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Remote determination of the shape of Jupiter's vortices from laboratory experiments

Jupiter's dynamics shapes its cloud patterns but remains largely unknown below this natural observational barrier. Unraveling the underlying threedimensional flows is thus a primary goal for NASA's ongoing Juno mission that was launched in 2011. Here, we address the dynamics of large Jovian vortices using laboratory experiments complemented by theoretical and numerical analyses. We determine the generic force balance responsible for their three-dimensional pancake-like shape. From this, we define scaling laws for their horizontal and vertical aspect ratios as a function of the ambient rotation, stratification and zonal wind velocity. For the Great Red Spot in particular, our predicted horizontal dimensions agree well with measurements at the cloud level since the Voyager mission in 1979. We additionally predict the Great Red Spot's thickness, inaccessible to direct observation: it has surprisingly remained constant despite the observed horizontal shrinking. Our results now await comparison with upcoming Juno observations.

Earth-based telescope observations and records from spacecrafts -including the ongoing Juno mission [START_REF] Li | The distribution of ammonia on Jupiter from a preliminary inversion of Juno microwave radiometer data[END_REF][START_REF] Kaspi | Jupiter's atmospheric jet streams extend thousands of kilometres deep[END_REF][START_REF] Iess | Measurement of Jupiter's asymmetric gravity field[END_REF][START_REF] Guillot | A suppression of differential rotation in Jupiter's deep interior[END_REF][START_REF] Adriani | Clusters of cyclones encircling Jupiter's poles[END_REF][START_REF] Kong | Origin of Jupiter's cloud-level zonal winds remains a puzzle even after Juno[END_REF][START_REF] Debras | New Models of Jupiter in the Context of Juno and Galileo[END_REF] -have revealed Jupiter's rich tropospheric dynamics. Among other salient features, several hundred vortices are embedded within Jupiter's zonal winds [START_REF] Vasavada | Jovian atmospheric dynamics: An update after Galileo and Cassini[END_REF] , the most famous one being the Great Red Spot (GRS) observed for at least 100 years [START_REF] Rogers | The Giant Planet Jupiter[END_REF] if not 350 years [START_REF] Falorni | The discovery of the Great Red Spot of Jupiter[END_REF] . Yet, these vortices raise questions still discussed today: how do they form? What controls their lifetime? How do they interact with Jupiter's zonal flows? What is their three-dimensional structure, and more specifically their thickness? Are they columns that penetrate through the molecular envelope [START_REF] Hide | Origin of Jupiter's Great Red Spot[END_REF] , or shallow vortices confined near the cloud level [START_REF] Marcus | Numerical simulation of Jupiter's Great Red Spot[END_REF][START_REF] Dowling | Jupiter's Great Red Spot as a Shallow Water System[END_REF] ? Idealized numerical models [START_REF] Marcus | Numerical simulation of Jupiter's Great Red Spot[END_REF][START_REF] Williams | The stability and genesis of Rossby vortices[END_REF][START_REF] Dowling | Potential vorticity and layer thickness variations in the flow around Jupiter's Great Red Spot and White Oval BC[END_REF][START_REF] Marcus | Vortex dynamics in a shearing zonal flow[END_REF] and laboratory experiments [START_REF] Read | Long-lived eddies in the laboratory and in the atmospheres of Jupiter and Saturn[END_REF][START_REF] Read | An isolated baroclinic eddy as a laboratory analogue of the Great Red Spot on Jupiter[END_REF][START_REF] Sommeria | Laboratory simulation of Jupiter's Great Red Spot[END_REF][START_REF] Antipov | Rossby autosoliton and stationary model of the Jovian Great Red Spot[END_REF] have offered clues to understand vortex formation, interaction and longevity in Jupiter's atmosphere, in complement to measurements. Here, we address the question of their still unknown depth, inaccessible to direct observation.

Corresponding author: lemasquerier.pro@protonmail.com † Current affiliation: Life Sciences Department, University of Roehampton, Whitehands College, Holybourne ave., London, SW15 4JD, UK From a dynamical point of view, vortices naturally arise in planetary flows subjected to rapid rotation, owing to the so-called geostrophic equilibrium: the Coriolis term in the momentum equation balances the horizontal pressure gradient, and the flow rotates in opposite directions around low and high pressure zones. In the sole presence of rotation, the vortices are expected to extend vertically in columns throughout the fluid layer owing to the Taylor-Proudman theorem. But in planetary flows, stratification often comes into play besides rotation: rather than columns, vortices take the shape of thin pancakes [START_REF] Billant | Self-similarity of strongly stratified inviscid flows[END_REF] . For instance, mesoscale vortices in the Earth's ocean (the so-called meddies [START_REF] Carton | Hydrodynamical modeling of oceanic vortices[END_REF] ) are embedded in a strong and stable thermohaline stratification: their structure, as revealed through direct velocity, temperature and salinity measurements, exhibits a lenticular shape, with radii from 20 to 100 km and thicknesses lower than ∼ 1 km. Their aspect ratio depends on the meddy vorticity, the stratification difference between the vortex and the ocean, and the background rotation [START_REF] Aubert | The universal aspect ratio of vortices in rotating stratified flows: Experiments and observations[END_REF][START_REF] Hassanzadeh | The universal aspect ratio of vortices in rotating stratified flows: Theory and simulation[END_REF] .

Similarly, Jupiter's vortices lie in a stratified layer: the weather layer above the convective zone and below the tropopause [START_REF] Vasavada | Jovian atmospheric dynamics: An update after Galileo and Cassini[END_REF] . But contrary to oceanic vortices, direct measurements to investigate their three-dimensional shape are barely accessible, and observations remain limited to the cloud level. Additionally, Jovian vortices are embedded in strong zonal winds related to Jupiter's jets [START_REF] Mitchell | Flow fields within Jupiter's Great Red Spot and white oval BC[END_REF] .

Inviscid and purely two-dimensional elliptical vortices embedded in a uniform strain have been studied extensively in non-rotating frameworks [START_REF] Moore | Structure of a line vortex in an imposed strain[END_REF][START_REF] Kida | Motion of an elliptic vortex in a uniform shear flow[END_REF][START_REF] Meacham | Vortices in shear[END_REF][START_REF] Moffatt | Stretched vortices -the sinews of turbulence; large-Reynolds-number asymptotics[END_REF] . In rotating and/or stratified flows, but with no strain, studies were mainly dedicated to vortex stability [START_REF] Meacham | Quasigeostrophic, ellipsoidal vortices in a stratified fluid[END_REF][START_REF] Sipp | Vortices in rotating systems: Centrifugal, elliptic and hyperbolic type instabilities[END_REF][START_REF] Godeferd | Zonal approach to centrifugal, elliptic and hyperbolic instabilities in Stuart vortices with external rotation[END_REF][START_REF] Riedinger | Instability of a vertical columnar vortex in a stratified fluid[END_REF][START_REF] Yim | Stability of an isolated pancake vortex in continuously stratified-rotating fluids[END_REF] . Here, our goal is to investigate the three-dimensional equilibrium shape of a vortex in a medium where the three main planetary ingredients -rotation, stratification and shear -coexist. To do so, we use an experimental setup which allows us to generate vortices in a model flow with the three aforementioned ingredients and to follow their temporal evolution. Experimental results are rationalized and extended by combined numerical and theoretical analyses of the generic equations of motion. Accounting for the facts that the vast majority (∼90%) of Jupiter's vortices are anticyclonic [START_REF] Vasavada | Jovian atmospheric dynamics: An update after Galileo and Cassini[END_REF] and that all long-lived Jovian vortices have relative vorticity with same sign as that of the shear in which they are embedded [START_REF] Vasavada | Jovian atmospheric dynamics: An update after Galileo and Cassini[END_REF] , we focus on anticyclones embedded in an anticyclonic shear.

As sketched in Fig. 1, we consider the flow of an incompressible fluid of constant kinematic viscosity ν rotating around the vertical z-axis (oriented upward) at a constant rate Ω = Ω e z (Coriolis frequency f = 2Ω). This flow is stably stratified, and characterized by its buoyancy frequency N which is the natural frequency of oscillation of a fluid parcel displaced from equilibrium with buoyancy acting as a restoring force:

N = - g ρ ∂ρ ∂z , ( 1 
)
where g is the gravitational acceleration and ρ the density. The generic equations describing the flow are the continuity and Navier-Stokes equations in the Boussinesq approximation, as well as the advection-diffusion equation of the stratifying agent of constant diffusivity κ, whose concentration is linearly related to the density (see details in Supplementary Information section 1). In our experiments, the working fluid is salt water. A linear shear is added via the action of two rigid boundaries located at y = (-d, d) moving at constant velocity in opposite directions parallel to x (Fig. 1). The shear rate normalized by f is denoted σ . In the dissipationless and linear limit and assuming a steady cyclo-geostrophic and hydrostatic equilibrium state (see details in Supplementary Information section 1), the equations of motion admit a solution under the form of a compact ellipsoidal vortex of constant vertical vorticity ω c . We define the corresponding Rossby number of the vortex as Ro = ω c /2f (Ro < 0 for anticyclones, and > 0 for cyclones). Denoting a and b the vortex semimajor and semi-minor axes in an horizontal plane, and c its vertical semi-axis, the corresponding velocity field in cartesian coordinates can be written as

u v = Ro         -(1 + β)y (1 -β)x 0         , ( 2 
)
where β = (a 2b 2 )/(a 2 + b 2 ) is the equatorial ellipticity of the vortex which goes from 0 for an axisymmetric vortex to 1 for an infinitely stretched ellipse. The stratification inside the vortex is assumed to be linear with a buoyancy frequency N c . Continuity of the pressure field between the vortex and the surrounding imposed plane Couette flow of shear rate σ defines the ellipsoidal contour of the vortex as Applying this relation at the points (x, y, z) = (a, 0, 0) and (0, b, 0) and equating the two values give the relation

Ro (1 -β) [1 + (1 + β)Ro] x 2 + Ro (1 + β) [1 + (1 -β)Ro] -σ y 2 + N 2 c -N 2 f 2 z 2 = constant. ( 3 
β 2 2 Ro 2 x σ + 1 + 2β Ro 2 x σ -1 + 1 = 0, (4) 
where Ro x = (1β)Ro is the streamwise Rossby number, that is the slope of the cross-stream velocity profile along x at the vortex center. Knowing the strength of the vortex and the shear applied to it, this relation predicts the equatorial ellipticity of the vortex. From this equation, we select the root β that is positive and comprised between 0 and 1. The ellipticity then evolves intuitively: for a weak ambient shear compare to the vortex intensity (i.e. Ro 2 x /|σ | 1), the vortex tends towards axisymmetry (β → 0). On the contrary, when Ro 2

x /|σ | 1, β = 1, meaning that the vortex is infinitely extended in the streamwise direction (a/b 1).

Applying equation (3) at (x, y, z) = (a, 0, 0) and (0, 0, c) gives the vertical aspect ratio of the vortex:

c a 2 = Ro x 1 + Ro x 1+β 1-β f 2 N 2 c -N 2 . ( 5 
)
Interestingly, the shear does not directly appear in this relation, even if its influence is hidden in the ellipticity β. Thus, knowing only the horizontal aspect ratio, the strength of the vortex and its stratification, one can infer its vertical aspect ratio. For an axisymmetric vortex, i.e. without shear, β = 0 and we retrieve the relation in the sole presence of rotation and stratification [START_REF] Aubert | The universal aspect ratio of vortices in rotating stratified flows: Experiments and observations[END_REF][START_REF] Hassanzadeh | The universal aspect ratio of vortices in rotating stratified flows: Theory and simulation[END_REF] . On the contrary when β → 1, since Ro x = (1β)Ro, the vortex is infinitely sheared and flat (c/a → 0).

We now validate our theoretical model with both laboratory experiments and direct numerical simulations, where we follow the dynamical evolution of a single vortex through time t. Fig. 2 shows typical visualizations in the equatorial plane, with the corresponding velocity fields. Details about the experimental set-up and numerical approach are given in the Methods section and in the Supplementary Information, sections 2-4. We also show in section 5 that the dominant physical balances during the vortex evolution are consistent with the hypotheses assumed to derive the equilibrium shape: the vortex is at any time ellipsoidal, and the cyclo-geostrophic and hydrostatic equilibria are dominant. We now focus on the shape evolution of our laboratory and numerical vortices and compare the measurements with the theoretical laws (4) and ( 5). The evolution of the measured horizontal aspect ratio a/b is represented as a function of Ro x /|σ | 1/2 in Fig. 3a for five simulations and five experiments with different shear rates. At any time during the simulations and experiments, there is a good agreement between the measured equatorial shape of the vortex and our prediction. Fig. 3b shows the measured vertical aspect ratio c/a as a function of the theoretical one. To compute the theoretical vertical aspect ratio, Ro x (t) and β(t) are measured at each time. It is also necessary to know the internal stratification of the vortex N c (t). We have access to it numerically, but not experimentally. Thus, we use the approximation that the stratification does not change inside the vortex, that is ∀t, N c (t) = 0 (fully mixed interior), even if the numerical results show that the density anomaly diminishes with time due to its advection by secondary, internal recirculation (see Supplementary Information, section 5.2 and Figure S5). As a result, c/a is slightly underestimated by our theoretical prediction for laboratory vortices; the agreement is however excellent for numerical vortices.

We now focus on Jovian vortices. In our model, the vortex shape results from a quasi-static equilibrium independent of the dissipation processes that govern the vortex decay: all that is requested is a time decoupling between the fast azimuthal motion controlling the equilibrium shape, and the slow dissipative processes controlling the long-term evolution. This time decoupling is valid for both our experimental and numerical vortices (see the dominant balances in Supplementary Information section 5.1), as well as for Jovian vortices (the GRS is at least 100 years old). We apply our laws to some of the most prominent Jovian anticyclones: the GRS in 1979 (as observed by the Voyager 1 mission), the Oval DE and BC in 1997 before their merger (Galileo), and the Oval BA in 2007 (New Horizons). Note that contrary to the GRS, the Oval BA was created recently after the merger of three White Ovals (FA, BC and DE) between 1998 and 2000. In 2007, it was thus only 7 years old, and yet this was long enough for it to evolve from the triangular shape that followed the merger event to a classical elliptical shape [START_REF] Choi | The evolving flow of Jupiter's White Ovals and adjacent cyclones[END_REF] .

Our model requires four parameters: Ro x , σ , f and N 2 c -N 2 . The Rossby number, the shear rate and the Coriolis parameter are known quite accurately. However, the picture is different for the stratification difference between the vortices and the atmosphere since the stratification inside any Jovian vortex has never been measured. Our estimation, based on thermal measurements, leads to lower bounds for our predicted vortex depths rather than absolute values. This point is discussed in the Methods section. The data, references, methods and uncertainties associated with each of these parameters are available in the Methods and Supplementary Information section 7.

Applying relation (4), the predicted values for the horizontal aspect ratios for the GRS in 1979 (1.84 ± 0.14), the Oval BA in 2006 (1.45 ± 0.08) and the Oval DE and BC in 1997 (1.44 ± 0.14 and 1.67 ± 0.30) are of good order of magnitude and close to the measured ones at the cloud level (respectively 1.93, 1.22, 1.34 and 1.67). This validates our approach and assumptions. These results are represented in Fig. 4 as ellipses superimposed to the vortices images and velocity fields. Contrary to their horizontal shape, the thicknesses of Jupiter's vortices are currently unknown. Some constraints are given by multi-layer quasi-geostrophic numerical simulations [START_REF] Vasavada | Jovian atmospheric dynamics: An update after Galileo and Cassini[END_REF] which show that geostrophically balanced vortices tend to be baroclinically unstable if their thickness exceeds their width by a factor greater than ∼ f /N . This leads to a maximum depth of ∼ 500 km below the clouds for the GRS and the Oval BA. Later, it has been assessed that the large Jovians anticyclones should extend vertically down to the water cloud level [START_REF] De Pater | Persistent rings in and around Jupiter's anticyclones-Observations and theory[END_REF][START_REF] Wong | Vertical structure of Jupiter's Oval BA before and after it reddened: What changed?[END_REF] (4-7 bar, i.e. 52 to 76 km below the clouds) which is consistent with the range of heights explored in numerical simulations [START_REF] Legarreta | Vertical structure of Jupiter's troposphere from nonlinear simulations of long-lived vortices[END_REF] . Our model predicts a half-height of ∼ 80 +32 -16 km for the GRS. For the Oval BA, we find a half-thickness of 51 +40 -13 km, 46 +45 -12 km for the Oval DE and 64 +56 -19 km for the Oval BC. These values are consistent with the estimated ones mentioned above and confirm the idea of shallow vortices which do not extend deeply into Jupiter's interior. In this view, the shallow vortices are embedded into deeper jets [START_REF] Kaspi | Jupiter's atmospheric jet streams extend thousands of kilometres deep[END_REF][START_REF] Cabanes | A laboratory model for deep-seated jets on the gas giants[END_REF] whose dynamics is independent of the anticyclones: once formed, the vortex decay is accompanied by a quasi-static equilibrium with the ambient shearing flow which governs their shape until they eventually disappear.

We now focus on the changes that occur in the GRS dynamics over the past 40 years. Spacecrafts data and Hubble Space Telescope imagery show that the GRS is shrinking in the longitudinal direction (Fig. 5a), decreasing from almost 35 • extent in the late 1880s to less than 14 • today [START_REF] Simon | Historical and Contemporary Trends in the Size, Drift, and Color of Jupiter's Great Red Spot[END_REF] . The latitudinal extent of the GRS is also decreasing, but less rapidly, leading to a decrease in the hori-zontal aspect ratio [START_REF] Simon | Historical and Contemporary Trends in the Size, Drift, and Color of Jupiter's Great Red Spot[END_REF] (dashed line in Fig. 5b). The velocity field of the GRS has been measured at different times during this evolution showing an increase (in absolute value) in its longitudinal Rossby number. At the same time, the zonal wind velocities remained constant at the GRS latitude [START_REF] Simon-Miller | On the long-term variability of Jupiter's winds and brightness as observed from Hubble[END_REF][START_REF] Tollefson | Changes in Jupiter's Zonal Wind Profile preceding and during the Juno mission[END_REF] . Assuming a constant shear rate, the predicted evolution of the horizontal aspect ratio according to our model agrees well with the measurements for the whole GRS evolution (blue dots in Fig. 5b): for a given change in the longitudinal Rossby number, we predict the correct evolution of the horizontal shape, or conversely for a given shape evolution, we predict the correct evolution of the Rossby number. Note that if our quasi-equilibrium model is consistent with the recent evolution of the GRS, it does not give the physical mechanism responsible for this evolution.

Finally, our model provides a remote access to the evolution of the GRS thickness for the past 40 years, which is not accessible with the available data. Using the calculated horizontal aspect ratio plotted in Fig. 5b, the shear and the stratification difference reported in Table S2, and the Rossby numbers in Table S3, we compute the GRS vertical extent as represented in Fig. 5c. Surprisingly, we find that the increase in absolute value of the longitudinal Rossby number compensates the decrease of the horizontal aspect ratio such that c/b has remained constant through time. Since the latitudinal extent b of the GRS has remained almost constant [START_REF] Simon | Historical and Contemporary Trends in the Size, Drift, and Color of Jupiter's Great Red Spot[END_REF] , we conclude that the GRS has kept a mean half-thickness of 74 +52 -28 km during its whole shrinkage.

In December 2017, preliminary results of the microwave radiometer (MWR) instrument onboard NASA's Juno spacecraft suggested that the GRS extends at least as deep as the instrument can observe, that is ∼ 300 km below the cloud level [START_REF] Greicius | NASA's Juno Probes the Depths of Jupiter's Great Red Spot[END_REF] . However, this instrument measures thermal radiation, and the variations in brightness temperature can be interpreted as variations of opacity due to the abundance of chemical components such as ammonia, as well as variations in physical temperature [START_REF] Janssen | Microwave radiometer for the Juno mission to Jupiter[END_REF] . Converting the MWR data into a signature of the density anomaly of the GRS is in our opinion a big interpretation step that requires further investigation. Since no scientific paper is for now published regarding these data, we leave this problem on standby. Nevertheless, if one assumes that the brightness temperature is entirely due to physical temperature variations, then what is measured is the extent of the density anomaly associated with the GRS. We argue that this density anomaly may have a vertical extent significantly bigger than the dynamical vertical extent of the vortex, that is the extent of the flow. We show in the Supplementary Information section 8 that if one uses the density anomaly to measure the vertical extent of the vortex, the latter could easily be ∼1.7 times what is measured using the winds. An observed density vertical extent of 300 km would thus give a dynamical vertical extent of 176 km consistent with our predicted range. Note that Juno flybys above the GRS allow grav- S3 of the Supplementary Information. b. Evolution of the GRS horizontal aspect ratio (major axis over minor axis on a horizontal plane) over the last 40 years. Measurements of the GRS aspect ratio are represented by the white dots [START_REF] Simon | Historical and Contemporary Trends in the Size, Drift, and Color of Jupiter's Great Red Spot[END_REF] . Error bars correspond to uncertainties of 0.5 • in latitude or longitude for each dimension [START_REF] Simon | Historical and Contemporary Trends in the Size, Drift, and Color of Jupiter's Great Red Spot[END_REF] . The dashed line is the decreasing trend of the aspect ratio deduced from the measurements. The blue dots are the aspect ratio computed using our model (equation ( 4)). Error bars account for the propagation of uncertainties of ± 10 m/s for the GRS velocities [START_REF] Simon | Historical and Contemporary Trends in the Size, Drift, and Color of Jupiter's Great Red Spot[END_REF] and ±7 m/s for the zonal winds velocity [START_REF] Shetty | On the Interaction of Jupiter's Great Red Spot and Zonal Jet Streams[END_REF] ity measurements among which the GRS signature will be detectable if the winds are deeper than ∼ 300 km [START_REF] Galanti | Determining the Depth of Jupiter's Great Red Spot with Juno: A Slepian Approach[END_REF] . Upcoming measurements will thus challenge our model. We conclude this study by pointing towards its limits and possible improvements. First, Jovian vortices exhibit a slight North-South asymmetry, barely visible in their shape, but apparent in their velocities [START_REF] Choi | The evolving flow of Jupiter's White Ovals and adjacent cyclones[END_REF][START_REF] Choi | Velocity and vorticity measurements of Jupiter's Great Red Spot using automated cloud feature tracking[END_REF][START_REF] Shetty | Changes in Jupiter's Great Red Spot (1979-2006) and Oval BA (2000-2006[END_REF] . Including sources of asymmetry such as the β-effect and parametrizing deviation from ellipticity would improve the model's accuracy. Such effects could be tackled experimentally, with a sloping bottom to induce a topographic β-effect. However, we expect the influence on the vertical extent of those vortices to be negligible. Then, more evolved compressible models might lead to some changes of relevance for Jupiter's atmospheric dynamics. For instance, one could expect a vertical asymmetry of the density perturbation associated with the vortex. Additionally, small-scale time-dependent turbulence is present inside and outside Jovian vortices, but not in our laboratory model. The effects of such turbulence should also be tackled, even if it should generate only small perturbations of the potential vorticity anomaly associated with the vortex. Finally, as underlined by our long-term evolution discussion (Supplementary Information section 6), it would be interesting in the lab to set up a bulk shear rather than a boundary-driven one, which may lead to a more realistic interplay between the background and the vortex. We nevertheless argue that the results presented here, based on basic physics and first order balances, remain and should be confirmed by upcoming Juno data.

: Images and velocity fields of Jovian anticyclones to which we superimposed ellipses with the measured aspect ratio (continuous lines) and the calculated one (dashed lines) using law (4) and the parameters reported in Table S2 of the Supplementary Information. a. Top: Mosaic of Great Red Spot (GRS) images (© NASA/JPL) taken by Voyager 2 57 (reprinted with permission from Bjorn Jonsson). Bottom: Velocity vectors of the GRS as determined from Voyager 1 images 50 (© American Meteorological Society, used with permission). b. Oval BA as imaged by New Horizons in February 2007 and associated wind vectors 35 (reprinted with permission from Elsevier). c. Oval DE and BC as imaged by Galileo in February 1997 and associated wind velocity vectors 35 (reprinted with permission from Elsevier). Note that these two anticyclones merged between 1998 and 2000 with a third vortex (Oval

. c. Vertical aspect ratio c/b and half-height c as a function of time deduced from relation (5). To convert c in kilometers, we use the measurements of b given in

Methods Experimental set-up

A plexiglass tank (50×50×70 cm) is filled with salt water linearly stratified in density using the double bucket method (see the resulting profile in Fig. 1c). The tank is mounted on a table that rotates around a vertical axis at a rate Ω. The buoyancy frequency is N = 1 ± 0.1 rad s -1 and the rotation rate is Ω = 0.5 ± 0.05 rad s -1 such that N /f = 1 ± 0.2. We impose a linear shear using a PVC belt encircling two co-rotating cylinders (Fig. 1). To create anticyclones in this gap, we inject through a capillary a volume of fluid having a constant density equal to the density at the injection height. Indeed, the geostrophic balance

f e z × u = - 1 ρ ∇ h p, (6) 
where ∇ h p is the horizontal pressure gradient, implies that an overpressure generates azimuthal velocities going in an opposite direction compared to the background rotation, i.e. an anticyclone (Ro < 0). Additionally, relation (5) shows that Ro ∈ [-1, 0[ (equilibrium anticyclonic motions) constrains N c < N , where N c is the buoyancy frequency of the stratification at the core of the vortex. In other words, an anticyclone is under-stratified compared to the background density profile, that is why injecting a well mixed fluid is relevant. Note that the topographic β-effect resulting from the free-surface deformation due to rotation is negligible in our case. Velocity field measurements are performed in the equatorial plane of the vortex using particle image velocimetry (PIV).

The computed velocity fields are used to measure the Rossby number and the equatorial ellipticity β at each time during the slow vortex decay. To do so, we plot several streamlines near the vortex center and fit an ellipse to each of them. For some experiments we add a fluorescent dye in the injected fluid (Rhodamine B) to follow its evolution in a vertical plane. A detailed description of the experimental methods, parameters and uncertainties is available in the Supplementary Information (sections 2 and 4 and Table S1).

Direct numerical simulations (DNS)

We performed direct numerical simulations (DNS) to compare with our experimental results and to extend them to a wider range of parameters. To this aim, we solve the full system of equations (i.e. the continuity equation, Navier-Stokes equations in the Boussinesq approximation, and advection-diffusion equation of the stratifying agent) using the open-source spectral element solver Nek5000 [START_REF] Fischer | Web page[END_REF] . These equations are solved in a rectangular box to mimic the experimental setup.

The boundary conditions are periodic in both the stream-wise (x) and vertical (z) directions. Rigid no-slip insulating boundaries are imposed in the cross-stream (y) direction to mimic the shear, i.e. velocity u = ∓σ y e x and no density anomaly gradient at y = ±1. Details about the numerical methods, the flow initialization and the complete list of the numerical parameters are available in the Supplementary Information (sections 3 and 4). Here, we focus on numerical simulations for which only the shear rate was changed and all the other parameters are fixed.

Parameters for Jovian vortices

To apply our model to Jovian vortices, four parameters are required: the longitudinal Rossby number of the vortex Ro x , the shear rate σ , the Coriolis frequency f and the stratification difference between the vortex and the surrounding atmosphere N 2 c -N 2 . The methods employed to estimate each parameter are provided in the next two subsections. The deduced parameters are reported in the Supplementary Information Tables S2 andS3.

Velocities and length scales

Horizontal length scales of Jovian vortices are measured based on wind velocities criteria for the GRS [START_REF] Simon | Historical and Contemporary Trends in the Size, Drift, and Color of Jupiter's Great Red Spot[END_REF] and the Ovals BA and DE [START_REF] Choi | The evolving flow of Jupiter's White Ovals and adjacent cyclones[END_REF] . For the Oval BC, we use a measurement based on cloud features [START_REF] Mitchell | Flow fields within Jupiter's Great Red Spot and white oval BC[END_REF] . From these data, we deduce for each vortex a measured horizontal aspect ratio and ellipticity to compare our predictions with (see Figs. 4 and5 and Supplementary Information Table S2).

To apply our model, the first quantity required is the longitudinal Rossby number Ro x of these vortices, that is the slope of the meridional velocity along an East-West profile, divided by the Coriolis frequency f . For the Oval BA and DE, we compute it by a linear fit on their meridional velocity profile at the core of each vortex, with and uncertainty of ± 5 m/s on the velocities [START_REF] Choi | The evolving flow of Jupiter's White Ovals and adjacent cyclones[END_REF] . For the Oval BC for which we could not find velocity profiles, we use estimates of the North-South peak velocities [START_REF] Mitchell | Flow fields within Jupiter's Great Red Spot and white oval BC[END_REF] and divide them by the vortex semi-major axis length a. The resulting longitudinal Rossby numbers are given in the Supplementary Information Table S2.

For the GRS, we need to take into account the fact that it is a hollow vortex with a quiescent core. The detail of the velocity profile does not invalidate our approach since in the dynamical collar, we assume the same cyclo-geostrophic balance to hold, i.e. the pressure gradient compensates for the Coriolis and centrifugal forces arising from the nonzero azimuthal velocities. However, a correction needs to be added in the case of a hollow vortex to account for the fact that the distance from the core at which the velocity is maximal (the width of the vortex, a) is different from the characteristic distance of the pressure anomaly gradient (the width of the collar a c ) [START_REF] Hassanzadeh | The universal aspect ratio of vortices in rotating stratified flows: Theory and simulation[END_REF] . The longitudinal Rossby number measured in the collar is Ro x = V max a c f (1β), where V max is the mean peak meridional velocity along an East-West profile. In that case, a prefactor a c /a should be added due to the centrifugal term for which it is the radius of curvature of the trajectory, i.e. the distance to the center that matters, not the size of the collar. Laws (4) and ( 5) are then modified as follow:

β 2 2 a c a Ro 2 x σ + 1 + 2β a c a Ro 2 x σ -1 + 1 = 0, ( 7 
) c a 2 = Ro x 1 + Ro x a c a 1+β 1-β f 2 N 2 c -N 2 f ( 8 
)
where Ro x = V max a c f (1β) is the stream-wise Rossby number measured inside the collar. For the GRS in 1996, 2000 and 2006, we measure the longitudinal Rossby number by fitting meridional velocity profiles in the East-West direction inside its anticyclonic collar. The data are taken from Figure 5 in Choi et al. (2007) [START_REF] Choi | Velocity and vorticity measurements of Jupiter's Great Red Spot using automated cloud feature tracking[END_REF] for 1996 and 2000, and Asay-Davis et al. ( 2009) [START_REF] Asay-Davis | Jupiter's shrinking Great Red Spot and steady Oval BA: Velocity measurements with the 'Advection Corrected Correlation Image Velocimetry' automated cloud-tracking method[END_REF] for 2006, with an uncertainty of 10 m/s on the velocities [START_REF] Simon | Historical and Contemporary Trends in the Size, Drift, and Color of Jupiter's Great Red Spot[END_REF] and 400 km of uncertainty for the measured distances a and a c . For the other dates, we use peak velocities and collar width measurements [START_REF] Mitchell | Flow fields within Jupiter's Great Red Spot and white oval BC[END_REF][START_REF] Simon | Historical and Contemporary Trends in the Size, Drift, and Color of Jupiter's Great Red Spot[END_REF] . The corresponding measured values for a, a c and Ro x are reported in the Supplementary Information Table S3. Regarding equation (8), rigorously speaking, the vertical aspect ratio is the aspect ratio between the pressure anomaly's vertical and horizontal characteristic length scales. Since to the best of our knowledge nothing is known about the influence of the GRS quiescent core on the density anomaly, we use the same assumption as for the other Jovian vortices, that is a pressure characteristic vertical scale equal to c. A complete and selfconsistent model of the three-dimensional structure of a hollow vortex would be required, especially in terms of density anomaly, to conclude on the relevant scales. This lack of data and modeling leads us to use the simplest assumption, which is also the most consistent with our model, i.e. we assume that a and c are the semi-axes of the entire vortex. To conclude on this point, note that although the quiet center of the GRS still remains today, it is significantly smaller than during the Voyager era (Supplementary Information Table S3). Additionally, no other vortices on Jupiter are known to have this hollow structure. They are rather very close to solid body rotation with a linear increase of the velocity in their core [START_REF] Choi | The evolving flow of Jupiter's White Ovals and adjacent cyclones[END_REF] as assumed in our theoretical model, which hence seeks to be generic and applicable to the vast majority of Jovian anticyclones.

Additionally, our model requires estimates of the shear rate imposed by jets at the latitude of the vortices. Using linear fits on zonal winds profiles, we report those estimates and their errors for the GRS [START_REF] Shetty | On the Interaction of Jupiter's Great Red Spot and Zonal Jet Streams[END_REF] , the Ovals DE and BC [START_REF] Limaye | Jupiter: New estimates of the mean zonal flow at the cloud level[END_REF] and the Oval BA [START_REF] Tollefson | Changes in Jupiter's Zonal Wind Profile preceding and during the Juno mission[END_REF] in the Supplementary Information Table S2.

Buoyancy and Coriolis frequencies

The Coriolis parameter f , that is the amplitude of the vertical component of the rotation rate at the latitude of the vortices is taken from Table 3 of Mitchell et al. (1981) [START_REF] Mitchell | Flow fields within Jupiter's Great Red Spot and white oval BC[END_REF] .

The last but crucial parameter that we need to estimate is the difference of stratification between the vortex and the surrounding atmosphere N 2 -N 2 c . To do so, we recall and discuss the method used in Aubert et al. (2012) [START_REF] Aubert | The universal aspect ratio of vortices in rotating stratified flows: Experiments and observations[END_REF] supplementary material. The idea is to use temperature measurements that were performed in Jupiter's upper troposphere across the vortices and around them. Using the ideal gas equation and the fact that the pressure anomaly is zero at the top of the vortex (z = h), the density anomaly with respect to the ambient fluid at the top of the vortex can be expressed as ∆ρ/ρ = -∆T /T , hence

T a (z = h) -T v (z = h) T a (z = h) = - ρ a (z = h) -ρ v (z = h) ρ a (z = h) , ( 9 
)
where T a and ρ a are the temperature and density in the surrounding atmosphere, and T v , ρ v within the vortex. At the core of the vortex (z = 0), the density anomaly is zero, and a Taylor expansion leads to

T a (z = h) -T v (z = h) T a (z = h) ≈ -h ∂ρ a ∂z z=0 - ∂ρ v ∂z z=0 ρ a (z = h) ≈ h g (N 2 -N 2 c ). (10) 
A crude estimation of the stratification difference between the vortex and the ambient can thus be obtained using temperature differences measurements:

N 2 -N 2 c ≈ g h T a -T v T a z=h . ( 11 
)
The temperature anomalies associated with the vortices have been measured quite accurately [START_REF] Conrath | Thermal structure and dynamics of the Jovian atmosphere 2. Visible cloud features[END_REF][START_REF] Flasar | Thermal structure and dynamics of the Jovian atmosphere 1. The great red spot[END_REF][START_REF] Fletcher | Thermal structure and composition of Jupiter's Great Red Spot from high-resolution thermal imaging[END_REF] . Additionally, we adopt the pressuretemperature profile derived from the Galileo probe data [START_REF] Seiff | Thermal structure of Jupiter's atmosphere near the edge of a 5-µm hot spot in the north equatorial belt[END_REF] to obtain the mean atmosphere temperature at the measurement level. For the GRS, Figure 2 in Flasar et al. (1981) [START_REF] Flasar | Thermal structure and dynamics of the Jovian atmosphere 1. The great red spot[END_REF] shows a temperature anomaly of 8 ± 1 K at 50 mbars. With an atmospheric temperature at that level of T a,50 = 121±4 K, we obtain a relative temperature anomaly of (T a -T v ) 50 /T a,50 = 0.0661 ± 0.0104. For the Ovals DE and BC, Figure 1 [START_REF] Conrath | Thermal structure and dynamics of the Jovian atmosphere 2. Visible cloud features[END_REF] shows a temperature anomaly of 4 ± 1 K at 120 ± 20 mbars. With T a,120 = 115 ± 2 K, we obtain a relative temperature anomaly of (T a -T v ) 120 /T a,120 = 0.0348 ± 0.0093. Since no thermal measurements were performed across the Oval BA, we make the assumption that its stratification is the same as the vortices from which it formed, hence we use the same value as for the Ovals DE and BC.

Finally, the distance h between the measurement level and the vortex midplane where the temperature anomaly vanishes is also a poorly constrained parameter and should be considered with its uncertainties. The aforementioned anomalies are measured at 50 mbars (z * ∼ +58 km, z * = 0 being the 1 bar pressure level) for the GRS and 120 mbars (z * ∼ +43 km) for the Ovals. For the vortex midplane, the cold anomaly of the GRS was observed up to 500 mbar [START_REF] Flasar | Thermal structure and dynamics of the Jovian atmosphere 1. The great red spot[END_REF][START_REF] Fletcher | Thermal structure and composition of Jupiter's Great Red Spot from high-resolution thermal imaging[END_REF] (z * ∼ +16 km) meaning that the midplane (zero-anomaly) is located at higher pressures. According to observers, it could extend up to 2 bar [START_REF] De Pater | Persistent rings in and around Jupiter's anticyclones-Observations and theory[END_REF] , that is z * ∼ -20 km. Consistently, in numerical modeling, the midplane of Jovian vortices is located between 400 to 1500 mbar [START_REF] Legarreta | Vertical structure of Jupiter's troposphere from nonlinear simulations of long-lived vortices[END_REF][START_REF] Morales-Juberıás | EPIC simulations of the merger of Jupiter's White Ovals BE and FA: Altitude-dependent behavior[END_REF] . If we take into account this large uncertainty, we obtain h = 60 ± 18 km for the GRS and h = 45 ± 18 km for the Ovals. With a gravitational acceleration of g = 23 m s -2 based on the Galileo probe measurements [START_REF] Seiff | Thermal structure of Jupiter's atmosphere near the edge of a 5-µm hot spot in the north equatorial belt[END_REF] S2 with all the parameters required to apply our model.

Note that this method does not require an independent knowledge of the stratification in the atmosphere N and within the vortex N c , which is crucial since the stratification inside any of the Jovian vortices has never been measured. The drawback is that we use superficial measurements, and extrapolate them to deduce a density slope with the important assumption that this slope is constant. But contrary to N c , the stratification of Jupiter's atmosphere has been measured and estimated (e.g. Galileo measurements [START_REF] Seiff | Thermal structure of Jupiter's atmosphere near the edge of a 5-µm hot spot in the north equatorial belt[END_REF] and modelling estimates extrapolating Voyager data [START_REF] Legarreta | Vertical structure of Jupiter's troposphere from nonlinear simulations of long-lived vortices[END_REF] ). The result is that N is not constant in the range of pressure considered here for the vortex midplane. In the upper troposphere, both Voyager data [START_REF] Legarreta | Vertical structure of Jupiter's troposphere from nonlinear simulations of long-lived vortices[END_REF] Figure 2 and estimates from inverse problems [START_REF] Shetty | Changes in Jupiter's Great Red Spot (1979-2006) and Oval BA (2000-2006[END_REF] agree on N ∼ 0.02 rad s -1 . At deeper levels in the atmosphere, this stratification is supposed to decrease and reach N ∼ 0.005 rad s -1 for pressures between 1 to 7 bars [START_REF] Legarreta | Vertical structure of Jupiter's troposphere from nonlinear simulations of long-lived vortices[END_REF] . Unfortunately, we cannot rigorously take this decrease into account without knowing how the vortex stratification varies along with it since the essential parameter in our model is the difference between the stratification within the vortex and the ambient one, not the stratification itself. As such, one could ultimately reach the limit N 2 c → N 2 for which the vortex vertical extent would become infinite. Our results thus depend on a proper estimate of the stratification difference with depth, and provide lower bounds for the vortex depths rather than absolute values.

With these parameters estimates, we can apply our model (laws (4) and ( 5)) to predict the ellipticity and the thickness of those Jovian anticyclones. The results are given in the main text and the Supplementary Information Table S2.

Figure 1 :

 1 Figure 1: Simplified sketch of the experimental set-up. a. The shearing device is made of a PVC belt encircling two co-rotating cylinders. A capillary tube injects fluid in the gap between the membrane sides to create an anticyclone which is analyzed by performing Particle Image Velocimetry (PIV) in its equatorial plane. The represented device is placed inside a bigger tank which rotates at a rate Ω and the fluid is stratified using salt water. b. Sketch of an equatorial view. A linear shear is added via the action of two rigid PVC boundaries separated by a distance 2d. c. Example of a measured stratification, where ρ is the dimensional density. The error bars are smaller than the markers. The red line is a linear fit used to determine the buoyancy frequency N (equation (1)). For all the experiments in the main text, N = 1 ± 0.1 rad s -1 .

Figure 2 :

 2 Figure 2: Top-view visualizations and corresponding velocity field in the vortex equatorial plane during an experiment and a numerical simulation. a. Experimental visualization of the vortex dyed with Rhodamine B. The associated velocity field is computed by PIV (one grid point out of three is kept in both directions for clarity). b. Snapshot from a numerical simulation representing the vertical component of the vorticity ω and the associated velocity field interpolated on a cartesian grid.

Figure 3 :

 3 Figure 3: Evolution of the vortex shape for simulations (dots), experiments (diamonds) and theory (grey lines) for different background shear rates (colors). a. Horizontal aspect ratio a/b of the vortices as a function of their Rossby number normalized by the shear rate (Ro x /|σ | 1/2 ). Time increases from left to right since the Rossby number of a vortex decreases in absolute value by dissipation. Vertical error bars account for the variability when measuring the aspect ratios of the streamlines for a given velocity field (upper and lower bounds). Vertical and horizontal error bars are not represented when they are smaller than the markers. The theoretical prediction (equation (4)) is plotted as a grey line, and involves no fitting parameter. b. Measured vertical aspect ratio (c/a) mes as a function of its theoretical prediction (c/a) theo .Vertical error bars account for the variability when measuring the vertical aspect ratio of the vortex (upper and lower bounds). Horizontal error bars include uncertainties on the measured parameters (Rox , β, N and f), but not on the vortex stratification N c which is not measured. We refer the reader to the Supplementary Information section 2 for details about the uncertainties. The theoretical prediction (equation(5)) is plotted as a grey line, and involves no fitting parameter.

Figure 4

 4 Figure 4: Images and velocity fields of Jovian anticyclones to which we superimposed ellipses with the measured aspect ratio (continuous lines) and the calculated one (dashed lines) using law (4) and the parameters reported in Table S2 of the Supplementary Information. a. Top: Mosaic of Great Red Spot (GRS) images (© NASA/JPL) taken by Voyager 2 57 (reprinted with permission from Bjorn Jonsson). Bottom: Velocity vectors of the GRS as determined from Voyager 1 images 50 (© American Meteorological Society, used with permission). b. Oval BA as imaged by New Horizons in February 2007 and associated wind vectors[START_REF] Choi | The evolving flow of Jupiter's White Ovals and adjacent cyclones[END_REF] (reprinted with permission from Elsevier). c. Oval DE and BC as imaged by Galileo in February 1997 and associated wind velocity vectors[START_REF] Choi | The evolving flow of Jupiter's White Ovals and adjacent cyclones[END_REF] (reprinted with permission from Elsevier). Note that these two anticyclones merged between 1998 and 2000 with a third vortex (Oval FA) to give the current Oval BA[START_REF] Choi | The evolving flow of Jupiter's White Ovals and adjacent cyclones[END_REF] .

Figure 5 :

 5 Figure 4: Images and velocity fields of Jovian anticyclones to which we superimposed ellipses with the measured aspect ratio (continuous lines) and the calculated one (dashed lines) using law (4) and the parameters reported in Table S2 of the Supplementary Information. a. Top: Mosaic of Great Red Spot (GRS) images (© NASA/JPL) taken by Voyager 2 57 (reprinted with permission from Bjorn Jonsson). Bottom: Velocity vectors of the GRS as determined from Voyager 1 images 50 (© American Meteorological Society, used with permission). b. Oval BA as imaged by New Horizons in February 2007 and associated wind vectors[START_REF] Choi | The evolving flow of Jupiter's White Ovals and adjacent cyclones[END_REF] (reprinted with permission from Elsevier). c. Oval DE and BC as imaged by Galileo in February 1997 and associated wind velocity vectors[START_REF] Choi | The evolving flow of Jupiter's White Ovals and adjacent cyclones[END_REF] (reprinted with permission from Elsevier). Note that these two anticyclones merged between 1998 and 2000 with a third vortex (Oval FA) to give the current Oval BA[START_REF] Choi | The evolving flow of Jupiter's White Ovals and adjacent cyclones[END_REF] .
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. Error bars account for uncertainties in velocities (Ro x , σ ), measured ellipticity (β) and stratification difference (N 2 -N 2 c ) which are given in Supplementary Information section 7.

  in Conrath et al. (1981) 

  , we finally obtain N 2 -N 2 c = (2.53 ± 1.16) • 10 -5 rad 2 s -2 for the GRS and N 2 -N 2 c = (1.78 ± 1.19) • 10 -5 rad 2 s -2 for the Ovals. The values are reported in the Supplementary Information Table
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