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[1] The banded patterns of cloud and wind are among the
most striking features of the atmospheres of Jupiter and
Saturn, but their dynamical origin remains poorly
understood. Most approaches towards understanding
zonation so far (also in the terrestrial oceans) have used
highly idealized models to show that it might originate from
dynamical anisotropy in a shallow turbulent fluid layer due to
the planetary 3-effect. Here we report the results of laboratory
experiments, conducted on a 14-m diameter turntable, which
quantitatively confirm that multiple zonal jets may indeed be
generated and maintained by this mechanism in the presence
of deep convection and a topographic 3-effect. At the very
small values of Ekman number (<2 x 10~°) and large local
Reynolds numbers (>2000, based on jet scales) achieved, the
kinetic energy spectra suggest the presence of both energy-
cascading and enstrophy-cascading inertial ranges in
addition to the zonation near twice the Rhines wave
number. INDEX TERMS.: 0343 Atmospheric Composition and
Structure: Planetary atmospheres (5405, 5407, 5409, 5704, 5705,
5707); 3314 Meteorology and Atmospheric Dynamics: Convective
processes; 3379 Meteorology and Atmospheric Dynamics:
Turbulence; 4528 Oceanography: Physical: Fronts and jets; 5707
Planetology: Fluid Planets: Atmospheres—structure and dynamics.

1. Introduction

[2] The cloud bands on Jupiter and Saturn are associated
with multiple zonal jets of alternating sign extending to the
polar regions [Limaye, 1985; Simon, 1999; Sanchez-Lavega
et al., 2000; Porco et al., 2003]. Similar, though less
apparent, zonation has also been observed in the terrestrial
ocean [Nowlin and Klinck, 1986] and eddy-resolving ocean
GCMs [Webb, 2000; Galperin et al., 2004]. Until recently,
quantitative understanding of zonation due to the planetary
B-effect has been based principally on high resolution
numerical simulations of 2-D or geostrophic turbulence
in stirred fluids, but such models are highly idealized and
take little account of vertical structure. Laboratory experi-
ments provide alternative means of study, though previous
investigations [Condie and Rhines, 1994; Bastin and Read,
1998] have been unable to access regimes at sufficiently

high Reynolds number to demonstrate nonlinear zonation
convincingly.

[3] Most previous numerical studies have investigated
an idealized uniform shallow fluid layer and have concen-
trated on capturing the nonlinear interactions and cascades
characteristic of quasi-2D turbulence, either unforced
and decaying with time [e.g., Williams, 1978; Vallis and
Maltrud, 1993; Yoden and Yamada, 1993; Huang and
Robinson, 1998] or continuously forced either by stochastic
eddies [Williams, 1978; Huang et al., 2001] or wind stress
and irregular bottom topography [7reguier and Hua, 1988].
Multiple zonal jets have been shown to emerge under
various circumstances in such models, typically on a lateral
scale (the so-called ‘Rhines [1975] scale’ Lg) on the order
where U is a typical horizontal velocity scale. Where the
turbulence is decaying with time in a dissipative flow, the
number and scale of the jets is non-stationary, though
the external radius of deformation Lp ~ +/gD/f (where f
is the Coriolis parameter and D the fluid depth) may also be
of significance in shallow-water flows [Cho and Polvani,
1996]. The latter scale (or its equivalent in a stratified fluid)
is also likely to be important in baroclinic flows, more
typical of planetary atmospheres [Panetta, 1993]. Indeed
Gierasch et al. [1986] noted that L, and Lz may be of a
similar magnitude at some latitudes on Jupiter. Uncertainties
in the respective roles of barotropic and baroclinic effects,
and the inability so far of fully 3-D models of the Jovian
atmospheres to reproduce their banded zonal dynamics
without ad hoc forcing, indicate a strong need to gain access
to the appropriate parameter regimes which allow the pos-
sibility of fully-developed 3-D effects in a real fluid. In the
context of laboratory fluid dynamics, this generally implies
a need to carry out experiments on a very large scale, in
order to ensure that, when the horizontal scale of the
apparatus L > Lp, the Reynolds number defined in terms
of Ly (Reg ~ ULg/v, where v is the kinematic viscosity of the
fluid), is large (>2000) and that the magnitudes of the
Ekman numbers (E, = v/fL? and E, = v/fD?) are very small.

2. Experiment

[4] Our experiments were performed on the 14 m diam-
eter Coriolis turntable in Grenoble, France, as illustrated
in Figure 1. Convective forcing was applied by gently
spraying dense water as described in Section 2.1. For the
two main experiments to be presented, the rotation period
was set to 40 seconds and the buoyancy flux of the forcing,
Fy = (Ap/p)gFy; was 4.6 x 107% m? s, where Fy is the
volume flux of the spray. The horizontal velocity fields were
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Figure 1. Schematic cross-section of the circular container,
showing the rotating spray arm used to provide continuous
convective forcing. The entire apparatus is set on a circular
turntable.

obtained from plan-view images as described in Section 2.2.
A dynamically equivalent 3-effect was obtained by imposing
a conical slope at the bottom. The slope was implemented
with a stretched sheet, which could be removed for addi-
tional experiments with a flat bottom.

2.1. Convective Forcing

[s] The cylindrical tank was filled with a homogeneous
layer of salty water of density 1.022 x 10° kg m >, in
which neutrally buoyant particles were suspended to enable
flow visualization and measurement. Continuous convective
forcing across the whole tank was applied by spraying
denser (saltier) water from a rotating arm above the tank
onto the free surface. The fine shower, which was sprayed at
uniform mean intensity per unit area with nozzles carefully
arranged to produce a minimal direct disturbance of the
free upper surface, led to the continuous generation of
small-scale downwelling plumes. These plumes excited
small-scale convective cells and vortices, which then inter-
acted to generate larger-scale structures subject to the
rotation with topographic (.

2.2. Visualization and Data Acquisition

[6] Both the main and spray water were mixed with
neutrally-buoyant beads, and the main fluid was illuminated
by a horizontally spreading argon laser sheet through a
window in the outer wall. The vertical location of the light
sheet was controlled by the main image acquisition computer
for supplementary multiple level measurements to verify the
vertical uniformity of the flow. Two digital video cameras
were mounted 4 m above the surface to record the images of
particle distribution. A higher resolution camera with 1024 x
1024 pixels covered a central 2.5 m square region of
the annular tank, while a wide-angle camera with 768 x
484 resolution covered the entire radial span of the annular
channel with a rectangular field of view of 4.5 m x 3.2 m.
The images from these cameras were translated into 98 x 98
and 94 x 58 point velocity fields respectively by CIV
analyses [Fincham and Spedding, 1997]. The vertical density
profile was also monitored by periodic insertion of a
conductivity probe. All data acquisition instruments, includ-
ing 3 PCs for the 3 devices, and up to 6 operators were located
on a co-rotating radial observation bridge over the tank.

3. Results

[7] To diagnose the anisotropy of the evolving flow,
the velocity fields were decomposed into radial and zonal

components in (r, r0) coordinates, where r is the radius
and 0 the azimuthal angle in radians, as shown in
Figure 2a. The well-developed horizontal flow is domi-
nated by eddies of various sizes, but there is also a clear
indication of zonation. Figure 2b shows the temporal
fluctuation of the mean zonal flow 3 hours after the
initial growth of the kinetic energy has saturated. The
formation of sustained alternating jets is evident in
the sloping bottom experiment, although there is substan-
tial meandering of these jets during this period and
occasional splitting and mergers.

[8] Figure 2c shows the initial development for the flat
bottom case, in which kinetic energy saturated at 2600 s.
The domain-filling single-cell circulation, which is more
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Figure 2. Horizontal velocity field. a, snapshot of the
velocity field (right) and spatially averaged zonal velocity
(left) from the sloping bottom experiment. b, structure and
fluctuation of the mean zonal velocity of the mature flow.
The contour interval is 0.2 cm s~ ' and the solid line denotes
the contour of null velocity. The horizontal axis is the
elapsed time from when the convective forcing was turned
on. ¢, initial development of the mean flow in the flat
bottom experiment (the same notation as b).
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Figure 3. Temporally and spatially averaged zonal flow
profile (a) and its second derivative with respect to radius
(b) for the sloping bottom experiment. The smooth curve in
b is the profile of topographic (3.

evident in this case, is presumably due at least in part to
differential wind stress effects, but we were unable to put a
cover over the rotating apparatus to prevent this occurring.
Although weaker, this pattern was observed even before the
forcing was applied in both experiments as seen, for
example, in the leftmost part of Figure 2c.

[9] A canonical zonal flow profile is obtained as the time
average of the zonal-mean velocity during the saturated
period, and is shown for the sloping bottom experiment in
Figure 3, together with its second derivative, U,,.

[10] As seen in Figure 3b, the profile of U, crosses that
of topographic 3 by a small margin in several places.
Taken at face value, this seems to imply intermittent
occurrence of barotropic instability [Kuo, 1949]. In fact,
the profile of U,, from instantanecous zonal mean flows
often exceeded 3 by a factor of more than 5. It is of
significant interest that similar apparent violations of the
stability criterion have been reported for observed Jovian
winds. The occurrence of such apparent violations is less
surprising, however, in the context of Rossby wave critical
layers [Haynes, 1989], a signature of which may be the
removal (and even reversal of sign) of a pre-existing lateral
potential vorticity gradient in the zonal mean in association
with mixing due to breaking and dissipating Rossby
waves. We also note that the characteristic jet widths are
less than a quarter of the external radius of deformation of
4.5 to 7.4 m.

[11] Figure 4 shows kinetic energy spectra of the zonal-
mean and eddy components of the flows, calculated from
the images obtained by the higher resolution camera. The
spectra were first calculated in x-y coordinates as 2-D
spectra, and then remapped into total wave number space
by integrating over a small interval along the total wave
number axis. They were calculated for each snapshot, and
averaged over time in Fourier space.

[12] In both cases, the spectral slope is relatively flat
below small peaks near 2k3, with the peak wave number
of the eddy energy being slightly higher than that of the
zonal mean. The spectrum of medium-scale eddy energy
between wave number 15 and 30 m~' matches well
with a —5/3 slope, which is predicted by the theories of

geostrophic and two-dimensional turbulence [Kraichnan,
1967; Sukoriansky et al., 2002]. These results are consistent
with the view that small eddies merge and interact to
produce larger eddies, and ultimately provide energy to
the zonal mean flow. Meanwhile, the slope of the smaller
scale energy spectrum is close to —3, consistent with
the classical enstrophy-cascading inertial range of two-
dimensional and geostrophic turbulence. The “break™ in
the spectrum at around & = 40 m~' corresponds to a
wavelength of around 15 cm, which is close to the typical
scale of individual convective plumes and hence plausibly
represents the scale of energy injection. The steep zonal-
mean flow spectrum is close to the predictions of Huang
et al. [2001] and Sukoriansky et al. [2002] for both
magnitude and slope.

[13] The spectra of the flat bottom case are harder to
interpret. It is interesting, however, that Ly associated with
the parabolic surface deformation coincides with the width
scale of the channel, and the spectral turning point is
located at about twice this wave number as in the previous
case. The single cell mode in Figure 3 is thus probably
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Figure 4. Kinetic energy spectra in total wave number
(2w/wavelength) for (a) the sloping bottom experiment
and (b) the flat bottom case. The Rhines wave numbers for
the max/min topographic 3 are marked by vertical lines. The
solid straight lines are references for the slopes, and the
—5 line is the theoretical prediction by Sukoriansky et al.
[2002] with Cz = 0.5.



attributable to the Rhines effect as well as the surface
drag.

[14] When the forcing was turned off, the kinetic energy
of the sloping bottom experiment started to decay exponen-
tially with a timescale of around 800 s. This timescale agrees
well with that due to bottom Ekman friction, D/\/vf /2 =~
900 s.

4. Discussion

[15] The experiments described herein have enabled us
to produce and study a set of zonal jets which are
continuously generated near the Rhines scale by the
anisotropic modification of an inertially dominated inverse
energy cascade in geostrophic turbulence. The influence of
the topographic (-effect is clearly demonstrated in our
comparison. The typical Reynolds numbers Rey obtained
with the sloping bottom were much larger (by a factor
of at least 10) than typically obtained in previous experi-
ments, enabling the flow to produce fully-developed
energy cascades. The horizontal Ekman number, E,, was
3 x 1077 and the vertical Ekman numbers, E,, for
the sloping and flat bottom experiments were 2 x 107>
and 1 x 107> respectively. The long duration of the
experiments (3—6 hours, corresponding to up to around
540 rotation periods) allowed the turbulent flows to
develop and to approach an equilibrated state, although
it is possible that the jets were still evolving slowly
towards the end of the experiment. Numerical experiments
[Manfroi and Young, 1999; Huang et al., 2001] suggest
that, due to the reduction in efficiency of the inverse
energy cascade at the largest scales, the achievement of
a dynamic equilibrium may require >10° ‘days’.

[16] The multiple jets produced, although not apparently
particularly strong or steady (in contrast to those found
on Jupiter and Saturn, except perhaps at high latitudes
[Porco et al., 2003]), were still easily sufficient to violate
the Rayleigh-Kuo stability criterion, even in the time-
mean. The reason for these differences in morphology
from the jets on the outer planets is not immediately
apparent, though we speculate (e.g., following Okuno
and Masuda [2003]) that this might have something to
do with the subsidiary roles of processes on the scales of
the radii of deformation. The external deformation radius
is much larger than Ly in the sloping bottom experiment.
In addition, from measurements of the weak density
stratification which evolved during the experiment, we
estimate the first internal deformation radius L; = ND/f
(where N = /—g/p(0p/0z) is the buoyancy frequency)
to be approximately 10 cm, i.e., comparable to the scale
of the small-scale convective plumes and vortices. This
large separation of scales is much greater than has been
feasible in earlier experiments and, together with the
large Reynolds number obtained in our experiments,
has evidently allowed the emergence of fully-developed
inertial ranges. In addition to their planetary interest,
therefore, these experiments also serve a much wider
purpose of validating the generic properties (morphology,
spectra etc.) of fully-developed geostrophic turbulence as
predicted by a range of currently accepted (though often
heuristic) theoretical predictions and idealized numerical
simulations.

[17] Of course, in the context of the outer planets, many
questions remain concerning the possible importance of the
detailed vertical structure of Jupiter or Saturn’s atmosphere,
the uncertain roles of moist convection or other thermody-
namic effects in determining the detailed appearance of
these planetary jets, not to mention whether convective
processes in the deep interiors or in a shallow, near-surface
layer are primarily responsible for driving the observed
cloud-top circulation. But in either case, it is likely that
dynamical interactions between convective motions which
are similar to those captured in our experiment play an
important role in determining the large-scale organization of
the turbulent flow.
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