized within

the SM region, which is consistent with the result of TG2014.
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Figure 2. Horizontal distributions of (a) the mean wind energy input, (b) the BTR, and (c) the
VEDF. The black arrows in (a) represent the mean wind stress. The black and green contours in
(a) are the same as those in Figure 1. The region bounded by two green contours representing the
northern and southern boundaries of the ACC is further divided into the standing meander (SM)
region and the downstream (DS) region by 25°E, 40°E, and 55°E longitude lines and shown in

(b) and (c).
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The Lorentz diagram shown in Figure 3 summarizes more detailed energy pathways,
including the energy transfer discussed above, focusing on the eddy energy budget. It is noted
that non-local eddy-mean flow interactions (Murakami, 2011; Chen et al., 2014, 2016) is
confirmed to be negligible in our target region, therefore we don’t treat the non-local interactions
in this paper. The baroclinic conversion rate BCR in the SM region is as large as 22 GW , which
is nearly equal to that of the VEDF. This large values of the BCR suggest that the eddy induced
density transport effectively runs across the mean density contours and weakens the isopycnal
slope. Almost all the extracted energy by the baroclinic instability is released from the
stratification through the VEDF as seen in the above discussion. Since the barotropic energy
conversion rate and advective fluxes are weak in the SM region, almost all the converted EKE
through the baroclinic instability is dispersed locally by the viscosity and the bottom drag. On the
other hand, the energy sink in the form of the eddy available potential energy is only 1.6 GW.
Therefore, more than a half of the local energy input by the winds is dissipated through the
baroclinic energy pathway P, = Py — Ky in the SM region, which is similar to the energy
pathway obtained for the entire ACC region (Chen et al. 2014; Wu et al. 2017; Juling et al. 2018

and Supplement in this paper).

In the DS region, on the other hand, the baroclinic conversion rate is very small, while
the wind input is comparable to that in the SM region. Only 5% of the energy gain is cascaded to
the eddy fields, indicating that the energy sink by the eddy-mean flow interactions is localized in
the SM region. This result suggests that a limited area of the ACC showing the standing meander
is possibly responsible for the baroclinic energy pathway of the entire Southern Ocean as

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

240
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(a)SM region Wind input: 37
Ky P,
BTR: 0.2 BCR: 22
ADV: 1.1
. Kg H Py *
Press+ADV: [1.3 VEDF: 21
AJS(KE): 20 — 5Py 16
(b)DS region Wind input: 44
Ky Py
}
BTR: 0.1 BCR: 2.0
ADV: 0.6
| K | _ P,
Press+ADV:P.3 VEDF: 1.6 o
S(Kg): 3.7 S(Pg): 1.0
242

243  Figure 3. The Lorentz energy diagram in GW (10°W) calculated in the SM region (upper

244 diagram) and the DS region (lower diagram), respectively. Black and red arrows connecting the
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four boxes represent the energy transfer associated with the barotropic conversion (BTR), the
baroclinic conversion (BCR), and the vertical eddy density flux (VEDF). The curved arrow of
S(Kg) (S(Pg)) connected to the K (Pr) box indicates the energy source/sink in the equation (8)

(the equation (10)).
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4.3 The vertical energy transfer

Figure 4 shows vertical distributions of the VEDF, source/sink of the EKE i.e. S(Kg) of
(8), divergence of the eddy pressure flux V(u'p’), and its difference from the vertical component

d,(w'p"). Each value is obtained by averaging over the meridional extent of the envelope
bounded by the —0.4 m and —1.6 m sea surface elevation contours. This choice of the
boundaries is arbitrary, but following results do not change with a different choice of bounded

contours.

According to Figure 4a, the EKE generation has a deep structure with its maximum
strength in the upper 1000 m depth and relatively strong values penetrate down to a depth deeper
than 3000 m. This feature is different from the vertical structure of VEDF in both the subtropical
gyre, where the large VEDF is surface-intensified, and the subpolar gyre, where the maximum of
VVEDF appears around a depth of 2000 m, in the North Atlantic (Zhai & Marshall, 2013). The
zonal position of the active eddy generation area follows the location of the standing meander.
Although the VEDF is relatively small in the eastern part of the SM region (35°E - 40°E), it has

also a deep structure reaching a depth of 3000 m.

The distribution of the source/sink terms (Figure 4b) is different from that of the VEDF.
Strong EKE dissipation, i.e. the energy sink, are observed within the upper 500 m depth or the
layer below 3000 m depth in the SM region. This mismatch in the vertical location between the
energy generation and the energy sink can be reconciled through the non-local process by the
pressure flux (Figure 4c). While the energy flux by the pressure work converges in the lower

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

by the vertical pressure flux w'p’, which shows downward flux throughout the water column
east of 30°E. The eddy energy flux thus acts to make the flow more barotropic inside the
standing meander. In the region west of 30°E, the vertical pressure flux is upward near the
surface and downward in the deeper layer with the separation boundary at around 2000 m depth.
This upward flux in the upper layer of the upstream region may be related to the increase in the
baroclinicity of the flow by the along-stream eddy forcing shown in TG2014. To confirm that the

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

between V(u’p’) and 8,(w'p") (Figure 4d). The difference is quite small in the layer below 1000
m depth, although there are signatures of small-scale noises in the depth below 4000 m depth.
Therefore, it is concluded that the EKE is generated in the upper 3000 m depth and the eddy
energy is transported downward by the vertical pressure flux. The eddy energy converged near
the bottom may be dissipated by the bottom friction and the viscosity in OFES. In reality,
energy dissipation associated with small-scale processes, such as the generation of internal

waves by the topography, may be important as the energy sink.
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292  Figure 4. The vertical distribution of (a) the VEDF, (b) the eddy energy sources/sinks, (c) the

293  divergence of the pressure flux 7 (u'p’) , and (d) the differences between the divergence of the
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pressure flux and its vertical component d,(w’p") averaged meridionally in the envelope defined
by -0.4m and -1.6m seas surface elevation contours. The black arrows in (c) represent the
vertical energy flux w'p’ in W m~2. The vertical black dotted lines at 25°E and 40°E indicate the

western and eastern boundary of the standing meander region, respectively.
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5 Discussion and Conclusions

We have evaluated the energy pathways and the role of vertical energy flux in the
standing meander region of the ACC using outputs of an eddy resolving OGCM from the
viewpoint of the eddy-mean flow interactions. The analysis of the Lorentz diagram reveals that
more than a half of the wind energy input is converted to the eddy energy through the baroclinic
conversion P, — Pz — K in the standing meander region. In the downstream region, the wind
energy input has the same magnitude as that in the standing meander region, whereas the eddy-
mean flow interactions no longer work efficiently. The eddy kinetic energy generation occurs
mainly in the layer shallower than 3000 m depth. It is the vertical pressure flux that transport the
EKE from the generation sites to the deeper layer, where the energy dissipation mainly occurs.
The pressure flux, therefore, plays a key role for the vertical energy redistribution although it is
shown to have only a minor role in the integrated viewpoint of the Lorentz diagram (see

Supplement for the schematic map of our findings).

These results suggest that the eddy-mean flow interactions in the standing meander
region play a significant role in relaxing changes in the wind forcing. In fact, the dissipation of
EKE integrated only in the five major meanders reaches 22% of the total mean wind energy
input and 67% of the EKE dissipation over the entire ACC region (see Supplement), supporting
importance of the local negative-feedback mechanism of the eddy saturation suggested in

TG2014.

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

Although the baroclinic conversion rate can balance the local wind forcing, it is insufficient to
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dissipate all the energy gained over the entire ACC. Recently, Youngs et al. (2019) suggested
using the two-layer quasigeostrophic channel model that the residual overturning circulation is
also important for the eddy saturation as well as the processes associated with a topography.
Armour et al. (2016) showed that the surface heat advection may also contribute to the energy
export from the Southern Ocean, although their model is too coarse to resolve eddy effects. Since
the energy pathways in the idealized model could be different from that in the realistic model,
these mechanisms should be tested using outputs of realistic eddy-resolving models. The
estimation of the three-dimensional residual circulation in a realistic OGCM is challenging and

needs further investigation.
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