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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 L, the ‘classical’ picture suggests
kinetic energy will generally cascade towards scales
> Ly while enstrophy cascades to scales < Ly, 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 (dur) or across
(dug) a line separating pairs of points as a function of
the separation distance . For homogeneous isotropic
turbulence, in 3D duj} = —(4/5)er where € is the
large-scale energy injection rate. In 2D turbulence,
Su3 = +(3/2)Pr and Supdu? = +(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 du?, oc €2/372/3,

Figure 1 shows a linear, positive dependence of the
3rd order structure functions on r for 3500 km <
r < 40000 km, implying an energy flux from small
to large scales with P ~ 1 x 107 W kg~!. Although
not proportional to 2/3 throughout, the second order
structure function is consistent with the measured ki-
netic energy spectrum. At r < 3500km the third-
order structure functions are negative, implying down-
scale energy flux to small scales, contrasting the tra-
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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 ITg", . ~ (=5 £2) x 107> Wkg™! 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 H%ﬁ’;‘(’)lt‘ =~ (+1.540.3)x 1075 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 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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