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Abstract
Jupiter’s atmosphere has often been compared with
a classical quasi-2D, geostrophically turbulent fluid,
with kinetic energy transferred upscale, and zonal jets
emerging due to the planet’s curvature. Using 2D wind
fields obtained from Cassini cloud images taken dur-
ing the December 2000 fly-by, we have measured the
direction of Jupiter’s kinetic energy cascade through-
out the range of observed length scales, using struc-
ture functions and spectral fluxes as complementary
approaches [5]. These confirm the upscale kinetic en-
ergy transfer from eddies on scales ≥ 3000 km up to
the zonal jet scale, with ∼90% of the energy trans-
ferred into the jets, and downscale transfer of enstro-
phy from all scales. At scales ≤ 3000 km or so, how-
ever, kinetic energy is transferred downscale, indicat-
ing a source at scales 2000–3000 km, comparable with
the internal Rossby deformation radius. This suggests
an important role for baroclinic instability in energis-
ing Jupiter’s turbulent atmosphere.

1. Introduction
A distinctive characteristic of a turbulent flow is the
nonlinear transfer of energy, vorticity and other flow
properties between different scales of motion in pro-
cesses known as cascades.

In homogeneous, isotropic 3D turbulence, nonlinear
exchanges tend to cascade kinetic energy from large
to small scales, where it is removed by viscous dissi-
pation, leading to the Kolmogorov -(5/3) law for the
kinetic energy spectrum in the inertial range at in-
termediate scales. In a 2D or quasi-geostrophic sys-
tem forced at scale Lf , the ‘classical’ picture suggests
kinetic energy will generally cascade towards scales
≥ Lf while enstrophy cascades to scales ≤ Lf , with
energy spectra of slopes -(5/3) and -3 respectively.

The prevailing view would anticipate that, given the
strong dominance of planetary rotation on large-scale

motions on Jupiter, energy is likely to be mostly trans-
ferred upscale from the relatively small scales (domi-
nated by convection or baroclinic instabilities) towards
the scales of the zonal bands.

2. Cassini observations
Cassini flew by Jupiter in December 2000. We used
horizontal winds calculated by two independent cloud
tracking analyses of the CB2 near-infrared continuum
band Imaging Science Subsystem images at closest ap-
proach. Datasets G14g [3] and C11 [2] contain grid-
ded winds for almost four rotations over ±50° lati-
tude and 360° longitude. Dataset G14s [6] contains
scattered wind vectors from the 70 image pairs later
stitched together to make dataset G14g.

3. Structure functions
The 3rd order structure function identifies the direc-
tion and kinetic energy propagation rate between dif-
ferent scales in a turbulent flow. It is calculated from
velocity differences projected along (δuL) or across
(δuT ) a line separating pairs of points as a function of
the separation distance r. For homogeneous isotropic
turbulence, in 3D δu3

L = −(4/5)εr where ε is the
large-scale energy injection rate. In 2D turbulence,
δu3

L = +(3/2)Pr and δuLδu
2
T = +(1/2)Pr, where

P is the energy input power due to a small-scale driv-
ing force [4]. In both 2D and 3D the 2nd order struc-
ture function δu2

L ∝ ε2/3r2/3.
Figure 1 shows a linear, positive dependence of the

3rd order structure functions on r for 3500 km ≤
r ≤ 40 000 km, implying an energy flux from small
to large scales with P ≈ 1× 10−4 W kg−1. Although
not proportional to r2/3 throughout, the second order
structure function is consistent with the measured ki-
netic energy spectrum. At r < 3500 km the third-
order structure functions are negative, implying down-
scale energy flux to small scales, contrasting the tra-
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Figure 2 | Turbulent structure functions in Jupiter’s weather layer. a, Third-order longitudinal (blue), transverse (red) and total (black) structure functions.
Dashed grey lines are best linear fits to each, and dots are negative values. Thick lines show the mean for each function, and thin lines show the 95%
confidence interval (whiskers for negative values) calculated using combinations of the vector pairs in each bin sampled randomly, with replacement,
repeated 10,000 times. b, Second-order longitudinal (blue), transverse (red) and total (black) structure functions. Confidence intervals are calculated in
the same way as in a. The functions in both panels all use data set G14s. Light grey shading shows the typical deformation radius LD between latitudes
20�–40�, and the jet scale. Above separation distance r=80,000 km and below r= 1,500 km the separation vectors do not sample each possible
direction (see Supplementary Fig. 6). The upper axes show the equivalent global wavenumber on the sphere 2⇡a/r for each separation distance, where
a=69,911 km is Jupiter’s mean radius at 1 bar.

n⇠80. Such a spectrum results in a second-order structure function
that is flat at large r , transitions around the break in the spectrum
from flat towards r 2/3, and approaches r 2/3 asymptotically only
at small r . In this case, a good r 2/3 fit is expected only for
r . 1,000 km. This relationship is derived in the Supplementary
Information (Supplementary Figs 1–4 and Supplementary Table 1).
Our measured second-order structure functions are qualitatively
consistent with this picture and hence, despite their deviation from
the classical r 2/3, are consistent with our other results. The large-
scale spectrum influences the small-scale structure function because
it incorporates the energy contained in eddies of size r or less, plus
r 2 times the enstrophy in eddies of size r or greater35.

Spectral fluxes of kinetic energy and enstrophy
To corroborate our finding of downscale energy transfer at small
scales in Jupiter’s atmosphere, we computed the spectral fluxes of ki-
netic energy and enstrophy between di�erent length scales directly.
Using data sets G14g and C11 we calculated spectral fluxes on the
sphere using a well-established method used for Earth10,11. Using
data set G14s we computed an independent estimate of the spectral
fluxes by calculating nonlinear triad interactions29, after projecting
the velocity field for each image pair onto a plane. Because of the
approximations required to project from the sphere to the plane,
this third measurement should be considered a check on the first
two measurements on the sphere (as it happens, the spectral fluxes
agree well).

In all three cases we used only the rotational (non-divergent)
part of the horizontal velocity field, when calculating the fluxes.
Using a method that included the divergent terms12, we found that
the divergent parts of the G14g and C11 energy spectra di�ered
significantly, while the rotational parts agreed well. We expect the
error in the divergent part of the flow to be larger than the rotational
part, therefore, and have omitted it in this analysis, butmay examine
it more closely in the future.

Figure 3 shows the kinetic energy and enstrophy spectra and
spectral fluxes. When the full velocity is considered, including
the divergent component, the eddy kinetic energy spectrum
(Fig. 3a) scales as the classical n�5/3 for n & 80 (note that the
structure functions above used the full velocities). In the rotational
component of the flow, the eddy part of the energy spectrum
(Fig. 3b) appears to scale as n�2 for n& 80. We note that an n�2

spectrum of rotational kinetic energy has also been reproduced in

Earth atmosphere models in the upper troposphere36. The zonal
part of the spectrum (Supplementary Fig. 10) gives us a heuristic
estimate of the global jet scale, which is shown as a light grey band
and corresponds to the peaks in the zonal energy spectrum of the
three data sets near the jet scale: nJet =23–28. This corresponds to a
typical latitudinal jet width of 8,000–9,500 km, as one wavelength is
equivalent to two jets (Fig. 1).

Figure 3c shows the kinetic energy spectral flux calculated from
the three data sets. There is good agreement between all three,
particularly at small scales. Positive spectral flux corresponds to
energy transfer from large to small scales, and the general trends
are clear. First, the kinetic energy flux is negative and approximately
flat (within a factor of two) between 4,000–15,000 km length scales,
suggesting that there is an inertial range with an inverse cascade of
kinetic energy with power ⇧E,tot

up ⇡ (�5± 2) ⇥ 10�5 Wkg�1 from
small scales up to the jet scale. The position and magnitude of
the inverse cascade agree broadly with the third-order structure
function (Fig. 2a). Second, at small scales 2,000 km, the positive
spectral flux corroborates our earlier finding of downscale energy
transfer at small scales in the third-order structure function. There
is a remarkable agreement between the three data sets on the length
scale at which the switch from an upscale to a downscale flux occurs,
and the agreement between this scale and a typical deformation
radius inmidlatitudes is striking.We cannot estimate the downscale
flux reliably from our structure functions, but we can make a
tentative estimate from the spectral fluxes. There is a small range
of scales where the spectral flux is approximately flat, indicating
an inertial range containing a forward energy cascade with power
⇧E,tot

down ⇡ (1.5±0.3)⇥10�5 Wkg�1. Third, Fig. 3d shows the kinetic
energy spectral flux due to eddy–eddy interactions alone. This has
the same general form as the total energy flux, with inverse cascade
power⇧E,ee

up ⇡ (�0.8±0.6)⇥10�5 Wkg�1. Thus, while most of the
flux is due to zonal–eddy interactions, a not insubstantial part is due
to eddy–eddy interactions. Finally, there is a convergence of kinetic
energy at the jet scale. This comes both from larger scales (up to
around 40,000 km) down to the jet scale and from smaller scales
(down to around 2,500 km) up to the jet scale. We are not aware of
any modelling work that reproduces such a downscale energy flux
at large scales, although we do note there is also a weak convergence
of kinetic energy at large scales in both the Earth’s atmosphere10 and
oceans23. All three data sets show that the primary eddy to zonal flow
energy conversion occurs at or near the jet scale (Fig. 3e).
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Figure 1: Third order structure functions, using dataset
G14s. Grey bands show estimated deformation and jet
scales. Dashed lines are linear fits. Dots are negative.
Lines show means and 95% confidence intervals [5].

ditional picture of Jupiter’s atmospheric turbulence.
A diverging energy flux implies that the turnaround
scale contains a significant kinetic energy source for
the flow.

4. Spectral fluxes
Positive spectral flux corresponds to energy transfer
from large to small scales, and vice versa [1]. The
kinetic energy flux, shown in Fig. 2, is negative and
roughly flat between 4,000-15,000 km length scales,
suggesting an inertial range with inverse cascade of
power Πup

E,tot ≈ (−5± 2)× 10−5 W kg−1 from small
scales to the jet scale. At scales ≤ 2000 km, the pos-
itive spectral flux corroborates our finding of down-
scale energy transfer at small scales in the structure
functions, with Πdown

E,tot ≈ (+1.5±0.3)×10−5 W kg−1.
There is a convergence of kinetic energy at the jet

scale. This comes from larger scales (up to around
40,000 km) down to the jet scale and from smaller
scales (down to around 2,500 km) up to the jet scale.
All datasets show that the primary eddy to zonal flow
energy conversion occurs at or near the jet scale. There
is also remarkable agreement on the length scale at
which the switch from upscale to downscale flux oc-
curs. The agreement between this and a typical defor-
mation radius in midlatitudes is striking.

5. Summary and Conclusions
The picture that emerges is a turbulent atmosphere
energised by processes that generate kinetic energy
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Figure 3 | Energy and enstrophy spectra and spectral fluxes in Jupiter’s weather layer. a, Eddy kinetic energy spectrum. b, Rotational (non-divergent) part
of the eddy kinetic energy spectrum. c, Kinetic energy spectral flux computed from the non-divergent flow. d, As c, but for eddy–eddy interactions alone.
e, Eddy to zonal kinetic energy conversion. f, Enstrophy spectral flux. The three data sets are black (G14g), red (C11) and blue (G14s). Data set G14s is
scaled by various powers of 2⇡ due to di�erent definitions of the spectra and fluxes in di�erent geometries. The lower axes show the approximately
equivalent wavelength for each total wavenumber �=2⇡a/n. Light grey shading shows the jet scale and the typical deformation radius between latitudes
20�–40�. See Supplementary Figs 8, 9 and 11 for error bars, Supplementary Fig. 12 for compensated eddy kinetic energy spectra, and Supplementary Fig. 13
for 2D kinetic energy and enstrophy spectra.

The spectral enstrophy flux in Fig. 3f is overwhelmingly
downscale, increasing strongly with wavenumber up to the
resolution limit of themeasurements. This is broadly consistent with
expectations for quasi-geostrophic turbulence7,8 and similar to what
has been found for the Earth’s atmosphere10,11 but with no evidence
for an enstrophy-cascading inertial range. Rather, there appears to
be continuous generation of enstrophy at all scales smaller than the
jet scale, suggestive of frontogenetic processes and filamentation of
vorticity.

Implications for turbulence in Jupiter’s atmosphere
The overall picture that emerges from our analysis is of a turbulent
upper troposphere on Jupiter inwhich kinetic energy is generated on

a scale comparable with the internal Rossby radius of deformation
and cascades to both larger and smaller scales. At the same time,
enstrophy is cascadeduniformly downscale but also generated over a
wide range of scales down to the resolution limit of the observations.

Although the kinetic energy spectrum ends up looking superfi-
cially rather like what is seen in the Earth’s upper troposphere, with
a shallow n�5/3 spectrum at small scales associated with a down-
scale energy cascade, the reversal of the energy cascade at a scale
comparable to the Rossby radius is quite di�erent and may suggest
a rather di�erent dynamical mechanism at work, perhaps more
like the oceans23,24. In the Earth’s atmosphere, mechanisms most
frequently discussed for the reversal of the energy cascade are either
forced gravity wave turbulence13 or other forms of stably stratified

4
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Figure 2: Kinetic energy spectral flux in Jupiter’s at-
mosphere, using all three datasets [5].

around the deformation scale, which then diverges up-
scale to the jet scale and downscale to small scales.
This suggests an important role is played by baroclinic
instability. The reversal of the energy cascade around
the deformation scale suggests dynamical processes
more like those in the Earth’s oceans than in its at-
mosphere. However, the flat part of the kinetic energy
spectrum is quite non-terrestrial, and so Jupiter’s tur-
bulence may not represent a ‘classical’ inertial range.
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