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ABSTRACT

Mesoscale eddies can be strengthened by the absorption of submesoscale eddies resulting frommixed layer

baroclinic instabilities. This is shown for mesoscale eddies in the Agulhas Current system by investigating the

kinetic energy cascade with a spectral and a coarse-graining approach in two model simulations of the

Agulhas region. One simulation resolves mixed layer baroclinic instabilities and one does not. When mixed

layer baroclinic instabilities are included, the largest submesoscale near-surface fluxes occur in wintertime in

regions of strong mesoscale activity for upscale as well as downscale directions. The forward cascade at the

smallest resolved scales occurs mainly in frontogenetic regions in the upper 30m of the water column. In the

Agulhas ring path, the forward cascade changes to an inverse cascade at a typical scale of mixed layer eddies

(15 km). At the same scale, the largest sources of the upscale flux occur. After the winter, the maximum of the

upscale flux shifts to larger scales. Depending on the region, the kinetic energy reaches the mesoscales in

spring or early summer aligned with the maximum of mesoscale kinetic energy. This indicates the importance

of submesoscale flows for the mesoscale seasonal cycle. A case study shows that the underlying process is the

mesoscale absorption of mixed layer eddies. When mixed layer baroclinic instabilities are not included in the

simulation, the open-ocean upscale cascade in the Agulhas ring path is almost absent. This contributes to a

20% reduction of surface kinetic energy at mesoscales larger than 100 km when submesoscale dynamics are

not resolved by the model.

1. Introduction

The oceanmoves on temporal and spatial scales ranging

from the global thermohaline overturning circulation to

the microscale turbulent motion of single fluid particles.

The amount and scale distribution of the associated kinetic

energy is mainly controlled by the balance between at-

mospheric forcing and oceanic dissipation and cross-scale

energy fluxes (Ferrari and Wunsch 2009). Atmospheric

wind and buoyancy forcings mainly act on the large scales.

A part of this energy is dissipated to heat at molecular

scales at the sea surface or transferred back to the atmo-

sphere through intense atmosphere–ocean interactions
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(e.g., Ma et al. 2016; Renault et al. 2016). The rest of the

energy input is dissipated in the ocean interior or at

coastlines and the sea floor. Key questions are how the

energy is transported from the large scales to the dis-

sipative scale (the ‘‘forward cascade’’) and how the

scale distribution of kinetic energy and its temporal

evolution are shaped (see review in Klein et al. 2019).

Large-scale ocean currents like the Gulf Stream, the

Kuroshio, or the Agulhas Current undergo mixed

baroclinic–barotropic instabilities associated with the

shedding of mesoscale eddies that act as a source of

energy at the mesoscale (e.g., Cronin 1996; Storch et al.

2012; Schubert et al. 2018). Satellite altimetry revealed

that the mesoscales are associated with an ‘‘inverse

cascade,’’ i.e., a transport of kinetic energy toward

larger scales (Scott and Wang 2005). In combination

with the large-scale energy sources of the ocean, this

inverse cascade results in the larger mesoscale eddy

field being the most energetic scale band of the ocean

(Ferrari and Wunsch 2009). From altimetric data in-

terpolated onto a regular grid by AVISO (Archiving,

Validation, and Interpretation of Satellite Oceanographic

Data, www.aviso.altimetry.fr), Scott and Wang (2005)

found for the South Pacific, and Scott andArbic (2007) for

the Kuroshio extension, that the upscale kinetic energy

flux changes to a downscale cascade around the wave-

length lr of theRossby radius of deformation. It is given by

lr 5 2pRr, where Rr is the Rossby radius of deformation,

and is about 170km in the midlatitudes (Chelton et al.

1998). Tulloch et al. (2011) found similar results from

satellite altimetry as well as from a coarse-resolution

aquaplanet model. However, in ocean models with sub-

mesoscale permitting resolution (’1/308 ’ 4km at mid-

latitudes) the change from inverse to forward cascade

occurs on smaller wavelengths of about 40km (Arbic et al.

2013; Qiu et al. 2014). These studies showed that filtering

themodel results in space (Qiu et al. 2014), or both in space

and time in a similar way as done in the AVISO post-

processing (Arbic et al. 2013), leads to spectral fluxes that

are closer to those estimated from AVISO. This indicates

that the scale fluxes from the altimetric measurements

represent those of filtered mesoscale dynamics, while the

submesoscale inverse kinetic energy cascade is not cap-

tured by the altimetric measurements. Qiu et al. (2014)

attributed the submesoscale upscale kinetic energy trans-

port to the inverse cascade of eddies resulting from mixed

layer baroclinic instability. In their simulation, consistently

a strongwintertime inverse cascade occurs extending down

to scales of 35km, while the summertime inverse cascade

is much weaker and changes to a forward cascade already

at wavelengths of 100km. The wintertime value is close to

’30km, as also found by Klein et al. (2008) and Capet

et al. (2008) for submesoscale-permitting simulations with

resolutions of 2 and 1.5 km, although the investigated

oceanic regimes were different. Qiu et al. (2014) and

Klein et al. (2008) investigated submesoscale turbu-

lence in the region of a zonal baroclinically unstable

jet, while Capet et al. (2008) addressed submesoscale

flows in an upwelling region. Capet et al. (2008) found

some evidence for convergence, as a similar wave-

length was found for a 750-m horizontal resolution

sensitivity experiment. In this paper, we attribute the

submesoscale inverse kinetic energy cascade to the

mesoscale absorption of the mixed layer eddies. We

show that the submesoscale kinetic energy reaches the

mesoscales with a few months delay which is the time

the absorption needs to proceed.We further show that

the scale at which the surface inverse cascade changes

to a forward cascade depends on the local wavelength

of the fastest growing mode of mixed layer baroclinic

instability.

The forward cascade in the submesoscale resolving

simulations of Capet et al. (2008) was attributed to the

ageostrophic (horizontal divergent) part of the flow.

Capet et al. (2008) hypothesized that frontogenesis

and submesoscale frontal instabilities were the re-

sponsible processes at work. Supporting these results,

D’Asaro et al. (2011) observed enhanced dissipation

of kinetic energy at an oceanic front in the Kuroshio,

and attributed it to symmetric instability. Molemaker

and McWilliams (2010) and Barkan et al. (2015) also

found a vigorous forward cascade associated with

frontal instabilities in idealized model experiments.

Here, we explicitly show that, in an ocean model, most

of the downscale flux of kinetic energy at the small

scales occurs in frontogenetic regions.

The representation of the mesoscale eddy field

in ocean models depends on the part of the kinetic

energy cascade that is resolved or parameterized.

Kjellsson and Zanna (2017) showed that the upscale

kinetic energy flux as well as the spectral kinetic en-

ergy density increase for all horizontal scales when the

horizontal resolution of their global ocean model is

increased from 18 to 1/48 and to 1/128. Furthermore,

Schubert et al. (2019) compared the non-submesoscale-

resolving 1/208 (’4.5 km) simulation ‘‘INALT20r’’ of

the Agulhas region to the submesoscale-permitting

1/608 (’1.5 km) simulation ‘‘INALT60,’’ as well as to

satellite altimetry measurements. They showed that, in

the Cape Basin, INALT60 is associated with mesoscale

power spectral densities of sea surface height that are

similar to the observations, while INALT20r lacks

power spectral density on all scales. In the present

study, we build on Schubert et al. (2019) and investigate

the kinetic energy cascade in the Agulhas region on the

basis of these both simulations.
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The Agulhas region is associated with strong water

mass exchanges between the Atlantic as well as Indian

and Southern oceans. This exchange is of importance for

the stratification in the South Atlantic (de Ruijter et al.

1999), the tropical Atlantic Ocean (Lübbecke et al.

2015), and the Atlantic meridional overturning circula-

tion (Weijer et al. 2002; Biastoch et al. 2008, 2015). The

main feature of the Agulhas region is the Agulhas

Current (AC) flowing poleward along the African con-

tinental slope with a transport of about 77 Sv (1 Sv 5
106m3 s21) (Beal et al. 2015). South of Africa, the AC

separates from the slope, retroflects to the east and

continues as the Agulhas Return Current (ARC;

Lutjeharms and Ansorge 2001). At the retroflection,

anticyclonic Agulhas rings are shed and propagate

northwestward into the Atlantic. Although a part of

their water masses are mixed with their surroundings

(Boebel et al. 2003), in particular by submesoscale

currents (Capuano et al. 2018; Sinha et al. 2019),

the Agulhas rings provide the largest portion of the

‘‘Agulhas leakage,’’ which is the inflow of warm and

salty Indian Ocean waters into the Atlantic (Lutjeharms

2007). Besides the anticyclonic Agulhas rings, south-

westward propagating Agulhas cyclones are shed in the

retroflection region (Lutjeharms et al. 2003). Further

westward propagating eddies develop at the front of the

Benguela upwelling system west of Africa (Rubio et al.

2009). All of these eddies strongly interact with the

Agulhas rings in the Cape Basin (Boebel et al. 2003).

First, a short overview of both experiments, INALT60

and INALT20r, is presented in section 2. In section 3,

the submesoscale kinetic energy cascade is investigated

in order to understand the underlying processes. A dis-

cussion and a conclusion are presented in section 4.

2. The model experiments

In this study, we mainly analyze the output of the

submesoscale-permitting numerical-model simulation

INALT60. Its configuration has been introduced by

Schwarzkopf et al. (2019) and was further developed by

Schubert et al. (2019). The model grid consists of a

global host grid with a 1/48 horizontal resolution and

120 vertical levels, a first horizontal grid refinement

(nest) down to 1/208 (’4.5 km) for the greater Agulhas

region and a secondary nest down to 1/608 (’1.5 km)

for the core Agulhas region (Fig. 1). The primitive

equations are solved on an Arakawa C grid (Arakawa

and Lamb 1977) with NEMOv3.6 (Nucleus for European

Modeling of the Ocean; Madec and NEMOTeam 2016).

The nesting is done with anAdaptiveGrid Refinement in

FORTRAN (AGRIF; Debreu et al. 2008) allowing for a

two-way exchangeof themodel solution between the host

and the nest grids. For the host grid and the first nest,

explicit dissipation with a bi-Laplacian operator and a

constant viscosity is used. The viscosity is quadratically

scaled down from the host-grid value of 21.5 3 1011

to263 109m4 s21 for the first nest. For explicit tracer

diffusion, a Laplacian operator with constant diffu-

sivity is used in the host grid and the first nest. The

diffusivity is linearly scaled down from the host-grid

value of 300 to 60m2 s21 for the first nest. For the

discretization of the vorticity term, we use the vector in-

variant form with a Hollingsworth-corrected energy- and

FIG. 1. INALT60: (a) a 1/48 horizontal resolution basemodel with (b) a first 1/208 nest and (c) a second 1/608 nest (c). In (c), a snapshot
of the normalized surface relative vorticity z/f on model day 9 Sep 2012 is shown. The labels AC and ARC show the position of the

Agulhas Current and the Agulhas Return Current, respectively. Land and bathymetry backgrounds are taken throughout the paper

from Stöckli et al. (2005). White boxes in (a) and (b) show the location of the nests. Black boxes in (c) mark the regions of the

computations for Figs. 2–4, 7, and 8.
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enstrophy-conserving scheme (Arakawa and Hsu 1990;

Hollingsworth et al. 1983; Bell et al. 2017; Ducousso et al.

2017). For tracer advection, we apply the total variance

dissipation scheme (Zalesak 1979).

In the second nest, no explicit diffusion and dissipa-

tion are used in combination with third-order upstream

biased advection schemes (Webb et al. 1998; Farrow and

Stevens 1995; Madec and NEMO Team 2016) for both

tracer and momentum. For the 1/608 domain, the model

output is written as daily means for the whole water

column and as 4-hmeans for the upper 250m.Moreover,

for the upper 250m, a model snapshot is written every

fifth day at 1200 UTC. A comprehensive validation of

INALT60 shows in particular in the ring path a very

good agreement with satellite and in situ observations

on all simulated scales (Schubert et al. 2019).

The results from INALT60 are compared to a par-

allel experiment that is identically but without the

secondary nest. This experiment resolves almost no

submesoscale flows. Schubert et al. (2019) also de-

scribe this experiment in detail and refer to it as

INALT20r.L120.HighDiff. The acronym stands for

1/208 horizontal resolution, 120 vertical levels, and

relatively high diffusion and dissipation settings (see

above). Here, we call it INALT20r for simplicity. The

‘‘r’’ emphasizes that the configuration is associated

with a reduced nested domain compared to INALT20

(see Schwarzkopf et al. 2019 for details). Both ex-

periments are integrated from 2010 to 2017. They are

initialized from the same 30-yr spinup of a similar

INALT20r configuration that used only 46 vertical

levels and CORE2 forcing (Large and Yeager 2009;

Griffies et al. 2009), while both experiments analyzed

here use 120 vertical levels and the better resolved (1/28,
3-hourly) JRA55-do forcing (v1.3, Tsujino et al. 2018).

For more details on the simulations and configurations,

we refer to Schubert et al. (2019) and Schwarzkopf

et al. (2019).

3. Results

First, we analyze the surface kinetic energy as a

function of spatial scale and season in the ring path. The

2012–17 mean horizontal wavenumber spectra of sur-

face kinetic energy1 in INALT60 for summer (JFM) and

winter (JAS) peak, in the ring path, at a scale of 200km

(Fig. 2a). In the mesoscale range of between 80 and

130 km, they drop with a slope close to the interior

quasigeostrophic prediction of K23 (Charney 1971;

Lapeyre and Klein 2006), where K is the isotropic

horizontal wavenumber. At smaller scales, the spec-

trum changes depending on the season. In summer, the

small-scale dynamics are dominated by fronts, in par-

ticular between the mesoscale eddies and only a few

submesoscale vortices (Fig. 2b). The summer spectrum

continues at the smaller scales with a slope of about

K23 down to 7 km, where the spectrum drops due to the

dominant effect of the model dissipation. A scale of

7 km can thus be identified as the effective resolution

of INALT60. The respective wavelengths (14 km) is

FIG. 2. (a)Winter (JAS; blue) and summer (JFM; red)mean surface kinetic energy spectra for the period 2012–17

in the ring path (western box in Fig. 1c) computed from INALT60 (solid) and from INALT20r (transparent).

Straight black lines show spectral slopes of K25/3 (surface quasigeostrophy), K22 (surface quasigeostrophy with

ageostrophic advection), and K23 (interior quasigeostrophy), where K is the isotropic wavenumber. Snapshots of

normalized surface relative vorticity z/f from INALT60 are shown for the ring path for (b) 18 Jan 2012 (summer)

and (c) 5 Aug 2012 (winter).

1 See appendix A for details on the computation of the kinetic

energy spectra.
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about 10 times the grid spacing (1.5 km), consistent

with Soufflet et al. (2016). In winter, the ring path is

associated with many small-scale vortices and fronts

that are strongest along the boundaries of the meso-

scale eddies (Fig. 2c). Compared to summer, the winter

spectrum is associated with more energy at scales

smaller than 75 km, as it follows a shallower slope that

is close to the predictions of surface quasigeostrophic

theory (K25/3; Blumen 1978; Held et al. 1995; Lapeyre

2017). The comparison of the kinetic energy spectral

slope to the theoretical predictions suggest that, in the

ring path, the mesoscale and summer submesoscale

dynamics, follow an interior quasigeostrophic regime

and the winter submesoscale dynamics follow a surface

quasigeostrophic regime. However, the simulated sub-

mesoscale flows are associated with Rossby numbers2 of

about 1–3 (Schubert et al. 2019). Thus, the flow deviates

from quasigeostrophic balance and is associated with

relevant ageostrophic components. If ageostrophic ad-

vection, or a mixed layer, is included in surface quasi-

geostrophy, a steeper slope of K22 is predicted (Boyd

1992; Callies and Ferrari 2013). In this regard, it is sur-

prising that the slope is much closer toK25/3 than toK22.

Further, in this paper, we show that the mixed layer bar-

oclinic instability is important for the submesoscale kinetic

energy cascade. The original surface quasigeostrophic

theory (Blumen 1978), however, does not account for

the mixed layer and associated instabilities and thus

cannot describe the submesoscale dynamics we address

in this study.

In thenon-submesoscale-resolving simulation INALT20r,

the kinetic energy spectra are similar in both seasons with

less energy than in INALT60 at almost all scales and a

slope steeper than the interior quasigeostrophic predic-

tions (Fig. 2a). The fact that the mesoscale dynamics are

weaker in INALT20r compared to INALT60 indicates

that the resolved submesoscale flows strengthen the me-

soscales in INALT60. To address this strengthening fur-

ther, the scale kinetic energy flux is investigated in the

following. The scale kinetic energy flux is the transfer rate

of kinetic energy through a specific horizontal scale from

currents of smaller horizontal scales to currents of larger

horizontal scales. Classically, the scale kinetic energy flux

is computed based on Fourier transformation in spectral

space (e.g., Scott and Wang 2005). Here, we use an alter-

native coarse-graining approach based on Leonard (1975),

Germano (1992), Eyink (2005), and Aluie et al. (2018).

Both approaches and respective computations are de-

scribed in detail in appendix B. As this is, as far as we

know, the first study that applies the coarse-graining ap-

proach to a submesoscale-permitting ocean general cir-

culation model output, in the following, the results are

compared to the classical spectral approach.

The results for the surface scale kinetic energy flux

computed with both approaches are very similar in the

ring path (Fig. 3). The fluxes are directed toward larger

scales (negative) for most of the investigated scales. The

scale flux is larger in winter than in summer for almost all

scales and for both upscale and downscale directions

(Fig. 3c). The surface inverse cascade changes to a for-

ward cascade at scales of around 13km in winter and

about 25 km in summer. The agreement between results

from both approaches is particularly good at scales

smaller than 30km. At larger scales, the spectral flux is

weaker and noisier than the coarse-graining flux. We

hypothesize that the assumption of homogeneous and

isotropic turbulence, made for the spectral approach,

particularly produces erroneous results at larger scales.

Contrary to the spectral approach, the coarse-graining

approach does not require windowing the signal at the

boundaries of the domain. For comparison, the coarse-

graining flux is windowed in a similar way as the hori-

zontal velocity components are windowed for the spectral

flux computation. For that, a two-dimensional Hanning

window of the same size and the associated correcting

factor of 1.5 are multiplied to each horizontal field of the

coarse-graining flux, before it is spatially averaged.3 In the

ring path, the nonwindowed coarse-graining flux is about

twice as large as the windowed flux (Fig. 3c) pointing out

the damaging impact that windowing velocities can have

on the computation of the scale kinetic energy flux.

To attribute the scale kinetic energy flux to particular

processes, first, the depth distribution of the spatially

averaged winter scale kinetic energy flux in the upper

250m of the ring path is addressed. We restrict the

analysis to a single model snapshot that is representative

for the winter season, as the computational costs for the

flux computations are very large. At the surface of the

ring path, the winter inverse cascade reaches down to

about 13 km (Fig. 4a), which is consistent with Fig. 3.

Below 50-m depth, the change of inverse to forward

cascade occurs below 7km, indicating that a small part of

the inverse cascade is still not resolved by the simulation.

2 The Rossby number (Ro) is defined as Ro 5 jz/fj, where z 5
yx 2 uy is the vertical component of the relative vorticity with the

meridional velocity component y and the zonal component u and

f 5 2V sin(u) is the planetary vorticity with Earth’s rotation

rate V 5 7.2921 3 1025 rad s21 and the latitude u.

3 This method is a compromise with respect to computational

power. For a very clean comparison, the coarse-graining method

would need to be applied to the windowed fields of the horizontal

velocity components.
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Both the downscale and upscale contributions to the total

kinetic energy fluxes are surface intensified (Figs. 4b,c).

The downscale flux is concentrated in the upper 30m

and shows a maximum at scales around 15km (Fig. 4b).

The upscale flux fills the entiremixed layer (the top 100m)

and increases with the scale (Fig. 4c).

Downscale fluxes occur at small scales mainly in fron-

togenetic regions.Awintertime snapshot of the simulated

FIG. 3. The surface scale kinetic energy flux as a function of time and scale in theAgulhas ring path of INALT60 (western box in Fig. 1c)

computed with (a) the spectral approach and (b) the coarse-graining approach. The results are shown for model snapshots every fifth day.

Note that for comparison, the coarse-graining flux is windowed similarly to the velocity components before the spectral flux computations

and is subsequently averaged in space. (c) The winter (blue; JAS) and summer (red; JFM)mean fluxes are shown for the windowed coarse-

graining (thick, solid), the nonwindowed coarse-graining (thin, solid) and the spectral approach (thick, dashed). Black and gray dots

in (c) mark for which scales the fluxes are computed. The scale is identified as half the wavelength for the spectral flux and as the diameter

L of the smoothing kernel G for the coarse-graining flux.

FIG. 4. (a) The spatial-mean scale kinetic energy flux (shading and contours with an interval of 1 mWm22 km) computed with the

coarse-graining approach from a winter model snapshot (4 Sep 2012) for the ring path of INALT60 (western box in Fig. 1c).

(b) Downscale and (c) upscale contributions to the total flux are shown. They are computed by setting the negative and positive

fluxes, respectively, to zero before spatial averaging and add up to the total flux. Black horizontal lines show the spatial mean mixed

layer depth.

2578 JOURNAL OF PHYS ICAL OCEANOGRAPHY VOLUME 50

Brought to you by University of Maryland, McKeldin Library | Unauthenticated | Downloaded 10/08/21 08:14 AM UTC



surface density in the ring path of INALT60 shows the

presence of sharp density fronts (Fig. 5a). Positive values

of the frontal tendency,

FT52[r2xux
1 r2yyy 1 r

x
r
y
(u

y
1 y

x
)] ,

here computed following Hoskins (1982) with the po-

tential density r and associated derivatives, mark fron-

togenetic regions. For the snapshot, most of the surface

downscale fluxes at 7 km occur in frontogenetic regions

with FT . 0.1 [(kgm23) km21]2 day21 (Fig. 5b). A ver-

tical section through a front shows that the downscale

flux occurs mainly at the frontogenetic flank of the

frontal jet (Figs. 5bii–iv). The downscale flux occurs

mainly in the upper 30m, consistent with Fig. 4b.

Similar results are found for the whole (1/60)8 do-

main. In the model output snapshots every fifth day

for the whole 1/608 domain of INALT60 and the time

period 2012–17, 61% of the surface downscale flux at a

scale of 7 km occur in frontogenetic regions with FT.
0.1 [(kgm23) km21]2 day21. This indicates that fronto-

genesis and frontal processes such as frontal instabilities

are key elements of the forward cascade.

In the remainder of the paper, we present evidence

that the upscale flux is attributable to the mesoscale

absorption of mixed layer eddies. Mixed layer eddies

develop as a consequence of mixed layer baroclinic in-

stability that transfers potential energy of a mixed layer

front to kinetic energy of the mixed layer eddies. A

measure of the respective energy transfer is the vertical

buoyancy flux VBF 5 r0w
0b0, where r0 5 1024kgm23 is

the reference density,w is the vertical velocity component,

and b 5 2g/r0(r) is the buoyancy with the gravitational

acceleration g5 9.81ms22. Dashes mark deviations from

the respective monthly mean. The available potential en-

ergy of a front increases with its vertical extent. In winter,

when the mixed layer is deepest, the vertical extent of the

fronts is largest and thus the available potential energy that

can be transformed into kinetic energy is largest.

Consequently, the submesoscale kinetic energy is largest

in winter (consistent with Fig. 2) and much more mixed

layer eddies occur (Figs. 2b,c). Indeed, most of the latter

are not present in summer (Fig. 2b). Thus, they have to

disappear within several months due to either dissipation

or due to absorption by larger scale features. Here, we

find indications that the latter is the case. A first indica-

tion that the submesoscale inverse kinetic energy cascade

can be attributed to submesoscale mixed layer eddies is

provided by the fact that it is strongest in winter for scales

between 13 and 75km (Fig. 3).

Second, a characteristic case study on the process of

mixed layer instabilities and the subsequent mesoscale

absorption of the associated submesoscale features by

an Agulhas ring is presented. We investigate the dy-

namics and the scale kinetic energy flux on the basis of a

series of snapshots. On model day 19 June 2012, the

lighter waters of a warm-core, anticyclonic Agulhas ring

are separated by a sharp density front from denser water

east of the ring (Fig. 6a). South of the ring, sub-

mesoscale, high-Rossby-number features (Fig. 6e) and

positive VBF at 60-m depth (Fig. 6i) indicate the activity

of mixed layer instability in this part of the front. Five

days later, the whole front east of the ring is associated

with strong positive VBF (Fig. 6j) as well as mixed layer

FIG. 5. Downscale fluxes occur at small scales mainly in frontogenetic regions: (a) an INALT60 snapshot (4 Sep 2012) of

surface density and (b) the surface scale kinetic energy flux at 7 km computed with the coarse-graining approach overlaid by the

0.1 [(kgm23) km21]2 day21 frontogenetic tendency contour (bi) in the region shown in the small map in (a). The zonal black line in (a) and

(bi) shows the location for which in (bii), the absolute value of the surface zonal density gradient, in (biii) the surface frontal tendency and

in (biv) a vertical section of the scale flux at 7 km (shading) and the meridional velocity (contours with an interval of 0.025m s21—dashed

southward and solid northward) are shown. The cyan line in (biv) marks the mixed layer depth.
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instability driven submesoscale features with a scale of

about 40km (Fig. 6f). At this stage, the southern boundary

of the ring is associated with large upscale kinetic energy

fluxes into scales of 50km as well as into 200km and thus

into the scale of the ring.Downscale fluxes northeast of the

ring might be driven by a squeezing of the ring due to the

northwestward advection of denser waters in this region

(Figs. 6a,b). Another five days later, the whole ring as well

as its boundary are associated with only weak VBF

(Fig. 6k). The mixed layer instability has abated and the

resulting submesoscale features are present along the

whole boundary of the ring (Fig. 6g). This boundary is at

FIG. 6. The absorption of mixed layer instability generated features by an Agulhas ring in INALT60: (a)–(d) snapshots of surface

density, (e)–(h) surface normalized relative vorticity, (i)–(l) vertical buoyancy flux at 60-m depth, and of surface scale kinetic energy flux at

(m)–(p) 50 and (q)–(t) 200 km overlaid by sea surface height contours (m).
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this stage associated with strong upscale fluxes into scales

larger than 50km and also into scales larger than 200km

indicating that the submesoscales flux their kinetic energy

into the ring. In the center of the ring, downscale fluxes

occur (Figs. 6o,s). These downscale fluxes might be related

to frontogenesis within the ring (Fig. 6g). Another 20 days

later on 19 July, and thus amonth after the initialization of

the frontal instability, the density contrast of the surface

ring and its surrounding (Fig. 6d) as well as the sub-

mesoscale flows around its boundary are much weaker

(Fig. 6h). The boundary of the ring is still associated with

upscale flux into scales larger than 200km (Fig. 6t). This

indicates that the absorption of the submesoscale features

by the ring is still ongoing.

Third, as the absorption needs time to take effect, the

submesoscale kinetic energy of the mixed layer eddies

reaches the mesoscales with a delay. To investigate this,

the monthly climatology of the scale kinetic energy flux

is compared with the anomaly of the kinetic energy

spectrum (Fig. 7a). The annual mean is subtracted from

the monthly climatology to highlight the seasonal cycle

of kinetic energy. Consistent with the previous results,

the kinetic energy at scales smaller than about 75 km is

strongest in winter, between June and September. At

the largest mesoscales, the kinetic energy is strongest in

August toDecember. The same shift is found for upscale

kinetic energy flux: the maximum upscale flux occurs in

August at scales of 90 km and shifts to larger scales

around 200 km in November. In the ring path, the sea-

sonal cycle of the mesoscales between 100 and 200 km is

rather patchy, as it is disturbed by the irregular shedding

of Agulhas rings and cyclones. Another hotspot of me-

soscale eddy activity in the Agulhas region is the region

east of the AC and north of the ARC, which we call the

subgyre region. There, mesoscale eddies detach from

the ARC and interact with those arriving from the south

Indian Ocean as well as with features that detach from

the AC (Lutjeharms 2007). In the subgyre, the kinetic

energy spectra in INALT20r show also less energy on all

scales compared to INALT60 and the depth distribution

of the wintertime scale flux in INALT60 shows similar

patterns as presented in Fig. 4 for the ring path (not

shown). Similar to the ring path, the maximum in me-

soscale kinetic energy occurs a few months after the

maximum in submesoscale kinetic energy and the re-

spective shift is coincident with a shift of the maximum

upscale flux (Fig. 7b). In contrast to the ring path, the

coincidence of the seasonal cycles of kinetic energy and

upscale flux is found for all scales. Further, in the sub-

gyre, the submesoscale kinetic energy reaches the me-

soscales in summer (DJF) and thus later than in the ring

path. Our results indicate that the submesoscale-related

upscale kinetic energy flux contributes to the seasonal

cycle of mesoscale kinetic energy in both regions.

Fourth, the largest sources for the surface and

wintertime inverse cascade are found at typical scales

of features that result from the mixed layer instabil-

ity. Stone (1970) extended the baroclinic instability

model of Eady (1949) by ageostrophic perturbations

and derived the wavelength of its fastest growing

mode to be

l
s
5
2pu

0

jf j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
11Ri

5/2

r
, (1)

where u0 is the magnitude of the change in the thermal

wind across the mixed layer and Ri the Richardson

number. Typical values for the baroclinic instability of a

midlatitude mixed layer front, u0 5 0.05m s21, f 5
7.29 3 1025 s21, and Ri 5 1, give ls 5 3.9 km (Fox-

Kemper et al. 2008). Using the thermal wind u0 5
j=hbjh/f, with the mixed layer depth h, in (1) gives

FIG. 7. Monthly climatology of the surface kinetic energy spectrum referenced to the mean spectrum

(m2 s22 km21; shading) and of the windowed and spatially averaged surface scale kinetic energy flux (mWm22;

contours) for the period 2012–17 in (a) theAgulhas ring path and (b) the subgyre (the regions aremarkedwith solid

boxes in Fig. 1c). Note that the month axis starts with April to better visualize the upscale shift of the maximum in

flux and power spectral density after the submesoscale season.
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Fox-Kemper et al. (2008) showed with an idealized

nonlinear model simulation that the linear theory cap-

tures the growth of the perturbations only in the first six

days after initialization. After the instabilities reached

finite amplitude, they observed a nonlinear transfer of

kinetic energy to scales larger than the most unstable

wavelength to scales of 15 km and larger. These are the

scales where the source of the upscale kinetic energy flux

is found to be largest in the ring path of INALT60 in

winter (Fig. 8a) and where the cascade changes from

inverse to forward (Fig. 8b). The source of the upscale

flux is computed here as the divergence of the scale kinetic

energy flux with respect to the scale. At the same scales,

also the slope of the winter-mean kinetic energy spectrum

changes fromK25/3 at scales of 15–75km to steeper slopes

of about K23 and steeper at smaller scales (Fig. 2). This

and the former are in agreement with the theoretical

findings of Kraichnan (1967). For idealized turbulence he

shows that, if kinetic energy is supplied continuously at a

specific scale, at larger scales an energy inertial range de-

velops with a K25/3 slope and an inverse cascade and at

smaller scales an enstrophy inertial range with a steeper

K23 slope and a forward cascade. The agreement indicates

that his considerations are valid for the submesoscale tur-

bulence with an injection of kinetic energy through mixed

layer instability at scales around 15km.

A convergence for the inverse cascade is found for

mesoscales larger than 130 km in winter and 190 km in

summer. This is consistent with the notion that the me-

soscale eddies, that are associated with these scales,

absorb the mixed layer eddies. This provides a large

scale limit to the part of the inverse cascade that is at-

tributable to the submesoscale mixed layer dynamics.

The inverse cascade attributable to themesoscale eddies

(eddy merging etc.), however, persists at these large

scales. Processes that finally arrest the inverse cascade at

even larger scales, such as for example barotropization

and subsequent bottom drag or Rossby wave excitation

(e.g., Rhines 1975; Tulloch et al. 2011), may also con-

tribute to the convergence of the inverse cascade ob-

served here.

Fifth, most of the sources for the inverse cascade are

missing in INALT20r where the baroclinic mixed layer

instability is not resolved (Fig. 8a). In the ring path in

both winter and summer seasons, this means that about

7 times more kinetic energy is fluxed from the smaller

scales to scales larger than 100 km in INALT60 (Fig. 8b).

This intensified upscale energy flux contributes to a 28%

increase in the mean surface kinetic energy in the ring

path at scales larger than 100 km (computed from the

velocity components that were smoothed with a 100-km

diameter top-hat kernel) in INALT60. This is consistent

with the increase of mesoscale SSH power spectral

density reported by Schubert et al. (2019) when the

mixed layer instability is resolved.

FIG. 8. (a) The divergence with respect to scale of the winter (blue; JAS) and summer (red;

JFM) 2012–17 (b) mean surface scale kinetic energy flux in the Agulhas ring path (western

box in Fig. 1c) computed with the coarse-graining approach (not windowed before spatial

averaging) from INALT60 (solid) and INALT20r (transparent).
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Sixth, the pattern of the scale at which the surface

inverse cascade changes to forward is similar to the one

of the wavelength of the most unstable mode of the

mixed layer instability, as well as the one of the kinetic

energy spectral slope. The 2012–17 time-mean surface

scale kinetic energy flux in INALT60 is almost every-

where downscale at a scale of 7 km (Fig. 9a) and at 60 km

almost everywhere upscale (Fig. 9c). Themap of the flux

at 20-km scales (Fig. 9b) highlights that the change from

upscale to downscale occurs at different scales: In the

retroflection, the subgyre and the ARC, the flux at a

scale of 20 km is downscale, while in other regions, like

the ring path, it is upscale. The winter-mean (JAS)

surface scale kinetic energy flux changes from down to

upscale in the Agulhas ring path at around 15km, in the

subgyre at around 25km and in the retroflection and

theARC at even larger scales of 35–50km (Fig. 9d). The

pattern of the winter mean ls computed with Eq. (2)

using Ri5 1 at a depth of 30m in INALT60 (Fig. 9e) is,

apart from the AC and ARC, similar to the one of the

scale where the scale kinetic energy flux changes its sign.

Moreover, both patterns are similar to the one of the

20–50-km spectral slope of the winter-mean kinetic en-

ergy spectrum computed from INALT60 for 350 km 3
350km regions every 100km in both horizontal directions

(Fig. 9f). For the 2012–17 period, the subgyre, as well as

the AC, ARC, and the retroflection, are associated with

slopes steeper than K22.5, while the Agulhas ring path

and the rest of the domain are associated with slopes

shallower thanK22. This and the former highlight further

that the mixed layer instability is of key importance for

the open-ocean submesoscale inverse cascade at the

surface.

Besides the scale, where the cascade changes from

forward to inverse, also the amplitude of the fluxes

shows strong regional differences. The amplitude of the

flux is largest in the region of the retroflection, strong in

the subgyre and in the region of the ARC, weak in the

Agulhas ring path, and very weak in the open ocean

(Figs. 9a–c). An explanation for this spatial pattern

might be that the fluxes are larger the stronger the

submesoscale dynamics are and that the submesoscale

dynamics are in turn stronger the stronger themesoscale

dynamics interact.

4. Conclusions and discussion

In this study, we show that mesoscale oceanic eddies

are strengthened by the absorption of submesoscale

vortices resulting frommixed layer baroclinic instability.

As the absorption needs time to proceed, the strength-

ening occurs several months after the maximum of

submesoscale kinetic energy in winter. The timing of the

strengthening is coincident with the seasonal maximum

FIG. 9. The 2012–17 time-mean surface scale kinetic energy flux Pcg computed from 4-h-mean outputs of INALT60 for (a) 7-, (b) 20-,

and (c) 60-km scales. Blue (red) colors show downscale (upscale) fluxes. (d) The scale where the 2012–17 winter-mean (JAS) kinetic

energy flux changes from down- to upscale computed from 4-h-mean INALT60 data. For (d), the very patchy original field has been

smoothed with a 100-km diameter top-hat kernel. (e) The most unstable wavelength in the mixed layer (ls computed for 30-m depth)

averaged from 2012 to 2017 over thewintermonths (JAS) from 5-day snapshots of INALT60. (f) Themean slope of thewinter (JAS)mean

surface kinetic energy spectrum from INALT60 for the period 2012–17 in the scale band 20–50 km. The average slope n with respect to

K2n is shown. For (f), for every 100 km in both horizontal directions, a mean kinetic energy spectrum is computed for a 350 km3 350 km

subregion. Selected contours of the respective average of sea surface height highlight the location of the Agulhas Current system.
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of mesoscale kinetic energy, indicating an importance of

submesoscale flows for the mesoscale seasonal cycle.

Surface downscale fluxes at the smallest resolved scales

occur preferentially in frontogenetic regions.

We show this for the case of the Agulhas region by

investigating the submesoscale kinetic energy cascade in

two high-resolution oceanmodel simulations for the first

time with a coarse-graining approach. In contrast to the

classical spectral approach, the coarse-graining approach

allows an easier mapping of the cascade and thus a better

attribution of the cascade to processes. For the spatial-

average of the ring path, we demonstrate that both ap-

proaches produce similar results, in particular for scales

smaller than 40km. At larger scales, the spectral ap-

proach is associated with weaker fluxes. We hypothesize

that at these larger scales, the assumptions of homoge-

neous and isotropic turbulence, that need to be made

for the spectral approach but are not made for the coarse-

graining approach, are not valid and thus the coarse-

graining results are likely to be more realistic. The

coarse-graining approach comes in turn along with the

limitations that it is costly in terms of computational

power as well as data storage capacities. In this study, the

scale flux is computed for scales of 300km and smaller

and only close to the surface. We assume that for these

scales the effect of Earth’s curvature on the flux compu-

tations can be neglected and thus that the chosen con-

volution kernel [Eq. (B1)] is a reasonable choice. Future

research could compare the fluxes with those computed

by a convolution on a sphere (Aluie 2019).

Submesoscale currents flux their kinetic energy to both

larger (upscale) as well as to smaller horizontal scales

(downscale). Strong upscale fluxes occur throughout the

whole depth of the mixed layer in winter. We present

several indications that these fluxes are partially attrib-

utable to the growth of mixed layer baroclinic instability

driven features and their absorption by mesoscale eddies.

First, the source of the upscale flux (the flux divergence

with respect to the scale) is found to be largest inwinter at

scales around 15km, where also the forward cascade

changes to an inverse cascade in the ring path. These are

typical scales of features that develop as a result of mixed

layer baroclinic instability (Boccaletti et al. 2007; Fox-

Kemper et al. 2008). This is consistent with Sasaki et al.

(2014), who found at these scales a maximum of the

spectrum of the vertical buoyancy flux which is, in the

framework of the Lorenz energy cycle, a measure of

the energy transfer from eddy potential to eddy kinetic

energy and an indicator of baroclinic instability. Second,

in a strongly eddying simulation that, however, does not

resolve the mixed layer instability, these sources for the

inverse cascade are almost absent and the mesoscale

eddies are too weak. Third, a case study of mixed layer

instability driven features that are absorbed by an

Agulhas ring shows an upscale flux of kinetic energy into

the scale of the ring along its whole sidewall. Fourth, the

maximum of scale kinetic energy flux shifts to larger

scales after the submesoscale season accompanied by a

coincident shift of the maximum in kinetic energy. This

is consistent with the notion that the absorption of the

smaller-scale features needs time to proceed. Further,

this indicates that submesoscale flows affect the seasonal

cycle of mesoscale eddy kinetic energy. Contradictory,

Rieck et al. (2015) could reproduce themesoscale seasonal

cycle identified from AVISO with a non-submesoscale-

resolving ocean simulation in large parts of the global

ocean. However, in some regions, the month of the max-

imum of mesoscale eddy kinetic energy in their simulation

differed from the one of the observations. The relevance of

the submesoscales for the mesoscale seasonal cycle has to

be investigated closer in the future. Fifth, the pattern of the

wavelength of the most unstable mixed layer instability

mode is similar to the one of the scale, where the inverse

changes to a forward cascade, as well as the one of the

slope of the kinetic energy spectrum. This indicates further

the importance of the mixed layer instability for the sub-

mesoscale kinetic energy cascade.

Downscale fluxes at the smallest resolved scales

(’7 km) are found to be concentrated in frontogenetic

regions in the upper 30m of the ocean. In the Agulhas

region, 61% of the surface downscale flux at a scale of

7 km occurs in regions with a frontogenetic tendency

of more than 0.1 [(kgm23) km21]2 day21. As far as we

know, this is the first time that the collocation of

frontal regions and downscale kinetic energy flux is

explicitly shown in the literature. Our results are

consistent with D’Asaro et al. (2011), who found en-

hanced kinetic energy dissipation in a front within the

Kuroshio region. They attributed the dissipation to

symmetric instability of the front. In our simulation, it

is hard to attribute the downscale flux at 7 km to a

specific process, as this scale marks the small-scale end

of the resolved physics in the model and symmetric

instability and other smaller-scale instabilities are

only partially or not resolved in the simulation (e.g.,

Bachman and Taylor 2014). Further, the scale fluxes

are computed based on the model solution that is af-

fected by the (nonphysical) model dissipation at these

and smaller scales. The impact of the model dissipa-

tion on the resulting scale kinetic energy flux might

dominate the one of permitted frontal instabilities.

Our results are consistent with previous modeling

studies for other regions. Capet et al. (2008) found for

the California Current system an inverse cascade down

to a wavelength (scale) of about 34 km (17 km) and

supposed that the forward cascade occurs mainly at

2584 JOURNAL OF PHYS ICAL OCEANOGRAPHY VOLUME 50

Brought to you by University of Maryland, McKeldin Library | Unauthenticated | Downloaded 10/08/21 08:14 AM UTC



fronts—which is shown here explicitly. Qiu et al. (2014)

found for the North Pacific Subtropical Countercurrent

a change from inverse to forward cascade in winter at

wavelengths (scales) of 30 km (15km). Moreover, they

found a similar seasonal cycle of the inverse cascade

with stronger upscale fluxes that extend to smaller scales

in winter, and a transition of the scale of change to

downscale fluxes to larger scales after the submesoscale

season during the weakening of the frontal instabilities.

The computation of the scale kinetic energy flux is

limited in that the fluxes are computed based on the

model solutions and thus do not capture the effect of

smaller scale flows. Although Capet et al. (2008) find no

change in the scale where the inverse cascade changes to

forward when they increased the horizontal resolution

from 1.5 km to 750m, they observe an increase of both

upscale and downscale fluxes. We thus expect an in-

crease in the amplitude of the fluxes when the model

resolution is further increased.

Summarizing, our results show that the absorption of

mixed layer eddies strengthen mesoscale eddies in the

Agulhas region and that downscale kinetic energy fluxes

occur preferentially in frontogenetic regions. A future

study needs to investigate the relevance of the for-

mer for the mesoscale eddies. The large computational

power and data storage capacities needed for the coarse-

graining approach, when applied to such high-resolution

model data, restricted the analysis here to mainly the

surface ocean. This does not allow conclusions on the

integral effect of the submesoscales on the mesoscales.

As the involved mechanisms are generic, we expect that

our findings, shown here for the ring path and the

southwest Indian Ocean subgyre, hold for the global

ocean. This needs to be checked. In particular in the

ring path, besides the open-ocean submesoscale inverse

cascade, the strength of the eddies is also impacted by

the upstream dynamics in the retroflection and along the

Agulhas bank. Although the comparison of INALT60

and INALT20r shows that, in the ring path, the meso-

scale (.100km) kinetic energy increases by 28%, if

submesoscale flows are resolved, here we are not able to

identify which part of this strengthening is attributable

to the absorption of mixed layer eddies and which part

to a better representation of the eddy formation at the

Agulhas bank. If the upscale effect of eddies resulting

from mixed layer instabilities is relevant for the meso-

scales, this effect needs to be parameterized in coarse-

resolution ocean models besides the restratifying effect

of the mixed layer instability (e.g., Fox-Kemper et al.

2008). Further, it needs to be investigated which role the

Charney type baroclinic instability (Capet et al. 2016)

plays for the submesoscale kinetic energy cascade in the

Agulhas region.

A further open question is, what effect the sub-

mesoscale dynamics have on Agulhas leakage and its

impact on theAtlanticOcean circulation? To address this

question, longer integration periods and a larger sub-

mesoscale permitting domain are necessary. On the one-

hand, the leakage might be increased due to important

submesoscale contributions to the Agulhas cyclone for-

mation. On the other hand, the submesoscale flows drive

an exchange of Agulhas eddies with their surroundings

(Sinha et al. 2019) that is of importance for the water

masses that enter the Atlantic (Capuano et al. 2018).
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APPENDIX A

The Computation of the Kinetic Energy Spectrum

Before the Fourier transformation of a horizontal field

F(x, y), where x and y are Cartesian coordinates in ap-

proximately zonal and meridional directions, the mean of

F is subtracted andF is linearly detrended in bothhorizontal

directions. Here, we investigate square-shaped domains

withN data points within the side length. As the domain is

not periodic, nor infinitely large, F is multiplied by a 2D

Hanning window and the associated amplitude correction

factor of 1.5. The Fourier transform of F is defined as

F̂(k, l)5
1

(2p)2

ð‘
2‘

ð‘
2‘

F(x, y)e2i(kx1ly) dx dy,

where k and l are the zonal and meridional wavenumber

components. The cumulative power spectral density of

horizontal velocities is derived as

E(K)5
1

N4

ðK
0

1

2
(û*û1 ŷ*ŷ) dK ,
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where K5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 1 l2

p
is the isotropic wavenumber. The

complex conjugate is denoted by * and u and y are the

quasi-zonal and quasi-meridional velocity components.

The Fourier transforms û and ŷ are normalized by the

area N2 before the computation of the power spectral

density. The velocity components are quasi-zonal and

quasi-meridional, as the model output on a geographical

grid needs to be interpolated onto a regular Cartesian

grid to apply the Fourier analysis. The power spectral

density of horizontal velocities, in the following referred

to as the kinetic energy spectrum, is then given by

2p(dE/dK). For the time-mean kinetic energy spectrum,

the spectrum is computed first for each model snapshot

every fifth day and subsequently averaged over all

spectra.

APPENDIX B

The Computation of the Scale Kinetic Energy Flux

The scale kinetic energy flux P(L) is the rate of

transfer of kinetic energy from currents with scales

smaller than a specific horizontal scaleL to currents with

scales larger than L. The flux divergence T(L)5 ›P/›L

yields sources and sinks of P(L). While we use the term

‘‘flux divergence’’ throughout the paper, T is occasion-

ally also referred to as the scale energy transfer as it is

the source term in the budget of the power spectral ki-

netic energy density (e.g., Scott and Arbic 2007). Here,

we use twomethods for the computation ofP: a spectral

and a coarse-graining approach.

a. Spectral approach

Energy is fluxed across scales by nonlinear interac-

tions. The scale kinetic energy flux is usually derived

using the integral of the Fourier transformed nonlinear

advection term

P
sp
(K)52r

0

ð‘
K

û
h
* � (bu

h
=
h
u
h
) dK ,

where uh 5 (u, y) is the horizontal velocity vector.

Negative values ofPsp indicate an upscale flux of kinetic

energy. The spectral approach is associated with several

limitations. First, one has to assume that turbulence is

isotropic and homogeneous. Second, a value for the flux

at the small-scale end has to be assumed. Here, we use

the common assumption of zero flux at the smallest in-

vestigated scales. Third, the region, for which the energy

flux is computed, is not well defined due to the necessary

windowing. Fourth, Psp is usually associated with noise

leading to unreasonably high values of the flux diver-

gence (e.g., Scott and Wang 2005).

b. Coarse-graining approach

In this study, we focus on an alternative approach for

the scale kinetic energy flux computations based on

coarse graining that is not associated with the above

mentioned limitations of the spectral approach. The

coarse-graining approach has been earlier applied to

turbulence problems by Leonard (1975) and Germano

(1992) and has been developed further by Eyink (2005).

Aluie et al. (2018) applied the approach to a large-scale

ocean general circulation model to investigate the scale

energy flux between the oceanic mesoscale and large-

scale circulation. Here, we study the energy cascade

between the submesoscale and the mesoscale dynamics.

In this section, we give a short overview of the derivation

of scale energy flux based on Germano (1992) and Aluie

et al. (2018) and describe how we apply it to our model

outputs.

A horizontal field F(x, y) is low-pass filtered by

applying a convolution F(x, y)5C3F(x, y) with a

top-hat kernel

C(r)5

�
1/A , if jrj,L/2 ,

0, otherwise,
(B1)

where A 5 pL2/4 is the circular normalization area of

diameter L and r is the radial position vector. In other

words, the low-pass-filtered field is the result of a cir-

cular two-dimensional running mean with diameter L

that filters out all scales smaller than L from the original

field F(x, y). Applying the convolution to the rotating

Boussinesq equations leads to the equations of motion

for u, where u 5 (u, y, w) is the velocity vector with u, y,

and the vertical component w. The form of the equations

of motion does not change as the convolution is com-

mutative with the spatial and temporal derivatives (Aluie

et al. 2018). However, a new term arises from the non-

linear advection term:

= � uu5= � u u1= � t(u, u),

where t(u, u)5uu2 u u is the subfilter stress tensor.

The term = � t(u, u) is the force that the subfilter (small-

scale) motions exert on the low-pass-filtered (large-

scale) flow. To derive the large-scale kinetic energy

budget, the scalar product of the momentum equations

with r0u is computed. The respective contribution of the

subfilter stress can be split into

r
0
u � [= � t(u, u)]5= � [r

0
u � t(u, u)]2 r

0
S : t(u, u),

(B2)

where the colon is a tensor inner product. The first term

on the right-hand side is the divergence of the transport
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of large-scale kinetic energy by small-scale currents. This

term does not contribute to a flux of kinetic energy across

scales. The second term is the scale kinetic energy flux

Pcg 52r0S : t(u, u), whereS5 (=u1=uT)/2 is the large-

scale strain tensor. The separation into both contributions

is associated with a gauge freedom. Here we followed the

separation suggested by Aluie et al. (2018) which has the

advantage of a Galilean invariant definition for the scale

kinetic energy flux. Negative values of Pcg are again as-

sociated with upscale kinetic energy flux and positive with

downscale. Neglecting the distribution of the vertical ve-

locity component, the scale energy flux reduces to

P
cg
(x)52r

0
[(u2 2 u2)u

x
1 (uy2 u y)(u

y
1 y

x
)

1 (y2 2 y2)y
y
] .

Note that the form of the horizontal Pcg is similar to

the one of the barotropic instability term that transfers

energy between the Reynolds-average based mean and

eddy kinetic energy reservoirs integrated over closed

domains (e.g., Harrison and Robinson 1978).

The computation of Pcg is much faster for regular grids

and thus a constant convolution kernel C. The horizontal

velocity components u and y are first interpolated onto the

tracer grid points of the Arakawa C grid. The respective

geographical coordinates are transformed into Cartesian

coordinates using the European Petroleum Survey Group

Geodesy numbers 4326 (World Geodetic System 1984)

and 3395 (Cartesian). Subsequently, both u and y are lin-

early interpolated onto a regular grid with 1-km grid

spacing before the horizontal convolution and the com-

putations of Pcg as well as Psp are performed. The com-

putational cost of the convolution scales with L2. Land

cells are treated as cells with zero velocity, as suggested by

Aluie et al. (2018).Pcg is computed for the following length

scalesL5 7, 10, 15, 20, 30, 45, 60, 100, 150, 200, 300km.We

show that the results are useful for a computation of the

flux divergence Tcg 5 ›Pcg/›L. Negative values of Tcg

show a source for the upscale flux and positive a sink.

The length scale L used for the coarse-graining ap-

proach corresponds to half the wavelength l used in the

spectral approach. Elliptic features such as eddies im-

print in the spectrum at a wavelength which is about

twice their diameter. The good agreement of the scale

kinetic energy flux at the smaller scales computed with

the spectral and the coarse-graining approach (Fig. 3)

confirms this relation.
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