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Abstract Geostrophic turbulence theory predicted already a few decades ago an inverse energy cascade
in the barotropic mode, yet there has been limited evidence for it in the ocean. In this study, the latitudinal
behavior of the oceanic barotropic energy balance and macroturbulent scales is studied using the ECCO2
(Estimating the Circulation and Climate of the Ocean) state estimate, which synthesizes satellite data and
in situ measurements with a high-resolution general circulation model containing realistic bathymetry and
wind forcing. It is found that inverse energy cascade occurs at high latitudes, as eddy-eddy interactions
spread the conversion of eddy kinetic energy from the baroclinic to the barotropic mode, both upscale
and downscale. At these latitudes, the conversion scale of baroclinic eddy kinetic energy and the
energy-containing scale follow the most unstable and Rhines scales, respectively. Even though an inverse
energy cascade occurs at high latitudes, the energy spectrum follows a steeper slope than the −5/3 slope.
Different than classic arguments, the Rossby deformation radius does not follow the baroclinic conversion
and most unstable scales.

1. Introduction

The study of oceanic eddies within the framework of two-dimensional turbulence is key for understanding
oceanic large-scale turbulent flow (macroturbulence) and the mechanisms controlling the ocean dynamics.
Even though baroclinic processes, involving vortex stretching, are one of the most important energy sources
in the ocean [Ferrari and Wunsch, 2009; Chen et al., 2014], Charney [1971] suggested that flow properties of
geostrophic turbulence in the atmosphere and ocean resemble that of two-dimensional turbulence. Two
prominent features of two-dimensional turbulence are the inverse energy cascade and forward enstrophy
cascade [Fjortoft, 1953]. These features have a clear signature in the energy spectrum, following a k−5∕3 and
a k−3 spectral slope in the inverse energy cascade and forward enstrophy cascade regimes, respectively
[Kraichnan, 1967]. As energy cascades to larger scales, it cannot keep accumulating; thus, a large-scale
dissipation process, such as bottom drag, is required [e.g., Rivera and Wu, 2000; Scott, 2001; Smith and Vallis,
2002; Danilov and Gurarie, 2002; Grianik et al., 2004; Vallis, 2006; Tsang and Young, 2009].

The Rhines-Salmon phenomenology [Rhines, 1977; Salmon, 1978] incorporated the behavior of two-
dimensional turbulence in the energy cycle of geostrophic turbulence. According to this theory the baro-
clinic flow behaves as a passive tracer, advected by the barotropic flow, and once barotropization occurs, the
barotropic flow behaves as in two-dimensional turbulence, with an inverse energy cascade and a forward
enstrophy cascade. The barotropization of the flow occurs at the Rossby deformation radius [Salmon, 1978;
Smith and Vallis, 2001], which under baroclinic instability follows the most unstable scale that linear theory
predicts [Eady, 1949]. As long as friction does not play a major role in the balance [Danilov and Gurarie, 2002],
the inverse energy cascade in the barotropic mode is halted at the Rhines scale, where the turbulent regime
changes to a Rossby wave regime [Rhines, 1975]. Thus, in the presence of an inverse energy cascade, the Rhines
and energy-containing scales should coincide [Holloway and Hendershott, 1977; Vallis and Maltrud, 1993; Held
and Larichev, 1996; Danilov and Gurarie, 2000; Chemke and Kaspi, 2015].

Even though the vertical structure of the ocean is more complicated than the two-layer phenomenology
of Salmon [1978], previous studies have found that most of the energy resides in the first baroclinic and
barotropic modes [Wunsch, 1997; Fu and Flierl, 1980; Smith and Vallis, 2001; Ferrari and Wunsch, 2010; Venaille
et al., 2011]. Furthermore, under oceanic like stratification, most of the barotropization occurs from the first
baroclinic mode [Fu and Flierl, 1980; Smith and Vallis, 2001]. The classic two-layer phenomenology does also
not account for bottom topography, which plays an important role in the energy balance and vorticity
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equation [Bretherton and Haidvogel, 1976; Hughes and Killworth, 1995; Ferrari and Wunsch, 2009], and can even
divert the vertical structure of the flow from following the Rhines-Salmon phenomenology [Arbic and Flierl,
2004; Thompson and Young, 2007].

Using high-resolution satellite data, there has been an extensive effort to understand the energy spectral
fluxes at the ocean surface [e.g., Scott and Wang, 2005; Schlösser and Eden, 2007; Bühler et al., 2014; Klocker and
Abernathey, 2014]. As these fluxes mostly represent the first baroclinic mode [Wunsch, 1997], Stammer [1997]
argued using altimetric data that the energy-containing scale at the surface follows the first deformation
radius. Scott and Wang [2005] found an inverse energy cascade at the ocean surface, which differs from the
forward cascade in the first baroclinic mode in the Rhines-Salmon phenomenology. Several modeling studies
have verified this finding [Schlösser and Eden, 2007; Scott and Arbic, 2007].

Different than these studies, here we focus on understanding the behavior of the energy fluxes in the
barotropic mode. The high-resolution modern state estimate provides an opportunity to examine our under-
standing of the energy cycle in the barotropic mode in the ocean. While previous studies investigated the
barotropic mode using models [e.g., Fu and Flierl, 1980; Smith and Vallis, 2001; Venaille et al., 2011], the
high-resolution ECCO2 data synthesizes our best physical understanding of the ocean with observations.
Thus, in this study the theoretical geostrophic turbulence picture can be more realistically examined, as more
realistic components (e.g., bottom topography and wind forcing) are taken into account. The global coverage
of the ECCO2 also allows studying the barotropic spectral fluxes as a function of latitude. The latitudinal depen-
dence found using the ECCO2 in this study, which shows “classic” barotropic behavior only at high latitudes,
was found recently to occur as well in atmospheric general circulation model (GCM) simulations [Chemke and
Kaspi, 2015].

2. Methodology

In this study, we investigate the oceanic barotropic mode averaged through 23 years (1992–2014) using the
Cube92 version of the ECCO2 state estimate, averaged every 3 days. The ECCO2 synthesizes a high-resolution
global ocean (0.25∘ × 0.25∘ with 50 vertical layers of thicknesses varying from 10 m at the top to approxi-
mately 450 m at the bottom), and sea ice configuration [Zhang et al., 1998] of the Massachusetts Institute of
Technology ocean GCM [Marshall et al., 1997], with the available satellite (sea surface temperature and height)
and in situ (vertical profiles of temperature and salinity) data. The primitive equations for the ocean are solved
on a cube-sphere grid projection [Adcroft et al., 2004] with bathymetry [Menemenlis et al., 2008]. A Green
function method is used to minimize the misfits between the GCM and observations [Menemenlis et al., 2005].
The solution of the governing equations is constrained to observations by adjusting several control param-
eters based on the model-data misfit. The partial-cell formulation [Adcroft et al., 1997] is used to account for
the discontinuity of the bathymetry.

For calculating the energy spectrum and spectral fluxes in the barotropic mode, a 2-D Fourier decomposi-
tion is implemented on 43 land-free regions with 96 grid points in the zonal direction (i.e., 23.75∘ wide) and
with the same width in the meridional direction (Figure 1). While smaller regions do not entirely capture
the energy-containing scale, larger regions do not add information for the scale analysis discussed in this
paper. As discussed in Scott and Wang [2005], even though the ocean does not have periodic boundary con-
ditions, assumed for the Fourier analysis, the results are robust over different region sizes. Similar to Scott and
Wang [2005] and Schlösser and Eden [2007] a Hamming window is applied prior to the Fourier decomposi-
tion, and the resulted data are smoothed with a 20-point running mean. As the strongest spatial variations of
the barotropic mode occur in the meridional direction, the longitudinal variations of the barotropic mode are
beyond the scope of this paper, and unless otherwise stated, the analysis is implemented on each region and
the results show their zonal mean.

The spectrum of the barotropic eddy kinetic energy (EKE) is calculated as follows

bEKEK =
⟨||[u]′K ||2 + ||[v]′K ||2

⟩
, (1)

where u and v are the zonal and meridional velocities, angle brackets denote a time mean, squared brackets
denote a vertical average, and prime denotes the deviation from zonal mean of each region. The subscript K
denotes the spectral components with a total horizontal wave number K =

√
k2

x + k2
y (wavelength, L = K−1),
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Figure 1. (a) The bathymetry of the ocean (km) and (b) the mean static stability (s−2, see text for definition). The black
boxes show the regions used for the analysis.

where kx and ky are the zonal and meridional wave numbers, respectively. For studying the eddy behavior
in the barotropic mode, each field is first vertically averaged prior to the computation of the deviation from
zonal mean. Two components of the barotropic EKE tendency equation are studied here: the conversion of
baroclinic to barotropic EKE

CT =
⟨
−[uh]′∗K ⋅

[
u+ ⋅ 𝛁u+

h

]′
K

⟩
(2)

and the nonlinear eddy-eddy interactions

EE =
⟨
−[uh]′∗K ⋅

(
[u]′ ⋅ ∇[uh]′

)
K

⟩
, (3)

where u denotes the three-dimensional velocity vector, ∗ denotes a complex conjugate, the subscript h
denotes the horizontal components of the vector, and + denotes deviation from vertical average. Equations (2)
and (3) are calculated in spherical coordinates.

3. Barotropization at High Latitudes

Although the fundamental theory of geostrophic turbulence [Rhines, 1977; Salmon, 1978; Fu and Flierl, 1980]
was found to be suitable for QG two-layer models [e.g., Larichev and Held, 1995] and continually stratified
models [e.g., Smith and Vallis, 2001, 2002], the barotropic behavior of the flow shows a strong latitudinal
dependence in GCMs [Venaille et al., 2011; Chemke and Kaspi, 2015]. The ECCO2 analysis reveals a similar latitu-
dinal behavior in the ocean (Figure 2). The barotropization of the flow (conversion of baroclinic to barotropic
EKE) mostly occurs at high latitudes, poleward of 40∘ (Figure 2a), with a corresponding inverse energy cascade
by eddy-eddy interactions at these latitudes (Figure 2b). Note that different than the two-layer phenomenol-
ogy [e.g., Salmon, 1978; Larichev and Held, 1995], here the conversion from baroclinic to barotropic may involve
multiple baroclinic modes and not only the first baroclinic mode.

What causes the barotropization of the flow to be more pronounced at high latitudes? The factors that mostly
affect barotropization processes according to the scaling theory of Held and Larichev [1996], in addition to
bottom topography, are the root-mean-square (RMS) barotropic velocity (Urms), the Coriolis parameter (f )
and its meridional derivative (𝛽), the stratification (N2), and zonal shear (uz). Several studies showed that
bottom friction inhibits the barotropization of the flow and weakens the barotropic inverse energy cascade
[Treguier and Hua, 1988; Smith and Vallis, 2002; Arbic and Flierl, 2004; Arbic et al., 2007; Scott and Arbic, 2007;
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Figure 2. Components of the barotropic EKE equation (m2 s−3, equations (2) and (3)) as a function of latitude and total
wave number (10−5 m−1) and wavelength (km). (a) Conversion from baroclinic EKE to barotropic EKE divided by 5.
(b) Transfer of barotropic EKE by eddy-eddy interactions. The black, gray, green, and white lines are the Rossby(

Kd =
(

2𝜋Ld
)−1

)
, Rhines

(
K𝛽 =

(
2𝜋L𝛽

)−1
)

, conversion (Kg), and energy-containing (Ke) wave numbers, respectively.
The purple line shows the latitude where poleward (equatorward) of it the quasi-geostrophic (QG) supercriticality is
larger (smaller) than 1. The white areas represent unresolved large and small scales at different latitude bands. Each
component is multiplied by the wave number.

Venaille et al., 2011]. However, as steep bottom topography exists through all latitudes (Figure 1a), while the
strongest barotropization occurs at high latitudes, particularly in the southern ocean (Figure 2a), bottom
topography does not explain the strong barotropization of the flow at high latitudes. This can be further
seen by comparing the dependence of barotropization (Bt , calculated as the maximum conversion of baro-
clinic to barotropic EKE) on bathymetry variance (Bv) through all regions (Figure 3a). Even though an inverse
relation between barotropization and bathymetry variance might be expected, the variations in bathymetry
have a low effect on barotropization, with even a small tendency to increase it (Bt ∝ B0.83

v , Figure 3a).
Nonetheless, bottom topography may still play a significant role in the balance, as the spatial [Beckmann et al.,
1994; Böning et al., 1996; Smith et al., 2000; Jansen and Held, 2014] and vertical resolutions at depth (section 2),
and the different parameterizations of bottom drag [Rivière et al., 2004; Thompson and Young, 2006; Arbic and
Scott, 2008], may affect both the dissipation of energy and the stratification of the flow.

Previous studies showed that similar to bottom topography, near-surface stratification also tends to weaken
the barotropization [Fu and Flierl, 1980; Smith and Vallis, 2001, 2002]. While uniform stratification results in
an efficient barotropization from all baroclinic modes, nonuniform stratification results in energy transfers
from high baroclinic modes to the first mode and from there inefficiently to the barotropic mode. Figure 1b
shows the mean stratification of the water column above the pycnocline, calculated using the static stability,
N2 = g

𝜌0

𝜕𝜌𝜃

𝜕z
, following Chelton et al. [1998], where g is gravity, 𝜌0 is background density, and 𝜌𝜃 is the potential

density. The strongest stratification occurs at low latitudes, while it is weaker and hence more uniform at high
latitudes. The strong barotropization at high latitudes may imply that its latitudinal variation is affected by the
stratification (Figure 2a). As the largest stratification occurs near the ocean surface, its latitudinal variations are
less affected by bottom topography. By comparing the dependence of barotropization (Bt), on stratification
(N2), the stratification clearly decreases the barotropization (Bt ∝ N−2.4, Figure 3b).

Similar to the barotropization, the Urms (defined as bEKE0.5) is also larger at high latitudes. Large values
of barotropic EKE may imply a stronger energy cycle at these latitudes. The barotropic EKE indeed tends
to increase the barotropization (Bt ∝ bEKE0.93, Figure 3c). The vertical shear of the zonal flow also weakly
increases the barotropization, but it is not statistically significant (Bt ∝ u0.8

z , Figure 3d). The sphericity
parameters (the Coriolis parameter and its meridional derivative), on the other hand, may also explain the lat-
itudinal dependence of the barotropization, as the Coriolis parameter and the 𝛽 effect tend to increase and
decrease the barotropization of the flow, respectively (Bt ∝ f 2𝛽−5.3, Figures 3e and 3f). Thus, the main factors
affecting the latitudinal variations of the barotropization are the stratification, sphericity of the planet, and
barotropic EKE.
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Figure 3. Maximum baroclinic to barotropic EKE conversion (Bt , m2 s−3) at each region presented in Figure 1 as a
function of (a) the variance of bathymetry (Bv , 105 m), (b) the mean static stability (N2, s−2), (c) the barotropic eddy
kinetic energy (bEKE, m2 s−2), (d) the vertical shear of the zonal flow (uz , s−1), and (f ) the meridional derivative of the
Coriolis parameter (𝛽 , 10−11 m−1 s−1). The black lines represent the best fits and follow 0.83 ± 0.96 (R2 = 0.068),
−1.2 ± 0.4 (R2 = 0.36), 0.93 ± 0.2 (R2 = 0.67), 0.8 ± 0.2 (R2 = 0.24), 2 ± 0.8 (R2 = 0.36), and −5.3 ± 2 (R2 = 0.4) slopes in
Figures 3a–3f, respectively, where the errors represent the 95% confidence interval.

4. Barotropic Inverse Energy Cascade

The strong barotropization at high latitudes does not necessarily ensure a barotropic inverse energy cascade
at these latitudes. For an inverse energy cascade to occur, there must be a scale separation between the
conversion scale of baroclinic to barotropic EKE and the energy-containing scale [Salmon, 1978]. Indeed, the
inverse energy cascade at high latitudes (Figure 2b) is consistent with a scale separation between the con-
version wave number of baroclinic to barotropic EKE (Kg, green line in Figure 2) and the energy-containing
wave number (Ke, white line in Figure 2). The energy-containing and conversion wave numbers are defined
as the wave numbers where the barotropic energy spectrum (equation (1)) and the conversion of baro-
clinic to barotropic EKE (Figure 2a and equation (2)) are at maximum, respectively. At lower latitudes, the
energy-containing wave number and the conversion wave number of baroclinic to barotropic EKE nearly
coincide. To better understand the latitudinal dependence of these scales, we now investigate different
parameterizations for them.

Different than the classic Rhines-Salmon phenomenology, the region-averaged Rossby deformation wave
number does not coincide with the conversion wave number (black and green lines in Figure 2a and red dots
in Figure 4a). The Rossby deformation wave number is defined as, Kd =

(
𝜆d

)−1
, where 𝜆d = 2𝜋Ld is the Rossby

deformation wavelength [Scott and Wang, 2005; Abernathey and Wortham, 2015] and Ld =
1

|f |𝜋 ∫
H

0 Ndz is the
Rossby deformation radius, calculated following Chelton et al. [1998], where H is the water column depth.
Following Smith [2007], we calculate the most unstable wave number

(
Km

)
by applying a linear normal mode

instability analysis on the linearized quasi-geostrophic (QG) potential vorticity equation. Using the region-
averaged time mean flow, density, and meridional potential vorticity gradient, the eigenvalues are calculated
at each region presented in Figure 1. As discussed in Smith [2007], for accounting only the energetically
important wave numbers the growth rate is normalized by the eddy available potential energy, which is calcu-
lated using the variance of the potential temperature field [e.g., Lorenz, 1955; Saltzman, 1957; Boer, 1975]. The
conversion wave number does coincide with the most unstable wave number (similar to Jansen and Ferrari
[2012] and Berloff and Kamenkovich [2013]), through almost all latitudes, except at latitudes near the equator
where there may not be baroclinic instability (orange dots, Figure 4b). These results are different than in
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Figure 4. Ratio of macroturbulent scales as a function of latitude. (a) The ratio of the region-averaged Rossby wave
number

(
Kd

)
and the conversion wave number of baroclinic to barotropic EKE (Kg , red dots), and the ratio of the

energy-containing wave number
(

Ke
)

and the region-averaged Rhines wave number (K𝛽 , blue dots). (b) The ratio of the
most unstable wave number

(
Km

)
and the conversion wave number of baroclinic to barotropic EKE (Kg , orange dots),

and the ratio of the transition wave number
(

Kt
)

and the conversion wave number of baroclinic to barotropic EKE
(Kg , green dots). At the two closest latitudes to the equator the ratios between the most unstable and conversion wave

numbers are off the y axis limit. (c) The ratio of the zonal
(

Kez

)
and meridional

(
Kem

)
energy-containing wave numbers.

The error bars represent the standard deviation along each latitudinal band.

Schlösser and Eden [2007], where the deformation radius was found to be proportional to the conversion scale
near the ocean surface. In the barotropic mode, on the other hand, at high (low) latitudes the conversion
wave number, and hence the most unstable wave number (as was shown by Venaille et al. [2011] and Tulloch

et al. [2011]), is smaller (larger) than the Rossby deformation wave number (red dots, Figure 4a). The congruity
of the conversion and the most unstable wave numbers emphasizes the role of baroclinic instability in the
barotropization of the flow [Qiu et al., 2008] and may explain the increase of the conversion wave number with
latitude (green line in Figure 2a), as the main controlling parameters in baroclinic instability are the Coriolis
parameter, stratification, and zonal mean shear [e.g., Eady, 1949; Phillips, 1954].

In agreement with Rhines [1975] and with idealized atmospheric GCM simulations [Jansen and Ferrari, 2012;
Chemke and Kaspi, 2015], only at high latitudes where inverse energy cascade occurs (Figure 2b), indeed, the
Rhines wave number, K𝛽 , follows the energy-containing wave number (white and gray lines in Figure 2 and

blue dots in Figure 4a). The Rhines wave number is defined as K𝛽 =
(
𝜆𝛽
)−1

, where 𝜆𝛽 = 2𝜋L𝛽 is the Rhines
wavelength [Scott and Wang, 2005; Abernathey and Wortham, 2015], and following Rhines [1975],

L𝛽 =
(

2Urms

𝛽

)0.5
is the Rhines scale. Different than surface observations [e.g., Stammer, 1997], here the Rossby

deformation wave number does not follow the barotropic energy-containing wave number (black and white
lines in Figure 2). Even though this picture differs from the Rhines-Salmon phenomenology, since the conver-
sion wave number does not follow the Rossby deformation wave number, the ratio between the Rhines scale
and Rossby deformation radius does predict regions where inverse energy cascade does and does not occur
(poleward and equatorward of where the black and gray lines meet in Figure 2).
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Figure 5. The spectrum of the barotropic EKE (m2 s−2) as a function of total wave number (m−1) for latitude bands
centered at (a) 46∘N, (b) 10∘N, (c) 58∘S, and (d) 10∘S. The blue and red asterisks are the energy-containing wave number
(Ke) and the conversion wave number of baroclinic to barotropic EKE (Kg), respectively. The orange and green lines are
the best linear fit slopes. (e) The spectral slopes as function of latitude with error bars of 95% confidence interval.
The two vertical dashed lines correspond to the −5/3 and −3 spectral slopes.

The QG supercriticality was suggested by Held and Larichev [1996] to follow the ratio of the Rhines scale and

Rossby deformation radius. The horizontal purple line in Figure 2 shows the latitude where the QG supercrit-
icality, Sc=

f 2uz

𝛽HN2 , equals 1. While in the southern ocean, values of QG supercriticality larger than 1 do follow
latitudes where the Rhines scale is larger than the Rossby deformation radius, and where inverse energy

cascade occurs (similar to Chemke and Kaspi [2015]), in the northern ocean, on the other hand, values of

QG supercriticality are everywhere smaller than 1. At low latitudes, where the QG supercriticality is smaller

than 1 and the inverse energy cascade is inhibited (Figure 2b), the Rhines wave number is larger than the

energy-containing wave number (blue dots in Figure 4a). Several studies showed the presence of a more

isotropic regime, governed by eddies, poleward of the latitude where the Rhines scale is larger than the

Rossby deformation radius, while equatorward of this latitude is a more wave regime [Theiss, 2004; Chelton

et al., 2007; Eden, 2007; Sayanagi et al., 2008; Klocker and Abernathey, 2014]. The ratio between the barotropic

energy-containing zonal and meridional wave numbers does show mild evidence for more zonally elongated

eddies at low latitudes and more isotropic flow at high latitudes (Figure 4c).

Bottom drag has also been found to decrease the energy-containing scale [Smith and Vallis, 2002; Arbic

and Flierl, 2004; Thompson and Young, 2007]. The energy-containing scale decreases at high latitudes in

both hemispheres (white line Figure 2); however, strong topographic variations occur through all latitudes.

Bottom topography could also decrease the inverse energy cascade strength [Treguier and Hua, 1988; Scott

and Arbic, 2007]. In the southern ocean, however, where bottom topography might play an important role

[Wunsch and Ferrari, 2004; Masich et al., 2015], the inverse cascade is largest (Figure 2b). Thus, in spite the

dominant bottom topography, the presence of strong inverse energy cascade at high latitudes, in both hemi-

spheres, suggests the importance of the supercriticality (the sphericity parameters, stratification, and vertical

shear) in affecting the inverse cascade [Smith and Vallis, 2002], through the scale separation of the conversion

scale (baroclinic instability) and the energy-containing scale (the Rhines effect). Again, care should be taken

before ignoring the effects of bottom drag, as it may be subjected to the parameterization [Arbic and Scott,

2008] and the coarse horizontal and vertical (near the ocean floor) resolutions of the model.
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5. The Spectrum of the Barotropic EKE

To further analyze the barotropic inverse energy cascade, the spectral slopes of the barotropic EKE
(equation (1)) are calculated and shown in Figure 5. The spectral slopes are calculated in log-log space at each
region using a linear least squares fit algorithm, applied to find the best (largest coefficient of determination)
one or two slopes for the energy spectrum, beyond the roll-off of the spectrum near the energy-containing
wave number (Ke) and down to 1.2 ×10−5 m−1 in order to avoid fitting submesoscales. Different than the
conversion of EKE from baroclinic to barotropic and the inverse energy cascade by eddy-eddy interactions
(Figure 2), which intensify with latitude, the spectral slopes do not show such latitudinal behavior (Figure 5).

Following the classic arguments of 2-D turbulence [Kraichnan, 1967], we expect to find at large-scales
of the spectrum the −5/3 slope, only at latitudes where inverse energy cascade is observed (Figure 2b).
However, steeper slopes than−5/3 appear through almost all latitudes, especially at high latitudes (Figure 5e).
Larichev and Held [1995] suggested that a broad input of baroclinic energy to the barotropic mode at
large-scales could affect the spectral slopes. This might explain the steeper slopes, as the conversion of baro-
clinic to barotropic does not occur at a specific scale, but rather through a wide range of scales (Figure 2a).
The spectral slope at small scales follows a −4 slope through all latitudes, which is steeper than −3 slopes
of forward enstrophy cascade in 2-D turbulence [Kraichnan, 1967], likely due to dissipation processes at
small scales. Near the grid scale the forward energy cascade in Figure 2b may be an artifact of the coarse
resolution [Jansen and Held, 2014]. The transition wave number (Kt , the wave number where the slope changes
discontinuously in Figures 5a–5d, where the two best fit segments meet) coincides with the conversion wave
number of baroclinic to barotropic EKE, mostly in the southern ocean (red asterisk in Figure 5 and green dots
in Figure 4b). This again emphasizes that the energy source for the different behavior at small (inverse energy
cascade) and large (forward enstrophy cascade) wave numbers is likely related to baroclinic instability.
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