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            Abstract
The gravity harmonics of a fluid, rotating planet can be decomposed into static components arising from solid-body rotation and dynamic components arising from flows. In the absence of internal dynamics, the gravity field is axially and hemispherically symmetric and is dominated by even zonal gravity harmonics J2n that are approximately proportional to qn, where q is the ratio between centrifugal acceleration and gravity at the planet’s equator1. Any asymmetry in the gravity field is attributed to differential rotation and deep atmospheric flows. The odd harmonics, J3, J5, J7, J9 and higher, are a measure of the depth of the winds in the different zones of the atmosphere2,3. Here we report measurements of Jupiter’s gravity harmonics (both even and odd) through precise Doppler tracking of the Juno spacecraft in its polar orbit around Jupiter. We find a north–south asymmetry, which is a signature of atmospheric and interior flows. Analysis of the harmonics, described in two accompanying papers4,5, provides the vertical profile of the winds and precise constraints for the depth of Jupiter’s dynamical atmosphere.
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                    Figure 1: Zonal gravity harmonic coefficients J2–J12.[image: ]


Figure 2: 3σ uncertainty ellipses of J3–J5 and J7–J9.[image: ]


Figure 3: Gravity disturbances due to atmospheric dynamics.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Range-rate residuals.
Two-way range-rate residuals (integrated over 60?s) for the Ka-band perijove passes PJ3 and PJ6 are shown. The root-mean-square value of the residuals is 0.015?mm s−1 for both passes. The measured range rate was obtained from the radio-science open-loop receiver.


Extended Data Figure 2 Frequency stability.
The Allan deviation of relative frequency shift for the Ka-band perijove passes PJ3 and PJ6 is shown. The slopes are roughly consistent with white noise (dashed line).


Extended Data Figure 3 Gravity harmonic signatures.
Range-rate signals from the J3, J5, J7 and J9 gravity harmonics for PJ3 and PJ6 are shown. The smaller signal in PJ6 is due to a less favourable projection of the spacecraft velocity along the Earth–Jupiter line of sight (the angle between Juno’s orbit normal and the line of sight was 19.2° in PJ3 and 15.1° in PJ6). By comparison, the range-rate noise at 60?s is 0.015?mm s−1 in both passes.


Extended Data Figure 4 Io torus effects on the estimation of J3–J5.
Shown are estimation biases on J3 and J5 due to calibration errors of the Io torus path delay variation (cyan dots) in a Monte Carlo (MC) simulation of passes PJ3 and PJ6 of the Juno gravity experiment. The calibration errors are compared to the estimated 3σ uncertainty ellipses of the target solution (black), obtained without the Io torus, and the solutions obtained using only X- (red) and Ka-band (blue) data. The estimation bias on J3 is about 3σ if X-band data are used. Ka-band data or dual-link calibration reduce the bias to less than 1σ.


Extended Data Figure 5 Io torus effects on the estimation of J2–J4.
Shown are estimation biases on J2 and J4 from the Monte Carlo simulation, as in Fig. 1. The estimation bias on J2 and J4 is larger than 4σ if X-band data are used, while using Ka-band or plasma-calibrated data reduces it to less than 1σ.


Extended Data Table 1 Characteristics of perijove passes PJ3 and PJ6 used in the gravity solutionFull size table


Extended Data Table 2 Consider analysis covariances (3σ)Full size table
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        Editorial Summary
Probing the depths of Jupiter
The Juno mission set out to probe the hidden properties of Jupiter, such as its gravitational field, the depth of its atmospheric jets and its composition beneath the clouds. A collection of papers in this week's issue report some of the mission's key findings. Jupiter's gravitational field varies from pole to pole, but the cause of this asymmetry is unknown. Rotating planets that are squashed at the poles like Jupiter can have a gravity field that is characterized by a solid-body component, plus components that arise from motions in the atmosphere. Luciano Iess and colleagues use Juno's Doppler tracking data to determine Jupiter's gravity harmonics. They find that the north–south asymmetry arises from atmospheric and interior wind flows. To determine the depths of these flows, Yohai Kaspi and colleagues analyse the odd gravitational harmonics and find that the J3, J5, J7 and J9 harmonics are consistent with the jets extending deep into the atmosphere, perhaps as far as 3,000 kilometres. They conclude that the mass of Jupiter's dynamical atmosphere is about one per cent of Jupiter's total mass. The composition of Jupiter beneath its turbulent atmosphere remains a mystery. If different parts of a spinning object rotate at different rates, then the object probably has a fluid composition. Tristan Guillot and colleagues study the even gravitational harmonics and find that, below a depth of about 3,000 kilometres, Jupiter is rotating almost as a solid body. The atmospheric zonal flows extend downwards by more than 2,000 kilometres, but not beyond 3,500 kilometres, as is also the case with the jets.
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