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A laboratory model for deep-seated jets on the

gas giants

Simon Cabanes'*, Jonathan Aurnou'?, Benjamin Favier' and Michael Le Bars'

The strong east-west jet flows on the gas giants, Jupiter' and
Saturn?, have persisted for hundreds of years. Yet, experimen-
tal studies cannot reach the planetary regime and similarly
strong and quasi-steady jets have been reproduced in numeri-
cal models only under simplifying assumptions and limitations.
Two models have been proposed: a shallow model where jets
are confined to the weather layer and a deep model where the
jets extend into the planetary molecular envelope. Here we
show that turbulent laboratory flows naturally generate mul-
tiple, alternating jets in a rapidly rotating cylindrical container.
The observed properties of gas giants' jets are only now repro-
duced in a laboratory experiment emulating the deep model.
Our findings demonstrate that long-lived jets can persist at
high latitudes even under conditions including viscous dissipa-
tion and friction and bear relevance to the shallow versus deep
models debate in the context of the ongoing Juno mission®.

Azimuthally directed (that is, zonal, east-west) jet flows are
one of the dominant characteristics in the surficial cloud features
observed on the gas giants, Jupiter and Saturn. An essential
question of planetary dynamics and structure is whether these
jet motions exist only within the shallow troposphere or extend
through the molecular envelope that exists above the deeper
dynamo region’. Determining the depth of these atmospheric jets
is one of the prime directives of the NASA (National Aeronautics
and Space Administration) Juno mission, which entered into
low-altitude Jovian orbit in August 2016*. Despite the long-lived
scientific interest in these flows, dominant multiple jets have been
problematic in fully three-dimensional (3D) numerical models of
convection. In particular, multiple banded flows are not found in
the most recent, high-resolution models that couple the molecular
envelope to the deeper dynamo region. In these models, magnetic
dissipation damps the higher-latitude deep jets out of existence™”.
Similarly, dissipation has also proved overly important in laboratory
experiments carried out to date. Laboratory approaches were
analysed in the framework of the shallow-layer model and strong
viscous damping by the container boundaries only allows for
the formation of weak zonal jets with tenuous instantaneous
signatures®'*. Thus, it has yet to be demonstrated, as proposed for
the gas giant planets®, that deep zonally dominant jet flows can exist
in the presence of boundary dissipation.

We have developed a new laboratory experimental device that
is capable of generating strong zonal jets despite viscous friction
on the boundaries (Fig. 1a). The working fluid is water, contained
in a 1.37-m-high by 1-m-diameter cylindrical tank. The depth of
the fluid layer is h, =50 cm at rest, and the tank’s rotation rate is
£2=7.85rads™" (75 revolutions per minute). Once equilibrated at
§2, the water’s free surface takes the shape of a paraboloid, with
the fluid layer depth ranging from h,;, =20 cm on the axis of

rotation to Ay, 290 cm at the tanks outer radius. This rotating
surface shape is analogous to the large-scale curvature of a deep
spherical planetary fluid layer'®". In addition, the rotation provides
strong Coriolis forces, as exist in planetary settings. Once solid
body rotation is reached, a submersible pump situated at the base
of the tank is turned on, and small-scale turbulence is injected at
the base of the fluid layer. The pump continuously circulates water
through a lattice of 32 outlets (4 mm diameter) and 32 inlets (2 mm
diameter) arranged on a flat base plate without any axisymmetric
features (see the injection pattern in Supplementary Fig. 1a). Typical
root-mean-square (r.m.s.) fluctuating velocities are in the range
Upms >~ 1-5cms™". This small-scale turbulence is analogous to the
convective turbulence that exists in deep planetary interiors'" and
constitutes an appropriate source of energy to supply deep jets®.
Inspired by several preceding experimental attempts'®'**"** this
laboratory device bridges the gap to the planetary ‘zonostrophic’
regime and suggests the possibility of deep-seated jets on the
gas planets.

In natural settings, zonal jets develop from rapidly rotating
turbulence in the presence of strong boundary curvature”. In
particular, the Coriolis force must dominate the fluid’s inertia (that
is, low Rossby number Ro), which, in turn, must dominate the
viscous dissipative effects (large Reynolds number Re and small
Ekman number E) (see Supplementary Table 1). Such flows, because
they are essentially two-dimensional (2D), transfer energy upscale
via a so-called inverse cascade’** driven by Reynolds stresses'.
In addition, the spherical geometry of planetary fluid layers is
ideal for the formation of zonal jet flows: it induces a zonal
anisotropization of the inverse energy cascade following the so-
called p-effect. Energy is consequently channelled into zonal jets
with characteristic latitudinal width approximated by the Rhines
scale Ly, =7,/2UT /B, where U! _isthe total r.m.s. velocity used
as the characteristic system scale flow velocity”*. The spherical
curvature of the fluid shell, expressed via 8, acts to halt the 2D
energy cascade, leading to the formation of Rhines scale zonal jets.

All these physical ingredients can be reproduced following two
distinct scenarios, depending on the nature of the anisotropic f
parameter and on the jets dynamical aspect ratio n =h/Lg, on
which jets develop (with & and Ly, being the vertical and horizontal
scales of jets). In the first scenario, jets are confined into a shallow
troposphere where shallow turbulence is essentially 2D because
of depth confinement (17 < 1). The zonal anisotropization of the
inverse cascade is due to the variation of the Coriolis force with
latitude 0 (the planetary S-effect: B =22 cosf/r, with r being the
planetary radius) and the relevant axis of rotation is the local normal
to the planetary surface. In the second scenario, jets are deep-
seated and extend into a 3D convective deep layer where rotation
dynamically constrains large-scale motions to be invariant along the
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Figure 1| Experimental and numerical systems. a, Schematic of the
experimental device. The tank is 1.37 m high by R=0.5m in radius and is
spun at up to 75 revolutions per minute (§2=7.85rad s™1) with ~400 | of
water such that Ro=7 x 1073, Re=3 x 10* (E=2.3x1077) and n=5.15,
with a mean zonostrophy index Rg ~3.7 (see Methods for more details).
The free surface of the fluid has a depth h(r) ranging from hpin =20cm to
hmax =90 cm with a depth at rest h, =50 cm. The non-axisymmetric
injection pattern is shown in Supplementary Fig. 1a. b, Direct numerical
simulation of the experiment. Sidecut snapshot at t ~1,000 rotations
showing the instantaneous non-dimensional azimuthal velocity field at
Ro=1073, Re=103 (E=10"9), corresponding to a numerical mean
zonostrophy index Rg ~3.4.

rotation axis (17 2 1). In such a flow, dynamical confinement leads to
bidimensionality, the resulting inverse cascade is dependent on the
rotation rate and 3D wave motions may play an important role in the
dynamics®. In deep spherical fluid layers the zonal anisotropy arises
due to cylindrically radial variations in the depth of the fluid layer*
(the topographic S-effect: 8 =2§2h" dh/dr) and the relevant axis of
rotation is the planetary spin axis. The distinction between shallow
and deep-seated jets has never been clear in previous laboratory
devices with moderate aspect ratio (0.57 <n < 1). Mid-latitude
Jovian jet aspect ratios are n >~ 5 and 7~ 0.004 for the deep and
shallow scenarios, respectively. In our laboratory device we emulate
a gas planet deep-layer scenario with 7=5.15 (see Supplementary
Table 1 for comparative non-dimensional analysis).

Atmospheric zonal flows are detected in all four Solar System
gas planets (see for example, Fig. 2a for Jupiter), and, recently,
zonal jet structures have also been observed in Earth’s oceans®.
However, gas giant jets are known to be incredibly steady over time
whereas oceanic flows are strongly fluctuating and zonal features
are revealed only following careful time-averaging of the flow fields.
These differing regimes of jet flow behaviours can be characterized
in terms of the zonostrophy index”” R; (see Methods for details
on its calculation). This index is the ratio of the Rhines scale and
the transitional scale L, >~ (¢/°)"/° above which the B-effect affects
the energy cascade, with € being the inverse energy transfer rate
through the system®. Simplistically, Ry = Lg,/Lgs represents the
strength of the zonal flows relative to the strength of the underlying
mixing. If mixing effects are strong (large Lg), the zonal jets tend
to be undulatory and unsteady in time, or fail to form altogether?.
As Ly is decreased, at a given value of Ly, quasi-steady zonal
jets are predicted to become the prevalent fluid motion in the
system®?®. Such flows, argued to exist at Rg 2 2.5, are in the so-
called zonostrophic regime”. Deep Jovian mid-latitude jets exceed
this threshold®” with a typical value Ry 5, while Earth’s oceans
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are limited to R; > 1.5. In previous laboratory experiments, strong
boundary dissipation and relatively low S led to large Lg, non-
zonostrophic flows (see Supplementary Table 1 for comparative
non-dimensional analysis).

In our experimental device, we create for the first time in the
laboratory, the appropriate conditions for generating gas planet-
like deep-seated zonal flows (that is, laboratory non-dimensional
parameters Ro=7 x 10, Re=3 x 10*, E=Ro/Re=2.3 x 107/,
mean aspect ratio n =>5.15 and large values of the mean zonos-
trophy index Ry > 3.7 that exist in deep zonostrophic regime; see
Methods and Supplementary Table 1). Experimental measurements
of the surface velocities are acquired by recording the tracks of
small floating particles from a top lid camera onboard the rotating
frame and analysing their paths using a Lagrangian tracking method
(see Methods). To validate our laboratory surface velocity measure-
ments, we have carried out high-resolution direct numerical simula-
tions of the experiment. Using the same upper fluid surface shape as
in the 75 r.p.m. experiments, but at slightly higher Ekman number,
E =107, the simulated flow is forced at the base of the tank via an
array of vortices that approximate the small-scale basal pumping in
the experiment, starting from the fluid initially at rest in the rotating
frame (see Methods and Supplementary Fig. 1b). Figure 1b shows
an instantaneous sidecut rendering of the azimuthal velocity field
after 1,000 simulated rotation times. The large-scale surface zonal
flows are deep-seated, validating our laboratory surface velocimetry
and confirming that the flow is dynamically quasi-2D due to the
dynamical effect of rotation (Ro < 1). Further, it reveals that locally
injected turbulence can drive large-scale zonal jets, even in the
presence of boundary dissipation (all boundaries except the upper
paraboloid being no-slip, see Supplementary Fig. 2¢,d).

Our laboratory experiment produces six zonostrophic jets with
strong, instantaneous signatures, similar to those on gas planets
(Fig. 2). In Fig. 2b, we show experimental particle tracks acquired
from 4,900 to 5,350 rotations. The tracks are coloured on the basis
of their instantaneous zonal velocity, red (blue) being prograde
(retrograde). The zonally elongated tracks show that the jets exist
not only in time average, but instantaneously at all times (see also
Supplementary Movie 1). This instantaneous signature is novel in
a rapidly rotating turbulent jets experiment and has not yet been
attained in numerical models of deep jet generation with boundary
dissipation. Compiling all the velocity data in Fig. 2b yields the
time-averaged zonal velocity field map shown in Fig. 2¢, revealing
strong zonation. We calculate the surface average of the zonostrophy
index in our experiment (that is, with an estimate of € using the
total horizontal kinetic energy, see equation (6) in Methods), to be
Ry = 3.7, confirming the relevance of our experiment to the gas
giants zonostrophic regime reached for R >2.5.

Figure 3a shows the time- and azimuthal-averaged zonal velocity
profile. The solid red line denotes the spatiotemporal-averaged jet
flows as a function of the cylindrical radius, whereas the r.m.s.
values of the velocity fluctuations are demarcated by the dashed blue
line. Using kinetic energy spectrum analysis in our deep model we
retrieve in Fig. 3b the theoretical®® anisotropic zonal flow spectrum
E;(k)=C,B*k™® and the 2D residual (non-zonal) energy spectrum
from velocity fluctuations Eg(k) = Cre?*k™/* (where k is the 2D
horizontal wavenumber and Cr =5, see Methods). Considering our
radial evolution of 8 we obtain that the zonal constant C,, which
best fits our zonal spectrum, ranges from 1.7 to 3.7. This constitutes
the first experimental measurement that confirms the estimate from
direct observations of Jupiters clouds that gives C, >~ 2 (ref. 29).
However, since both of these studies are based on a constant
approximation, one cannot discriminate between shallow and deep
B-effects for Jupiter using this spectral analysis. Similarly to the
Jupiter observations, we report that energy is maximum at jets scale
(that is, at the Rhines scale kg, =27t/ Ly,) where zonal kinetic energy
strongly dominates over the residual fluctuating flow. Transition
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Figure 2 | Polar view and zonal velocities. a, Southern polar view of Jupiter's atmosphere from the Cassini spacecraft mission (image credit:
NASA/JPL/Space Science Institute). b, Experimental polar view of 4,900 Lagrangian particle tracks, collected between 4,900 and 5,350 rotations. Tracks
are coloured on the basis of their instantaneous zonal azimuthal velocity direction, with red (blue) being prograde (retrograde). The radial velocity
components of the tracks are reported in Supplementary Fig. 2b. ¢, Experimental polar view of the time-averaged zonal velocity field computed from 4,900
Lagrangian tracks. Acquisition and time-averaging procedure are detailed in the Methods.
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Figure 3 | Velocity profiles and kinetic energy spectra. a, Radial dependence of the mean zonal velocity W/QR (thick red line) and the r.m.s. velocity
averaged in azimuth U, ms./$2R (dashed blue line) computed from the particle tracks shown in Fig. 2c. b, Experimental (red solid line) and numeric

(blue solid line) zonal kinetic energy spectra Ez (k) as a function of total wavenumber k= \/kr2 +ki, with k; and k, the radial and azimuthal wavenumbers.
The green solid line is the 2D spectrum of the horizontal residual flow Eg (k) obtained from the numerical simulation. In all cases, the spectra are in good

agreement with their theoretical predictions, reported as dashed and dotted black lines, using the mean value of 8=73m~"'s~" and e=6.3 x 10~ m?s

2.-3

based on the Ekman layer dissipation. Black vertical lines report the Rhines scale kgy =/ 8/2U] s and the transitional wavenumber kg =073(83/e)"°,
which, for a mean g value, leads to Rg =3.7 in the experiment. The vertical grey area shows an estimate of the scale range of kinetic energy injection, with a
lower limit corresponding to numerical forcing and an upper limit corresponding to the estimated experimental injection scale (that is, half of the lattice

grid size, 5 cm). Details of the calculation method are given in the Methods.

to a strongly anisotropic flow where energy becomes preferentially
channelled into the zonal direction is well observed at the predicted
transitional scale ks =1/Ls. We find that more than 50% of the
total surface kinetic energy is concentrated in the zonal velocity
component, and this value goes up to 70% in the sharpest prograde
jet (see Methods for more details).

Focusing on the first 1,000 rotations of another 75 r.p.m.
experiment, Fig. 4 shows the evolving width of the jets over time,
with merging events occurring typically within the first 500 to 600
rotations. After this, strongly energetic, long-lived zonal jets reach
a quasi-steady state (see Supplementary Fig. 3a for complementary
results). The steadiness of the multiple jets system is an important
feature shared by gas planets as well as our laboratory and numerical
models. Even in the more dissipative no-slip numerical simulation
(where E =10"°), dissipation does not prevent the formation of
intense jets (see Supplementary Fig. 3b). Comparison between
the experimental and numerical cases, including the simulation
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with stress-free boundary conditions (see Supplementary Fig. 3c),
highlights that the boundary dissipation is a key ingredient in
determining the equilibrated scale and strength of the deep-seated
jets, as well as the typical time for reaching a steady-state regime.
Our experiments demonstrate for the first time that robust,
quasi-steady zonostrophic, deep (7 > 1) jets are realizable in a
relatively simple laboratory-scale device that brings together the
physical ingredients of planetary zonal flow systems: dynamically
constraining rapid rotation, highly turbulent flows, and large fluid
layer depth variations. Zonal jet formation then occurs even in
the presence of bottom boundary friction, in sharp contrast to the
results of overly viscous 3D simulations in which the mid- to high-
latitude jets are damped out>*°. We further claim that dissipation is
an essential ingredient for jet equilibration'®. On the basis of our
findings, we hypothesize that deep planetary jets will also form
in the presence of a magnetic dissipation region, as exists within
the gas planets. Indeed, a magneto-dissipative layer localized at the
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Figure 4 | Temporal evolution of the zonal velocity. Azimuthal and
time-windowed average of laboratory zonal velocities, (U,)/$2R, acquired
within the first 1,000 rotations. At time t=0, the fluid is at rest in the
rotating frame and the pump is primed. The time average is computed over
a time window of 50 rotations sliding by steps of 3 rotations. The
calculation method is given in the Methods.

transition between conductive and non-conductive regions will not
be likely to impact the ability for geophysical turbulence to generate
deep zonostrophic zonal jets extending across the gas giants’ molec-
ular envelopes. Ultimately, our results suggest that the forthcoming
Juno and Cassini measurements will support the existence of deep-
seated zonal jets on the gas giants.

Methods

Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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Methods

Experimental device. Our device is based on several previous set-ups
consists of a 1-m-diameter by 1.37-m-high cylindrical tank of polythene that is
attached to the rotating table by a rigid aluminium super-structure. A 32-cm-high
bottom table, made of PVC, encloses our basal injection system. We drilled 64 holes
of, respectively, 2 mm and 4 mm diameter connected to 32 injection and 32 suction
tubes distributed following a non-axisymmetric square grid (see Supplementary
Fig. 1a). This small-scale turbulence injection system is used to mimic convective
turbulence in deep planetary interiors, in the manner of previous experimental
devices®?**132, These tubes are connected to an immersed AQUASON-506-M-AL
pump giving an operating flow of 2 < Q <5 m’ /h. Consequently, the injected flow
at the bottom of the domain is mainly three-dimensional (3D) and weakly affected
by rotation (injection velocity 1 <% <3ms™" and Rossby number 0.1 <Ro <0.4).
An acrylic top lid carries a GoPro HERO3+ camera that records the surface flow at
59 frames per second. A lighting apparatus, including a powerful light-emitting
diode lamp and a diffuser, sits on top of the aluminium super-structure. The whole
device is attached to an ABRT 7686 rotary table using robust high-precision axial
roller bearings with an air bearing in the horizontal axis for smooth, precise rotary
motion. The table is 1.4 m in diameter with maximum loading of 1,000 kg and a
typical operating speed of 1-90 r.p.m.

10-14,21,22 It

Experimental data acquisition. Assuming the flow to be quasi-geostrophic
(that is, nearly invariant along the rotation axis, see Fig. 1b), we perform
free-surface visualization. Lagrangian surface velocities are measured using a
particles tracking code®. We follow the surface motions of 90 black floating
particles taken to be smaller than the dynamical flow scales (3 mm diameter
spherical particles) and to be at the same density as the carrier fluid (for better
optical contrast, the water is tinted white via a titanium dioxide suspension).

After camera calibration and correction of parabolic free-surface deformation,
we obtain zonal and radial flow velocity components along Lagrangian tracks. We
record the floaters’ motions over 5,000 rotations. A quasi-steady state is achieved
within 600 rotations (see Fig. 4 and Supplementary Fig. 3). We define a Cartesian
grid of 142 x 142 square elements of 7 mm each. Temporal mean zonal velocity
(U,) and azimuthal-averaged zonal velocity (U,,) are obtained in each grid element
from time-averaging over 450 rotations once steady state is achieved (see Figs 2c
and 3a). Figure 4 and Supplementary Fig. 3 represent azimuthal and
time-windowed averages (the time average is computed over 50 rotations and
sliding by steps of 3 turns) from the initial time at which we activate the pump.
Velocity fluctuations reported in Fig. 3a are obtained by computing the r.m.s.
velocity u? | |;= V1/N S KU — Uy'|, where N is the total number of tracks
in the ith grid elements and U;" is the zonal velocity of the nth track. By using the
same procedure for the radial component of the flow, we obtain the radial mean
velocity (U;) and radial fluctuations u! . . We report that the radial mean flow is
nearly zero and radial fluctuations are of the same order as zonal fluctuations
u? ~u’ . The total kinetic energy corresponds to the sum Ey = (U,)

+ @l )P (U) + )7 and Ege = (uf )+ (uf ) is the energy of the
fluctuating velocity. Within the jets, at the maximum of each zonal velocity peak,
the kinetic energy of the fluctuations reaches 43% of the total kinetic energy

(0.3 < Egyet/Er < 0.43), while the zonal kinetic energy exceeds 57% of the total
(0.57 <E,/Er<0.7).

Numerical method. The Navier-Stokes equations are solved in their weak
variational form® for an incompressible fluid in three dimensions with the spectral
element code Nek5000 (http://nek5000.mcs.anl.gov). The spectral element method
combines the geometric flexibility of finite-element methods with the accuracy of
spectral methods. It is particularly well adapted to our problem involving turbulent
flows in complex geometries. Nek5000 has, for example, already been used in the
context of rotating flows in ellipsoidal containers®. The computational domain is
decomposed into non-overlapping hexahedral elements. Within each element, the
velocity is decomposed onto Lagrange polynomial interpolants of order N, based
on the tensor-product of Gauss-Lobatto-Legendre quadrature points. For all the
simulations discussed in this paper, numerical convergence was checked by fixing
the number of elements and increasing the degree N of the polynomial
decomposition. The temporal discretization is based on a semi-implicit
formulation in which the nonlinear and rotation terms are treated explicitly and all
remaining linear terms are treated implicitly. Note that our solution is dealiased
following the 3/2 rule. The code is efficiently parallelized using MPI (Message
Passing Interface) and we use up to 2,048 processors for the highest resolution
considered in this study. The entire cylindrical domain is discretized using
53,760 elements and a spectral order of N =11. The element distribution is
denser close to the external and bottom boundaries. This, in addition to the
Gauss-Lobatto-Legendre point distribution close to the element boundaries,
ensures an appropriate resolution of the Ekman boundary layers with
approximately six grid points to describe them in all cases.

The vertical extent of the cylindrical domain is stretched so that the upper
boundary matches to the analytical paraboloid shape that depends on the rotation
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rate and on the gravitational acceleration. This surface is assumed to be stress-free
and impenetrable. To mimic the experimental forcing, a small-scale steady volumic
force is defined in Cartesian coordinates by

AS(r) sin (sthex) cos (mtkey ) sin (stkez)
F= AS(r) cos (tkex) sin (nk;y) sin (1tk;z) (1)
0

if 0 <z <1/k; and F=0 elsewhere. The function S(r) is given by
1
S(ry= 5 [tanh (60(r — 0.15)) — tanh(60(r — 0.92))] 2)

A is the ratio of the force amplitude to the centrifugal acceleration and is related to
the Rossby number (see Supplementary Fig. 1b). This forcing imposes a 3D
small-scale turbulent flow at the base of the numerical domain, mimicking the
turbulence in the experiments. The numerical simulations presented correspond to
A=0.002 and k= 12. Note that the typical jets observed in our simulations have a
corresponding radial wavenumber k=4 — 6 so that we reach a reasonable scale
separation between the energy injection mechanism and the large-scale zonal flow.
We have checked that the results do not depend on k; although it is difficult to
modify it while keeping a large Reynolds number and a low Rossby number. Thus,
we considered only 8 < k; < 16.

Non-dimensional analysis and zonostrophic regime. Part of the experimental
challenge was to drive the whole apparatus, containing 4001 of water, at a spin rate
of 2 =75 r.p.m. for the purpose of reducing as low as possible the Ekman and
Rossby numbers of a developed turbulent flow. The Rossby number is the ratio of
inertial to Coriolis forces defined as Ro=U_"  /2§2h,, where we use U, _ the total
r.m.s. velocity as the characteristic system scale velocity and h, the fluid layer depth
at rest. To simultaneously maintain a large Reynolds number, defined as
Re=U h,/v with v being the kinematic viscosity, and a low Rossby number, one
has to rapidly rotate the system for Coriolis to dominate over inertial forces. The
ratio between Rossby and Reynolds numbers leads to the Ekman number
E=v/282h.. Our rapidly rotating deep-layer experiment strongly reduces this
Ekman number to values that are almost unachievable for 3D direct numerical
simulations. The Ekman number appears to be crucial to investigate jets saturation
mechanisms. Another non-dimensional parameter is the dynamical aspect ratio of
the jets that we define as n=h, /Ly, with Ly, being the typical jets width. This
parameter compares vertical (h,) and horizontal (Lg,) characteristic length scales,
setting whether or not the jets develop in a ‘shallow’ or ‘deep’ domain. In the limit
of n— 0, the system tends to be 2D as the horizontal scale is much larger than the
jet depth. Two-dimensional flows prevent direct cascade of energy and kinetic
energy is consequently transferred to large-scale structures*. Thus, in
shallow-layer turbulence, the dynamic confines to a quasi-2D system at a finite
value of 17 < 1, where the upscale cascade of energy is favoured. On the contrary, in
deep-layer models, the vertical length scale can exceed the horizontal length scale,
leading to 3D turbulent structures. Due to strong background rotation (that is, low
Rossby number), however, large-scale motions are nearly invariant in depth and
become essentially 2D (ref. 23). The quasi-2D components of the flow field tend to
drive energy upscale via a so-called inverse cascade while 3D motions persist at
smaller scales.

We report comparative values of the four non-dimensional quantities
estimated from recent experiments'''*, as well as for Jupiter and Earth’s oceans in
Supplementary Table 1. This table shows that our experimental approach gets
closer to Jupiter’s parameter range (low Ro, E and large Re) than any previous
experiments. Moreover, we designed our experimental device to promote
deep-seated jets and exclude the possibility of a shallow-like scenario. Our set-up is
characterized by a large dynamical aspect ratio (n=5.15), which clearly disqualifies
the possibility of 2D turbulence due to depth confinement. Quasi-geostrophic
structures are then required to cascade energy upscale and, consequently, jet
formation sensitively depends on the Rossby number. The geostrophic organization
of the flow is well supported by our numerical simulation (Fig. 1). This distinction
between shallow and deep-seated jets is less clear in all other previous experiments
with moderate aspect ratio (0.57 <7 <1) and in which the role of geostrophy is not
well defined. The experimental device designed by Smith et al.'* has a typical aspect
ratio of 7=4.2 leading to deep-seated jets. However, the associated zonostrophic
index is much lower and large-scale baroclinic vortices dominate the dynamics.

In the presence of background rotation, the free surface of a fluid takes the
shape of a paraboloid. In our cylindrical domain, radial variation of the fluid depth
is defined as

h(r) =hpin + (g)rz (3)
28

where 7 is the cylindrical radius and g is the gravitational acceleration. The centre
of the tank, of minimum depth h,;, =h, — £2*R*/4g, represents the planetary pole,
while the edge of the domain corresponds to lower latitudes. Note that the
paraboloidal surface shape is the first-order Taylor expansion of the spherical
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curvature near the polar region. Under rapid rotation, the classical turbulent
cascade, which usually dissipates kinetic energy from large to small scales, reverses
direction to feed large-scale coherent structures. Similarly to planetary spherical
configuration, depth variation h(r) induces a zonal anisotropization of the reversed
energy cascade (the so-called zonostrophic turbulence®) following the topographic
B-effect quantified by

dh

dr

202
g="=

A 4)

where topographic paraboloidal g is zero at the pole and increases with radius.
The presence of this S-effect selects a transitional wavenumber at which the
inverse cascade transitions to Rossby-wave-dominated dynamics:

3\ 1/5
kg~ (ﬂ?) (5)

where € is the upscale energy transfer rate. Following Vallis and Maltrud®, the
anisotropy wavenumber k; defines the scale at which the eddy turnover timescale
7. =€k, with k being the eddy wavenumber, becomes comparable with the
inverse of the Rossby wave frequency tr, =k*/Bk,,, with k, being the azimuthal
wavenumber. kg is an estimation of the smallest scale at which anisotropic Rossby
wave propagation, due to boundary curvature together with rotation, affects the
turbulent inverse cascade. The other main scale of S-turbulence comes out of the
typical advection timescale 7, = (Uk) ™', where U~ U is the characteristic
system-scale flow velocity that advects turbulent eddies of scale k, and from which
we recover the Rhines scale? ky, =+/B/2U.

In the context of planetary inverse cascades, dimensional analysis can be
reduced to the single zonostrophy index defined as the ratio between transitional
wavenumber and Rhines wavenumber, Ry =k / kg, (ref. 27). This index can be seen
as an estimate of the inverse turbulent cascade efficiency to grow zonal structures
on a characteristic timescale 7. compared with the turbulent structures turnover
time t,. Large B-effect coupled with a strong Coriolis force leads to large index
value of Ry > 2.5, corresponding to 7. < t,. This threshold distinguishes between
the zonostrophic and partially zonostrophic regimes.

It is not easy to access the value of € in laboratory experiments. It can be
estimated as € > (U, )?/27; based on the total horizontal kinetic energy and the
Ekman spinup time'* 7, =h,/+/v$2. Using U}, =0.035ms ' and
U' . =0.015ms™" for respectively our experiment and the numerical simulation,
we obtain € =3.4 x 10 °m?s™ and € =6.3 x 107" m*s*. We end up with
zonostrophic index values in the experiment 4.9 < R4 < 5.2, using experimental
energy transfer rate and with values of 4.5 <R; < 4.8 in the numerical simulation.
This zonostrophic index is estimated in the range of  from 60m™"'s™' to 89m™'s™!
in the cylindrical radius range 0.2 < /R < 0.9 in which jets form. One can rewrite
the zonostrophy index in the form

R5=27/IU(ﬁU:mvsvré)l/lU (6)

An overall view of the zonostrophic regime is given by spectral analysis where
the total energy spectrum E (k) can be decomposed into zonal and residual (or
non-zonal) components E (k) = E; (k) + Ex (k) with the total wavenumber in the
horizontal plane k= /k? +k?, where k; and k, are, respectively, the radial and
azimuthal wavenumbers. The zonal spectrum can also be written as the
axisymmetric component of the total energy spectrum E; (k) = E; (k,, k, =0).
Following Sukoriansky et al.*, in the zonostrophic regime, the zonal and residual
spectra are

E,()=Cpk>  Ex(k)=Cpe’k™" @)
where numerical simulations” give C, 0.5 and Cy 5 — 6. More recently,
Galperin et al.” re-evaluated the zonal constant to C, =2 from spectral analysis of
high-resolution images of Jupiter’s clouds. Using expressions (7) one can estimate
the wavenumber at which zonal and residual spectra intersect, recovering the
transitional wavenumber mentioned above,

0\ o 3\ /5
-(©)(2)

In their simulations, Galperin ef al.*® estimated that (C,/Cg)¥'* ~0.5, which might
lead to a more accurate estimation of k; than from dimensional analysis
equation (5). By considering the recent estimate of C; =2 based on Jupiter’s zonal

spectrum, one can re-calculate the prefactor (C,/Cy)*'* =0.73 in equation (8).
This notably reduces the value of the transitional wavenumber and consequently
the corresponding zonostrophic index. Similarly, we use our range of B along the
cylindrical radius and we report an estimate of the zonal constant that best fits our
zonal spectrum. We obtain 1.7 < C, < 3.7 with our experimental data and

0.42 < C; < 0.9 with our numerical data using equation (7). Interestingly, the zonal
constant ranges evaluated from our experiment and our numerical simulation
include respectively the values computed from direct observations of Jupiter and
previous numerical simulations reported**. It is important to have in mind that
Galperin et al.? reduce the zonal constant to a single value while B also varies with
Jupiter’s latitude. Using the new expression (8) for kg, one can rewrite the
expression of the zonostrophy index in the form®-*:

C 3/10 UT 5\ 1/10
R,; —9l2 ~Z B( r.m.s,) )
Cr €?

The zonostrophic index values in the main text are based on C, =2, which is in
good agreement with our zonal kinetic energy spectrum and our mean f value.

‘We compute the zonal spectra E;, defined by equation (7) from numerical and
experimental data using 1D Fourier transforms along the radius of the mean zonal
velocity (U,) (that is, temporal and azimuthal average of the zonal velocity). Being
limited to Lagrangian tracers to access surface velocity in the experiment, we
compute the residual spectrum from numerical simulation alone, using a
horizontal square grid at a fixed depth 1=10cm. The residual spectrum Ey defined
by equation (7) is obtained from 2D Fourier transform of the non-zonal flow
component defined as velocity deviations from the mean flow.

Figure 3b shows good agreement of the zonal and residual spectra with the
theoretical predictions of equation (7). Residual and zonal energy spectra intersect
at the transitional wavenumber predicted in equation (8) and kinetic energy
cascades upscale to accumulate in the zonal component at Rhines scale”. Injection
scales presented in Fig. 3b range from an upper wavenumber defined as the half
lattice grid size in the experiment and a lower wavenumber defined by
numerical forcing. Using our estimation of the inverse energy cascade rate
€=6.3x 107 m?s’ and C, =5, we obtain a good prediction of our kinetic energy
residual spectrum, which confirms our zonostrophic turbulence approach.
Ultimately, with (C;/C)*"*~0.73 and 60m™"'s™' < <89m~'s™, we compute the
zonostrophy index from equation (9). We obtain 3.6 < R; < 3.8 in our laboratory
experiment and 3.3 <Ry < 3.5 in the numerical simulation, which confirms that we
are well into the zonostrophic regime. Mean values of R; =3.7 and Rg = 3.4, using
the mean value 8=73m™"s™", are reported in the main text. Values of Ry for
planetary objects and other experimental attempts are detailed in Supplementary
Table 1. Expression (9) has been used to compare all experiments and Jupiter’s
observations, reducing the zonostrophic index of previous experiments by a factor
of 0.73.

Data availability. The data that support the plots within this paper and other
findings of this study are available from the corresponding author on request.
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A laboratory model for deep-seated jets
on the gas giants
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Supplementary information Figure 1: Experimental and numerical forcing. a,
Injection lattice of 32 outlets (flow injection) of 4mm diameter (blue) and 32 inlets (flow
suction) of 2mm diameter (red). This small scale turbulence injection system is used to mimic
convective turbulence in deep planetary interiors %9 in the manner of previous experimental
devices from A. Colin de Verdiére [1979]8, Sommeria et al. [1989]7, Aubert et al. [2002]®
and Yarom et al. [2014]??. Because of shallower depth at the parabola center, inner radius
regions have no vertical injection. b, Numerical forcing pattern. We show the x-component
of the volumic force I, as defined in equation (1) of Methods, for z = 1/(2ky).
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Supplementary information Figure 2: Experimental and numerical flow informa-
tions. a, Particle tracks (black lines) atop the time-mean zonal velocity field. These tracks,
can be seen as a nearly instantaneous visualization of the flow. It shows that the particles
slightly oscillate radially along their zonal tracks and are generally trapped into jets where
they are dragged in the zonal direction. b, In complement to Figure 2b, we plot the radial
velocity component of all particle tracks collected during 450 rotations. We represent, re-
spectively using blue and red colors, particles for which the instantaneous radial velocity is
negative (inward) and positive (outward). No clear large scale structure appears contrary
to the azimuthal velocity on Figure 2b. The data free spot is due to lightening reflection
in the device. ¢, Polar view of the instantaneous numerical zonal velocity U, at ¢ ~ 1000
rotations, corresponding to Figure 1b. (non-dimensional values are reported in the colorbar).
d, Instantaneous non-dimensional vertical vorticity w, from the same numerical simulation
snapshot. Comparing ¢ and d gives information on scale separation, between the small scales
of the injected turbulent background (given by the axial vorticity d) and the largest scales
fed by the inverse turbulent cascade corresponding to the jets widths (given by zonal velocity
map c).
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Supplementary information Figure 3: Time evolution of the zonal velocity. Sim-
ilarly to the space-time diagram presented in figure 4 of the main text, we report: a, A
supplementary experimental data set obtained from the same initial conditions as the run
presented in the main text and figure 4. Merging events are still observable but a quasi-
steady state is reached more rapidly. The correspondance between the two solutions show the
experimental repeatability on the long term. b, Direct numerical simulation results run with
no-slip bottom boundary conditions. Many merging events occur within 600 rotations. Then
the system reaches a quasi-steady state with a solution qualitatively similar to the experi-
mental multiple jets solution. ¢, Direct numerical simulation results with stress-free bottom
boundary conditions. With no basal boundary layer dissipation, the jets continuously merge
and the number of jets progressively decreases, changing radically the equilibrated scale 528,
Even after 1200 rotations the system has not reached its steady-state regime.
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Supplementary information Table 1: Non-dimensional analysis.

Rpg E Ro Re n
Laboratory experiment 36-38 | 23107 | 7103 | 3.10* | 5.15
Numerical simulation 3.3—3.5 1076 1073 103 5.15
Di Nitto et al. [2013] 0.73 —1.46 1074 4.1072 4.10% | 0.57
Smith et al. [2014] 1.16 5.6.1076 | 2.5.1073 | 4.5.10% | 4.2
Zhang et al. [2014] 1.16 3.4.107° | 2.7.1072 | 8.107 1
Read et al. [2015] 1.24 41077 | 1.3.1072 | 3.2.10% | 0.78
Jupiter 5 810717 | 8.10°2 105 5
Earth’s oceans 0.73 —1.46 | 5.1071° 0.2 4.10% | 0.01
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Experimental and numerical values of the zonostrophy inder Rg, the Ekman number £,
the Rossby number Ro, the Reynolds number Re and the jet aspect ratio 1. We similarly
compute these non-dimensional numbers for four other experimental setups 1:1%13:14 a5 well
as for Jupiter’s molecular envelope and Earth’s oceans at mid-latitude using expression
(9) from Methods. Contrary to previous laboratory experiments 1113:1%14 the zonostrophic
index values reported here for the present study are lowered by a factor 0.73 following
expression (9). Experimental and numerical zonostrophy inder values are computed from
(9) using our minimum and maximum 3 values, with respectively € = 3.4 - 107%m?/s® and
€ = 6.3-107"m?/s3, see in Methods. Total RMS velocity U = 0.035m/s and mean water
height are nused as the characteristic flow velocity and length scales respectively. Maximum
rotation rate ) has been considered for each experiment with water kinematic viscosity
v = 107%m?/s. The jet aspect ratio compares the mean water depth and the mid-latitude
Rhines scale in each experimental device at the maximum rotation rate. Following (Gastine
et al. [2014]°, we use a Jovian typical length scale H = 0.05R; = 3.5 - 10%m with Jupiter’s
radius Ry, v = 3-107"m?/s as the typical value for the kinematic viscosity in the molecular
envelope, a characteristic jovian jets velocity (U,) ~ 100m/s and the planetary rotation
rate 2 = 1.75-10"%rad.s~'. The dynamical jet aspect ratio of Jupiter is the main unknown
parameter as it assumes the jets extend to depth. In the deep-layer hypothesis, planetary
shells aspect ratio can be estimated based on depth variation from the pole to the equator
with a maximum depth at the tangent cylinder (corresponding to the planetary cylindrical
radius of the inner boundary). Thus, layer depth evolves as H = /r2 — 52 — /12 — 52 inside
the tangent cylinder and as H = 2,/7r2 — s? outside the tangent cylinder, with respectively
r, and 7; the outer and inner shell radii and s the cylindrical planetary radius. Following the
same procedure as Galperin et al. [2014] to estimate a mean 3 value on Jupiter and assuming
that H = 0.05R;, we obtain at mid-cylindrical radius a layer depth of H; ~ 6-10"m leading
to the dynamical aspect ratio n = 5. The thin Jupiter weather layer that contains the visible
clouds top has a vertical scale height of H ~ 50 km? leading to the aspect ratio n = 0.004.
Earth’s oceans have a typical depth of 4km, a planetary rotation rate Q2 = 7.3 - 10 %rad.s~!
and a characteristic mean zonal velocity of 10cm/s?% leading to a small aspect ratio 7.
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Supplementary information Movie 1: Movie of flow direct observation. From the
top lid camera fixed in the rotating frame, we record a 2 minutes movie accelerated 6 times,
using black ink as a flow tracer. Recording initiates after 3000 rotations when the ink is
injected at two diametrically opposed locations on the free surface. The center of the frame
corresponds to the center of the cylindrical tank (analogous to the planetary pole). Within
the first 10 seconds of the movie, ink is rapidly advected in the azimuthal direction by the
zonal jets, while radial transport is inhibited. Then prograde and retrograde motions appear.
Small-scale mixing is clearly visible at the interface between adjacent jets.
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