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The atmospheric dynamics of Jupiter are dominated by strong zonal winds

engulfing the planet. Since the first gravity measurements taken by Juno
atJupiter, the low-degree gravity harmonics (/;-/,,) have been used to
determine the depth and structure of the zonal winds observed at the cloud
level, limiting inferences on the deep flows to the wide latitudinal structure
of these harmonics. Here, using constraints on the dynamical contribution
togravity at high latitude, we present the gravity harmonics up to/,, We
find an excellent correlation between these measurements and the gravity
harmonics resulting from the observed cloud-level winds extending inwards
cylindrically to depths of -10° bar (3,000 km). These measurements provide
direct evidence that the flows penetrate inwards along the direction of

the spin axis, confirming the cylindrical nature of the flow, which has been
postulated theoretically since the 1970s. Furthermore, this detailed new
gravity spectrum allows us to quantify the contribution of the various jets to
the gravity signal, showing the dominance of the strong zonal flows around
20°latitude in both hemispheres.

Jupiter’s atmosphere is dominated by strong east-west zonal jet
streams, which are strongly tied to the planet’s iconic red and white
stripes”. There are six pairs of east-west jets in each hemisphere with
peak velocities ranging between —50 and 140 m s located between
15° and 65° latitude in both hemispheres (Fig. 1a,c). Equatorwards of
thesejets there is an eastward flow with velocities of ~100 m s, which
is super-rotating within 6° of the equator’, and polewards of +65° the
jets disappear and the dynamics become dominated by vortices all
the way to the poles. At both poles, there are powerful cyclones with
adiameter of 4,000 km, surrounded by similar-sized circumpolar
cyclones (eight in the north and five in the south*®). This picture has
become clearer since the arrival of NASA’s Juno mission to Jupiter in
2016°, and as the mission continues to orbit the planet, with the closest
approachmovingcloserto thenorth pole every orbit, moreinformation
is continuously accumulated. More than 7 years into the mission, the
cumulative data are revolutionizing our understanding of the atmos-
pheric dynamics of Jupiter’.

One of the first results that emerged from Juno was the measure-
ment of the north-south asymmetry in Jupiter’s gravitational field’.
This has been attributed to the observed north-south asymmetry
in Jupiter’s cloud-level winds'’, and matched pre-Juno theoretical
estimates for the gravity signature as function of flow depth®. The
precise measurements obtained by the Juno mission, based on track-
ing of the Doppler shift of a radio signal as the spacecraft is orbiting
the planet, allowed to determine that the observed cloud-level flows
extend roughly 3,000 km (10° bar) beneath the observed cloud deck
of Jupiter'. This analysis was based on the odd gravity harmonics (/;,
Js,J; and Jy), and the results matched the low-degree even harmonics
JeJs and J, after the contribution from the internal density structure
was subtracted”. These results were also found to be consistent
with constraints coming from secular variations in Jupiter’s magnetic
field"*'®, and the possibility of astable layer acting to decay the flow at
this depth”. In this study, using constraints on the high-degree grav-
ity harmonics at high latitudes, we present the gravity harmonics up
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Fig.1|Jupiter’s zonal flows and their cylindrical orientations. a, 3D illustration
of Jupiter’s clouds and wind field, where Qs the planetary rotation rate. The wind
field is the zonally averaged zonal wind*® projected inwards in a direction parallel
tothe axis of rotation; it decays in the radial direction according to the best-fit
solution based on the Juno gravity measurements'’. The inner shell represents
the winds ata depth of 3,000 km. The cloud picture isa combination of Juno and
Cassini visible light images. b, Close-up of the pale blue rectangle in a, showing
the cylindrical nature of the strong 21° N cloud-level jet that projectsto13° Nata
depth of 3,000 km (Region 2). The white dashed line represents the location of
its maximum velocity at all depths. The region closer to the equator (Region1,
outside the tangent cylinder) contains mostly shallow flows, and the region
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closer to the poles (Region 3) has jets that become weak (<10 m s™) at 3,000 km
depth. ¢, The zonal mean zonal wind at the cloud level*® (blue), and an estimation
of the mass (per metre of a latitude ring) participating in the zonal flows,
extending downwards in the cylindrical direction (orange; see ‘Calculation of the
ring mass’in Methods). d, Multiplication of the absolute value of the two curves
inc (blue), giving an estimate of the wind-induced momentum of each cylindrical
ring (per metre in the meridional direction) and the cumulative integral
(normalized by the total shell momentum) of the blue curve, starting from the
north pole (orange). Credit:image in a, NASA/JPL-Caltech/SSI/SWRI/MSSS/ASI/
INAF/JIRAM/Bjo6rn Jonsson under a Creative Commons licence CC BY 3.0.

to degree 40 (Extended Data Table 1), which we find to correlate well
with the calculated wind-induced gravity harmonics. This strengthens
the conclusion that the measured gravity anomalies are caused by the
winds observed at the cloud level extending inwards. Moreover, the
analysis provides direct observational evidence that the cloud-level
winds extend inwards along the direction of the spin axis, as has been
suggested in theoretical studies'".

The gravity harmonic coefficients (/,; Methods) are anintegrated
measure of the planetary density distribution projected on a Leg-
endre polynomial basis function. These have traditionally been used
to understand the planetary shape and radial density distribution of
nearly spherical objects”**”. The high-precision gravity measurements
taken by the Juno mission®*? enabled the detection of small variations
in the gravity field due to the flows circulating the planet, which cre-
ateageostrophic density anomaly thatimprints the gravity signal'®*.
Thus, the density can be separated into a static component, which
is north-south symmetric (as the mean radial density profile has no
hemispherical asymmetries), and adynamical component due to the
flows, which has both north-south symmetric and asymmetric contri-
butions". The static component of the gravity harmonics decreases rap-
idly withincreasing degree, while the dynamical component remains
roughly the same magnitude for high harmonics due to the latitudinal
variability of the wind-induced density variations®. This results in the
gravity signal beyond J;, being fully due to the dynamics (Extended Data
Fig.1). In previous studies gravity measurements could resolve indi-
vidual harmonics up to/,,, meaning that determination of the depth of
the flow could be done either by the low-degree odd harmonics (/5, /s, /;
and ,) or by subtracting the static component of the even harmonics
(/s—~)10), based on interior structure models' (Extended Data Table 2),

from the measurements. Thus, by coincidence, the Juno measurement
sensitivity and the degree where the spectrumbecomes purely dynami-
cal (for both even and odd) lie at /,,. Here we expand the measured
gravity spectrumto much higher degrees, allowing us to better resolve
the dynamical effects.

Results

Analysis of the high-harmonic gravity signal

The closest approaches of the Juno spacecraft to Jupiter are atlow and
mid-latitudes, and thus the Juno gravity data sensitivity is saturated
near the poles, limiting the number of gravity harmonics that can be
resolved. To overcome this limitation, we took advantage of the fact that
the zonal flows at high latitudes are weak®, and that the background
interior mass distribution is not expected to contribute to the gravity
harmonics beyond J,, (ref. 24), and constrained the zonal harmonics
beyond/,, tolessthan1mGalat highlatitudes (Methods). This allowed
the gravity harmonics to be resolved up to/,, under this assumption.
In other words, spatial constraints were applied near the poles so
that the recovered high-degree/, represent the gravity in the latitude
band between 40° S and 70° N where the sensitivity of Juno to Jovian
gravity is highest. This constraining technique is often used when there
isincomplete spatial coverage®®?.

Under this assumption, the gravity harmonics could be measured
to high degree (black data pointsinFig. 2a), demonstrating a wavy pat-
tern. This assumption does not affect the low-degree harmonics (/,—/,,)
measured without this assumption?. The gravity harmonics resulting
fromthe dynamics (red data pointsin Fig. 2a) were calculated by extend-
ing the cloud-level winds inwards along the direction of the spin axis
and optimizing their vertical profile so that the wind-induced gravity
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Fig.2|Jupiter’s gravity harmonics up to/,,. a,b, The measured gravity
harmonics with the constrained solution (black) and the corresponding
calculated wind-induced gravity harmonics (red) based on projecting the
cloud-level winds inwards cylindrically along the direction of the spin axis

(a) and radially (b). In both panels the wind decays with a radial profile Q(r)
(Methods, equation (5)), where ris radius. For the measured even harmonics
Jo.Jsand J,o we subtracted the non-dynamical values (Extended Data Table 2)
coming frominternal structure models®./, and /, were omitted because the
relative contribution of the dynamics is very small*%. The uncertainty in the
measurements (black bars) is the 3o uncertainty (that is, three times the values
givenin Extended Data Table 1), and for calculated dynamical gravity uncertainty
values come the uncertainty in the measured cloud-level winds® as shown in the
grey envelope in Extended Data Fig. 2.

harmonics matched the measured low-degree odd gravity harmonics
(/3.J5,J,andJ,) as donein previous studies'®", The optimization was per-
formed using the adjoint method?®, and the relation between the wind
structure and the density anomalies used to calculate/, was determined
viathermal wind balance®***° (Methods). Figure 2a shows that the con-
strained measurements match the dynamical values up to/,, remark-
ably well (correlation of 0.87), indicating that, with very high likelihood,
the measured gravity harmonics are due to the winds. It is also evi-
dent that this match is associated with the wavy pattern of the signal
(explained below), which decreases in power for the higher degrees
and has a wavelength of 5-6 harmonic degrees. Note that the gravity
harmonics are presented on alinear scale, unlike the traditional pres-
entation of the gravity harmonics on alog scale (Extended Data Fig.1)*,
which further emphasizes the strong match to the measurements.
The shortrotation period of the planet (9.92 h) and the large scale
of the dynamics result in geostrophic dynamics®. This also implies
that theoretically, and if the dynamics are also barotropic, the zonal
flow is expected to extend inwards along the direction of the axis of
rotation. This has been discussed theoretically since the early papers
aboutJupiter’sdynamics'*', demonstrated inlaboratory experiments®
and 3D numerical simulations®*** and used in numerous theoretical
studies®** but never confirmed observationally. The nearly barotropic
nature of the flows is known from the fact that they decay inwards very
gradually over several thousand kilometres' (Extended Data Fig. 2),
and thus although not purely barotropic, the decay is weak enough

that nearly barotropic dynamics apply***, and the flow is therefore

expected to be aligned with the axis of rotation*’. Here we take advan-
tage of the new knowledge of the high-degree gravity harmonics to
show observational evidence for the alignment of the zonal flows with
the axis of rotation. Figure 2b shows the same asin Fig. 2abut with the
cloud-level winds extended inwards radially, instead of along the spin
axis, showing that the high correlation up to/,, in Fig. 2a breaks when
the flowis not aligned with the spin axis. In both cases presented here
the decay of the flow amplitude inwards is radial, assuming that the
decayisrelated to higher pressure, either directly through the denser
fluid® or due to the magnetic field"***. However, as the specific vertical
decay mechanismis unknown, we also explored the possibility that the
winds extend inwards cylindrically and that the decay also has a cylin-
drical orientation (Extended Data Fig. 3). This third option correlates
less well with the measurements, but better than the pure radial exten-
sionwith radial decay. We thus conclude that the best fitis found when
the extensionis cylindrical but the wind magnitude decays radially.

The source of the wavy gravity signal

Further evidence for the flow orientation can be gained by understand-
ing the origin of the wavy pattern in the gravity signal shown in Fig. 2.
Todoso, we analysed several simplified profiles of the cloud-level winds
(Methods).First, we examined a case in which the winds at all latitudes
were set to zero, and only the jet at 21° N was retained (blue line in
Fig.3a). This produced agravity signal that captured much of the meas-
ured signal (Fig. 3b, and see the corresponding density anomaly in
Extended Data Fig. 4). To confirm that this jet is setting the frequency
of this wavy pattern, we experimented with the wind profile by again
keeping only a single jet, but artificially shifting the 21° N jet equator-
wards by 5°so thatasingle jet existed at16° N (dashed red line in Fig. 3a)
and alternately shifting it polewards so that asingle jet existed at 26° N
(dashed green line in Fig. 3a). The resulting gravity spectra (Fig. 3b)
show that none of these synthetic wind profiles matched the data,
with the poleward (equatorward) jet shift decreasing (increasing) the
wave frequency. Thisimplies that the observed cloud-level winds, and
particularly the 21° Njet, set the gravity spectrum. Despite the impor-
tanceofthe21° Njet, therest of the winds between 25° Sand 25° N did
improve the match to observations (black line in Fig. 3¢), with most
of the secondary contribution coming from the 18°S jet. We further
demonstrate this when examining the surface gravity (Fig. 4b).

The dominance of the 21° N jet serves as evidence that the flows
extendinwards cylindrically. This can be understood by considering the
threeregionsillustratedin Fig.1b.InRegion 1, outwards of the tangent
cylinder (whichencompasses adepth of 3,000 kmat the equator), there
arestrongwinds at the cloud-level; however, the winds do not penetrate
deeply when projected cylindrically, meaning that there s little mass
involvedin this flow and thus little influence on the gravity harmonics.
Therefore the equatorial winds (equatorwards of 17° latitude where the
tangent cylinder outcrops the surface), despite being strong, have a
negligible contributionto the gravity signal. The integrated cylindrical
mass around a latitude circle (Methods), which peaks at 17° latitude,
is shown in Fig. 1c. Polewards, in Region 2, where there are the strong
jetsat21°Nand18°S, the winds are both strong and penetrate deeply
(Fig. 1c) over aregion with substantial mass (with alarge mass anomaly
across the jets; Fig. 1d), and thus contribute strongly to the gravity
signal. Previous studies, varying the latitudes of winds*° or using baro-
tropic winds*, also demonstrated the importance of Region 2. Note
that the jet at 21° N is approximately three times stronger than the
jetat18°S and just slightly less aligned with the region of maximum
mass (Fig. 1c), and thus contributes about twice as much to the gravity
signal (Fig.1d).In Region 3, polewards of these strongjets, the jets are
weaker and involve less mass (Fig. 1c), and thus their contribution to the
gravity signal is small. Note that if the flow projected inwards radially
(Fig.2b), the equatorial flows (Region 1) would have contributed much
more to the gravity signal, and the contribution of Region 2 would not
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Fig.3| The specificjets controlling the structure of the gravity harmonic
pattern. a,Jupiter’s cloud-level winds™ (black) with the 21° N jet (blue) and the
experimental equatorward (red, dashed) and poleward shifts (green, dashed).
The18° Sjetis also shown (orange). b, Wind-induced gravity harmonics (/,/,,)
resultingjust from the 21° N jet and similar jets offset equatorwards and
polewards compared with the measurements shown in Fig. 2. The error bars for
the measurements are shown in black in Fig. 2 and omitted here for clarity.

¢, The separate contributions of the 21° N jet, the 18° S jet and the full 25° S-25° N
region. d, The gravity harmonics from the full winds (as in Fig. 2a), considering
different decay depths, with the flow decaying to 2% of the surface value at
2,000 km, 3,000 kmand 4,000 km (green) (see Extended Data Fig. 2 for radial
decay profiles).

have been so dominant. The dominance of the 21° N jet in the gravity
harmonics (Fig. 3b) thus serves as direct observational evidence that
the flows projectinwards cylindrically.

Figure 3b shows clearly that the frequency and decay of the wavy
pattern of the gravity signal come mainly from the 21° N jet. The fre-
quency of the wave pattern emerges from the location of the most
dominant jet. We illustrate this in Extended Data Figs. 5 and 6 using
a simple pulse (Methods) and demonstrate this even analytically in
the limit of high harmonics (Methods, where an analytic expression
gives therelation between the gravity anomaly location and the wave
frequency). The decay of the wave (that is, half of the amplitude at
roughly harmonic 20) is set by the width of the jet (gravity pulse),
meaning that the narrower the jet is, the longer it takes the signal to
decay. The amplitude of this signal comes from the wind penetra-
tion depth, as deeper regions are denser and the gravity signal is thus

stronger. This is demonstrated in Fig. 3d, which shows the gravity
signal resulting from the full winds (black line in Fig. 3a), projected
inwards alongthe direction of the spin axis and decaying radially with
afixed hyperbolic tangent function to different depths (Extended Data
Fig.2).Inthisanalysis, we did not optimize the decay function to allow
proper comparisonbetween the solutions. Itis evident that the winds
decayingto 3,000 km best match the measured gravity harmonics, as
shown previously™. Interestingly, as the frequency and decay of the
wave do not depend on depth, some of the gravity harmonics (which
happentobeat the zero crossing of the wave) do not depend ondepth.
Inparticular, the wind-induced /., whichis crucial for interior structure
models****, happens to be very close to zero, and thus contributes very
little to the overallJ,. This could potentially be used to place stronger
constraints on the dynamical/,used in interior models.

Analysis of the surface gravity at cloud level

Taking a different approach to examining the gravity harmonics, the
analysis can be done on the surface gravity itself. Figure 4a shows the
surface gravity as function of latitude, takinginto account only the first
four odd harmonics (the low-order harmonics resulting purely from
the dynamics). As expected, there is a match between the measured
datafromthe previous analysis, the new gravity analysis and the calcu-
lated wind-induced gravity harmonics. InFig. 4b we extend the analy-
sis to include all purely dynamical harmonics up to/, (where N =40,
exceptthe earlyJuno study (blue) where Nwas 24 and the mid-mission
update (green) where Nwas 30; Methods). The results show thateven
though the high gravity harmonics of the early analyses®* were very
different from the new gravity analysis (Extended Data Fig. 1), their
combination is very similar between 40° S and 40° N when mapped
to the surface gravity, indicating that the small-scale variability of
Jupiter’s gravity field was resolved in the previous analyses in this
region. The constrained gravity solution (black) matches the full zonal
wind-induced profile (red) at high latitudes as well. Setting constraints
athighlatitudes effectively decorrelates the individual contributions
and allows the harmonics beyond/,, to be estimated. In the absence of
those constraints, the estimation errors for the surface gravity in the
polar regions are large as a consequence of the inability to estimate
the high-degree harmonics. For this reason, the gravity solutions in
the polar regions®?, although apparently very differentin Fig. 4b, are
statistically identical. Note also thatin addition to the strong signal due
to the 21° N jet, the signal due to the opposing southern hemisphere
jetisalso evident.

Discussion

This study presents the gravity harmonics of Jupiter to high degree
followingJuno’s multiple flybys of Jupiter, taking into account that
the dynamical contribution at high latitudes is small. This new analy-
sis enables resolving several key issues regarding the uniqueness and
dynamical balances of the flow field of Jupiter. Deducing the flow field
from the gravity spectrum is, by definition, non-unique, as the flow
field has endless degrees of freedom and many different flow fields
canmatch afinite number of gravity harmonics. In addition, the gravity
is an integrated measure of the mass and thus the non-uniqueness is
inherent. The uniqueness question has therefore been hotly debated
in the literature'®***¢, and other flow fields completely unrelated to
the cloud-level winds have been suggested* and shown to be able to
match/,, /s, J; and J,. However, the match between the measurements
and the gravity signal from the cloud-level winds projected inwards up
to/,,and the dynamical explanation of the wavy pattern serve as strong
evidencethat the gravity signal comes from the cloud-level flows. This
study also shows that higher-order correctionsto thermal wind balance,
which have been argued to be necessary for gravity analysis**, canbe
neglected (Extended Data Fig. 7), as this analysis, using thermal wind
balance torelate the flow and the density anomalies*”***°, gives a gravity
field that correlates very well with the measurements. The same wavy
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Fig. 4| The wind-induced surface gravity. a, Jupiter’s surface gravity based
onthe low-degree purely dynamic gravity harmonics (/, /s, /; and J,) using the
measurements from the first two gravity orbits (less et al.’) (blue), the first 10
gravity orbits (Durante et al.”®) (green), the calculated harmonics based on the
cloud-level winds using the thermal wind (TW) balance (red) and the constrained
solution presented in this study. b, The same as a, but using all dynamical
harmonics (/5,/5, /5, Jo and J;,~/y; Methods).

pattern of the gravity signal also explains the signs of the low-degree
harmonics},,/s,/,and J,, which were measured early in the Juno mission’.
Overall, these results confirm that the cloud-level winds imprint
the gravity signal, and provide direct evidence of the cylindrical
structure of the flows, which penetrate cylindrically down to ~-10° bar
(3,000 km). The cylindrical orientation also implies that the jets are
nearly barotropic (via the Taylor-Proudman theorem®), particularly in
theupperlevels, asindicated by the best-matching vertical zonal wind
profiles (Extended DataFig.2). The 3,000 km depth of the zonal flows,
aswellasthe equivalent 9,000 km depth found on Saturn'**., fit well the
depthatwhichelectrical conductivity rises onboth planets', hinting at
the connectionbetween the decay of the flow and the magnetic field™.
Yet, there is no complete mechanism that can quantitatively explain
the decay of the flow with depth, and other mechanismsinvolving com-
pressibility’ or a stable layer'”*> have also been suggested. This study
provides observational evidence for the structure of the flow at depth,
and the next challenge is to mechanistically explain this structure.

Methods

Analysis of the Juno radio Doppler measurements

This study isbased on gravity data collected fromatotal of 26 perijove
datasets, where 19 arcs have the two-way dual-frequency (X and Ka
band) data®®**. The acquisition of the first perijove data started on
27 August 2016 (that is, perijove 1) and the last data considered in this
study were taken on 17 October 2021 (that is, perijove 37). To recover
Jupiter’s gravity field, the external gravitational potential of Jupiter can
be modelled using a spherical harmonic expansion:

&(r,0,p) = GTM % i (R—:)HP,,,,,, (sin6)

n=0m=0 (1)

X [Cym €OS (M) + Sy SiN (MP)],

where Gis the universal gravitational constant, M is the mass of Jupi-
ter, R.isthe reference equatorial radius of Jupiter (71,492 km), P, ,are

theassociated Legendre functionsand C, ,and S, are the unnormal-
ized spherical harmonic coefficients (the corresponding unnormal-
ized zonal harmonics are/, = -C,,). The gravitational acceleration of
anexternal point source (for example, the Juno spacecraft), defined
by the latitude (6), longitude (¢) and radius (r), is given by the gra-
dient of this potential. In this study, the gravity field of Jupiter was
modelled with adegree 40 zonalfield (that s, /,—/,,) plus four tesseral
degree 2 terms (thatis, C,,, S,;, C,,and S, ,). For planetary motion,
the Jet Propulsion Laboratory’s Planetary and Lunar Development
Ephemerides 440 (DE440) was used®. Other globally estimated
parameters were Jupiter’s spin-pole motion and tidal Love numbers.
Foreach perijove, locally estimated parameters were the spacecraft
state, solar pressure scaled factor and a correction to the first degree
12 zonal coefficients.

Juno’s orbitis highly inclined relative toJupiter’s equator (-90-
106°) and the periapsis latitude varies from 3.78° to 30.65°. The
unconstrained global solution has a sensitivity of up to ~/;, as the
Juno data sensitivity is saturated near the poles (that is, far from
Jupiter when the Juno spacecraft is tracked by NASA’s Deep Space
Network). A spatial constraint method often used for a sparse
dataset was thus applied to extract shorter-wavelength signatures®~.
Forlatitudes between (90°S, 40° S) and (70° N, 90° N), longitude and
latitude grids were created for every two degrees, which would
be equivalent to having latitude-only constraints scaled by
V/360°/2° ~ 13. For each grid point, the a priori surface acceleration
value was constrained to be zero for zonal harmonics /;;-/,,, With
empirically varying a priori determined uncertainties set to
reach amapped a priori surface acceleration uncertainty of 1 mGal.
Specifically, for each grid point, the a priori uncertainties were
assumed to be 0.04 mGal, 0.1 mGal, 0.2 mGal, 0.3 mGal, 0.4 mGal,
0.1 mGal and 0.04 mGal for latitude bands of (90° S, 80°S), (80°S,
70°5S),(70°S,60°S),(60°S,50°S), (50°S,40°S),(70° N, 80° N) and
(80° N, 90° N), respectively. With this constraint, the recovered
zonal coefficients, /,-/;,, would represent Jupiter’s global zonal
field, whereas the recovered /;;-/,, would be a localized solution. In
other words, this constraint method extracts the zonal harmonics
Ji3-J40 mainly from the latitude band (40°S, 70° N). This constraint
technique is similar to the Kaula constraint®®*”**> but uses a
spatial constraint instead of a spectrum constraint. The recovered
Jupiter zonal gravity field is shown in Extended Data Table 1. Figure 4
shows that the surface gravity from high-degree harmonics resulting
from the estimation of the constrained harmonics J;;-/,, is
about 1 mGal, which is the expected range for gravity anomalies in
the polar regions

Giventhat we were working with a sparse dataset, it was crucial to
assess the robustness of the recovered zonal coefficients. One method
that is often used for assessing the validity of the estimated values is
testing the repeatability of the solution using subsets of data®. We
tried estimating the zonal harmonics /,-/,, using various subsets of
data, such as first half fly-bys, second half fly-bys, every other fly-by
and fly-bys with only dual-frequency data. The final reported uncer-
taintiesin Extended Data Table 1were computed by scaling the formal
uncertainties of /;;-/,, by afactor of 1-2 so that the differences between
the subset solutions are bounded by the reported uncertainties. Thus,
the recovered zonal harmonics and associated uncertainties are sta-
tistically valid and robust for the dynamical and measurement models
we used in our estimation process. We note that Fig. 2 shows three
times these scaled uncertainties (reported in Extended Data Table 1)
such that the error bars show a more conservative representation of
estimated uncertainties. Even in this conservative case, zonal harmon-
ics up to/,, were clearly recovered, and the wavy pattern we explain
physically (see ‘The source for the wavinessin the wind-induced grav-
ity harmonics’ below) extends through J,,, giving confidence that
these high harmonics have a physical meaning even when close to
the formal uncertainty.
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The vertical wind profile

In this study we examined three different scenarios defining how the
windis expected to be organized below the observed cloud-level wind.
In the first scenario, the interior wind was organized into columns
reflecting the cloud-level winds:

uP™oi(r, 6) = u>s(8"), vl

where @ = arccos(rcos6/R.) relates the latitude of the interior location
6, to the latitude at cloud level &, which is at the same distance from
the spin axis. Here, u®* denotes the observed cloud-level winds and
uP™ is their inward projection. This scenario is supported by many
studies'®'***** as discussed in the main text, and was used in the cal-
culation of all results, aside from those shown in Fig. 2b and Extended
Data Fig. 3 (see below). In Fig. 2b we examine the second scenario, in
which the wind observed at the cloud level was projected inwards in
the radial direction, so that:

uPri(r, 6) = u°(6). (3)
This scenario reflects a hypothetical dynamical situation inwhich the
rotation of the planet does not play arole in the deep structure of the
zonal flows.

Given the wind scenario, we then allowed the flow to decay in the
radial direction for these two cases, to give the outcoming flow field:

u(r, 6) = uP™i(r, )Q(r), )

where the radial decay function Q(r) is defined as:

Ar>+a[ta”h<‘A;;H)+1],

a0 = - wexp (-7 () 11
AH

o )]

where Ar=R.—r, H is the scale height, a is the contribution ratio
between an exponential and a normalized hyperbolic tangent func-
tion and AH is the width of the hyperbolic tangent’. This flow field
was then used to calculate the gravity perturbation caused by the
winds, as discussed below. The choice to make the wind decay radially
is based on physical reasoning, as the pressure and density increase
radially, resulting in suggested radial decay mechanisms due to com-
pressibility’, Ohmic dissipation® or a stable layer"”. The values giving
the best-fit (to /;, /s, J; and J,) of the optimized vertical profile, used in
Fig. 2 (Extended Data Fig. 2b, black), were H=2,101 km, AH =842 km
and a = 0.68. For cases where we compared the same profile at differ-
ent depths (unoptimized to permit a proper comparison in Fig. 3d),
the values were a =1, AH=500 km and H=1,000 km, H=2,000 km
and H=3,000 km for the blue, red and green profiles, respectively.
Note that the quoted valuesin the legend of Fig. 3d and Extended Data
Fig. 2b are for where the flow decays to 2% of the surface flow and
not the H value from equation (5). The values for the yellow curve in
Extended DataFig. 2, whichincludes the magnetic considerations, are
H,,=200km,f,,=0.55kmand 6H;=204 km, as discussed in aseparate
study™ (see equation (9) in that study). This profile and the best-fitting
zonal wind meridional profile' give similar gravity harmonics to those
showninFig. 2a.

A third option we examined was that both the extension of the
cloud-level winds and their decays are along the direction of the spin
axis (Extended DataFig. 3). Inthis case, Arinequation (5) is replaced by
the cylindrical distance z= R.sin@ - |rsinf)|. The correlation in this case
was lower (0.41) than when the winds extended cylindrically and the
decay wasradial. Inthis case, the best optimized case had H = 3,990 km,
AH=2,057 km and a = 0.9 (Extended Data Fig. 3c). For comparison,
Extended Data Fig. 3b has the same H, AH and a values as those of the
original optimizationshownin Extended DataFig.3aand Fig.2a. When

the decay is cylindrical the maximum velocity is always at the outer
levels of each cylinder (which is not necessarily the case in the radial
decay case); this should be takeninto account when further investigat-
ing the decay mechanism'*,

Calculating the wind-induced gravity harmonics and surface
gravity

Thegravity field,ameasure of the planetary mass distribution, depends
onthe zonal winds via abalance between the anomalous density field
andthe flowfield, as expectedinlarge-scale flow on fast-rotating plan-
ets such as Jupiter®. Here we give a short version of the derivation of
this balance (for the full derivation refer to other studies'>*"*>*°). The
momentum balance, under the assumption of asmall Rossby number
(large-scale motions on a fast-rotating planet) and a steady state, is:

22 x(pu)=-Vp—pg—pNR2 x 2 xr, 6)

whereuisthe 3D flow vector, Qis the planetary rotationrate, pis den-
sity, p is pressure and g is the gravitational acceleration®. Separating
the solutions toarigid body solution p,(r,0), p,(r,0) and g,(r,0) inwhich
u=0,andadeviationdue to the dynamics p’(r,0), p’(r,0) and g’(r,0), the
dynamical balance becomes:

202 x(psu) = =Vp' —pg —p'gs —p' 2 xAXr. @

Next, neglecting all terms including g’ and the centrifugal term, which
are of lower order®® (Extended Data Fig. 7), assuming sphericity (with
p., psand g;becoming radial functions only) and taking the curl results
inthe zonal component of equation (7) becoming:

a __op
2Qfa—z(PsU) =8 20" ®

where zis the direction of the spin axis. Given a zonal flow field u, this
equation can be solved for p” up to an integration constant p,(r) that
does not affect the gravity harmonics'®*’. The wind-induced gravity
harmonics were calculated as the volume integral of p’ projected onto
Legendre polynomials:

/2

Re
AJ, = 2© f r2dr /
0

= MR? P, (sinB)p’ (r,0)cos 6d6. )
0=—1/2

The calculated odd gravity harmonicsn=3, 5, 7, 9 were then compared
with the measured values, and an optimal solution for the flow field was
found by varying the parameters H, a and AH using the adjoint method
of optimization®. Note that the (r/R.)" factor in equation (9) resultsin
the higher harmonics being smaller, but as this factor for the relevant
depths (up to 3,000 km) is close to unity, these variations are not large.

The gravity harmonics canbe used to calculate the surface gravity
anomalyin the radial direction via:

Ag, () = —%4 D (n+1)AJ,P,(sinb), (10)

withn=3,5,7,9 usedinFig.4a.InFig.4b,inadditionton=3,5,7,9,we
also included the high harmonics used in each of the earlier gravity
analyses (/;,-/,); thatis, harmonics 11-24 for the first 2018 Juno study’,
harmonics 11-30 for updated 2020 Juno study? and harmonics 11-40
for the new gravity analysis and the thermal wind solution.

It has been shown that while the termincluding g’ in equation (7)
issmall, it cansstill contribute to the low-order gravity harmonics of the
order of several tens of per cent***°, To estimate this contribution, we
adopted the method of Wicht et al.** and calculated the gravity harmon-
icswhenincluding the g’ term (dynamic self-gravity). The solutions are
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presentedin Extended DataFig. 7, and are consistent with Wichtetal.,
confirming that these contributions are small.

The wind-induced density anomalies and gravity signal
Tobetter understand the relation between the wind field and the den-
sity anomaly structure (equation (8)), and the relation between the
density anomalies and the detected radial gravity signal at the cloud
level presented in Fig. 4 (Ag,, equation (10)), we examined the three
fields together with the wind decay rate, (Q(r), equations (4) and (5))
and the static density component (Extended Data Fig. 4). For a clear
comparison, and to allow better understanding of the density anoma-
lies, we present the case of the full wind field (Extended Data Fig. 4b)
together with a synthetic case with the 21° N jet wind field alone
(Extended Data Fig. 4c), as asubstantial part of the gravity signal comes
directly fromit (Fig. 3). The wind field was composed by projecting the
cloud-level wind in adirection parallel to the axis of rotation (u”™(6,r),
equation (4)) and multiplying it by the best-fit radial decay function
(Q(r), Extended Data Fig. 4a), representing the fraction of the
cloud-level wind at every depth. Note that as u” has no decay, its verti-
cal derivative <%> is equal to zero. For the examples presented here,
the 3,000 km depthlevel represents the depth at whichthe wind decays
to about 20% of its original velocity, and it is the decay-rate inflection
point (Extended DataFig. 4g).

The dynamical density resulting from a wind field is calculated
using thermal wind balance (equation (8)). To determine the abso-
lute dynamical density, the integration constant was set to zero*,
exemplified in a transition from negative to positive anomalies in the
meridional direction (Extended Data Fig. 4e,f), which sums to zero at
each depth. Note that this choice does not affect the results, as this
radial integration constant does not project on/,, which are only a
function of latitude®.

Itis notable that when the wind field was composed of asingle jet
(Extended Data Fig. 4c), the resulting dynamical density has a single
latitudinal jump (Extended Data Fig. 4f), matching the jet location. This
helpsto clarify the more complicated dynamical density of the fullwind
(Extended DataFig. 4e), where each latitudinal shear matches exactly
thelocationof ajet stream (Extended DataFig.4b). Inthe vertical direc-
tion, a clear transition appears at a depth of 1,900 km (black dashed
lines, Extended Data Fig. 4). This depthis the transition point between
two competing factors, the vertical change of the static density (p,) and
the vertical change of the wind decay rate. We can simplify the left-hand
side of equation (8) by recalling that the derivative along the direction
of the spin axis of uPis zero and open the derivative, such that:
0(Qps)

74

a(PSU) = 202ruP™i = 20ruPro [Q

3(pst) )
0z 0.

20 —=
r oz "Pa;

]. a

At relatively shallow depths, the static density increases by several
orders of magnitude (Extended Data Fig. 4d), making its shear (%)
positive and dominant (Extended Data Fig. 4g, orange). However,
deeper than 1,900 km, the wind-decay shear (a—Q) which is negative,
becomes dominant (Extended Data Fig. 4g, yel%w), flipping the sign
of the shear in equation (11) and resulting in a flip of the sign of the
dynamical density.

The radial gravity anomaly at the planet’s surface that results
from the wind-induced dynamical densities is a summation of the
different considered gravitational harmonics and their associated
Legendre polynomials. As asingle jump in the dynamical density field
will contribute to all the gravity harmonics (see main text), similartoa
pulsethatisrepresentedinthe spectral domain (Extended DataFig.5),
the gravitational harmonics resulting from the 21° N jet wind field are
summed to give a gravity anomaly that varies with latitude (Extended
Data Fig. 4i). This gravity anomaly represents a large fraction of the
full wind gravity anomaly (Extended Data Fig. 4h) as it captures its
overall magnitude and some latitudinal variations. This relates to Fig. 1,

which intuitively shows that the 21° N jet (or Region 2), being strong
and comprising asubstantial mass due to its location, produces amajor
part of the gravitational signal detected by the spacecraft.

Calculation of the ring mass

InFig. 1c, the orange curve represents an estimation for the ring mass
(M;), projected inwards parallel to the axis of rotation under each
latitude, that moves like the projected cloud-level wind. To calculate
this mass, we defined a coordinate, z, which is the depth coordinate
projected downwards from the cloud levelin adirection parallel to the
axis of rotation. The radial depth can be calculated as:

r6,2) = /Rjz +22 —22R;sin 6,

where R, (= 69,911 km) is the mean radius of Jupiter. The column height,
defined as the distance parallel to the axis of rotation from each point
downtotheequatorial plane, is H. = Rsinf. The columnmassis defined as:

Hc
f psdz,
0

where p,(r) isthe mean density™. To only include the mass fraction that
participatesin the motion of the cloud-level wind, we also considered
the wind decay function'®, Q(r), such that the wind-participating cylin-
drical ring massis:

(12)

13)

Hc

M¢ = 2mR, cos (G)fpSQ dz.
0

14)

The source for the waviness in the wind-induced gravity
harmonics

Togive physicalintuition to the wavy nature of the gravity harmonics,
we perform a synthetic analysis of a pulse in a real space, and decom-
poseitusingthe discrete Fourier transform (Extended DataFig. 5). For
simplicity, we decompose a one-dimensional signal in spectral space
and show that the results are robust and give the right intuition for
decomposing the gravity anomaly to gravity harmonics using Legendre
polynomials on a sphere (Extended Data Fig. 6). The pulse is defined
as a Gaussian centred around location x,, with an amplitude A and a
width W, such that:

2
y(x):Aexp(—%(x WXO) ) 15)

Hence, the three factors that define the pulse are x,, A and W. We examine
how each of these factors affected the representation of the pulse in
the spectral space. It is well known that the spectral representation of
a pulse willinclude a wavy pattern of different frequencies. The pulse
height (Extended Data Fig. 5a) intuitively dictates the amplitude of the
wave (Extended Data Fig. 5d), whichis well represented in amagnitude
plot of the 30 lowest frequencies (Extended Data Fig. 5g). A pulse with
infinitesimal width is represented in the spectral space by a ‘perfect’
wave, such that allwavenumbers contribute equally. This is shown for a
very narrow pulse width (Extended Data Fig. 5b, blue), where the ‘decay’
of the frequencies vanished (Extended Data Fig. 5e,h, blue). However,
awide pulse (Extended Data Fig. 5b, orange) requires fewer wavenum-
bers (Extended DataFig. 5e,h, orange), moving the cutoffsuch that the
decay of frequenciesis faster. Lastly, a pulse located at the middle of the
domain (Extended DataFig. 5c, yellow) resultsinavery short wavelength
(distance between neighbouring peaks) in the spectral space represen-
tation (Extended Data Fig. 5f,i, yellow). Pushing the pulse to the north
increases the wavelength, creating a ‘smoother’ wavy pattern.
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We perform a second synthetic analysis of a hypothetical local-
ized gravity anomaly (Extended DataFig. 6). We start with a Gaussian
function with a width of 5° (red line), centred around 16° N, which
resemblesin character the surface gravity resulting fromthe observed
21° N jet (Extended Data Fig. 6a, grey line). Note that the surface
gravity is composed of all the gravity harmonics /,—/,,. The resulting
gravity signal (Extended Data Fig. 6b) shows a wavy pattern, similar
to that resulting from the observed wind profiles, that depends on
the exact shape of the synthetic surface gravity. A narrower surface
gravity signal (2° in width; Extended Data Fig. 6a, blue) results in a
wavy pattern that has less variation in the amplitude of the harmo-
nics, while a wider surface gravity signal (8° in width; Extended Data
Fig. 6a, green) does not change the lower harmonics, but makes the
higher harmonics smaller, leading to astronger decay. Inboth cases,
there is no effect on the frequency of the wave. This is equivalent to
the simple case of changing the pulse width in spectral space. Moving
the surface gravity signal in latitude (Extended Data Fig. 6, lower
panels) affects the frequency, similar to changing the pulse’s loca-
tion in the simple test above. An equatorward shift (5° in latitude;
Extended DataFig. 6b, blue), increases the frequency, while asimilar
poleward shift results in a decreased frequency (Extended Data
Fig. 6b, green). The fact that the wavy patternis not jumping’in sign
between gravity harmonics suggests that the pulse responsible for
this signal is off-equatorial, as shown in the simple case above of a
centred pulse. Moreover, a pulse close to the pole will create amuch
‘smoother’ wave, hence, the jet location is not surprising due to the
specific wavelength of the gravity harmonics. It is also evident that
shifting the surface gravity signal does not change the amplitude
of the wavy patten in the gravity harmonics, for either the lower or
higher harmonics. The amplitude analogy is presented in the main text
(Fig.3d), where the different decay depths generate different ampli-
tudesinthe surface gravity signal.

We conclude thatzonal jet at 21° N has alocalized positive expres-
sioninthesurfacegravity (see also Extended DataFig. 4), and that the
signal, when decomposed into the Legendre polynomials, has a wavy
expression in the gravity harmonics. This is equivalent to the much
simpler case of a pulse decomposed using a Fourier transform. The
frequency of the wavy patternis set by the latitude of the surface grav-
ity (resulting from the location of the jet), the amplitude of the wave
is set by the decay structure and hence the amplitude of the surface
gravity signal, and how the wavy pattern decays with higher harmon-
icsis set by the width of the surface gravity signal (resulting from the
width of the jet).

An analytical expression for the latitude of the wave source
Expanding on the physical intuition of the previous section, here we
derive an idealized analytical expression for the latitude of the wave
source. Consider an idealized representation of the gravity anomaly
resulting from the 21° N jet, shown in Extended Data Fig. 6a-c (and
Extended Data Fig. 4i) in the form of a delta function:

8x—0)= ) aPy (), (16)
n=0

where P, are Legendre polynomials and x = sin@. This is equivalent to
equation (10) with a, being proportional to/,. Multiplying by P,(x), with
k being the spectral wavenumber, integrating and using orthogonal-
ity, leads to:

ag = (k+ %)Pk ©). 17)

The asymptotic limit of high-n then gives (equation 8.10.7 of ref. 57):

Pn(sine)zcos[n(g—e)—g].

> (18)

Thus, if the wave oscillates with a constant period:

n (g - 6) = 19)

Analysis of the oscillation in Extended Data Fig. 6b provides a mean
period of n=4.8667 (for accuracy we extended the spectrum to very
high harmonics and averaged the period), and using this value inequa-
tion (19) gives 6 =16.03°, whichisin excellent agreement with Extended
Data Fig. 6a. Consistently, the north shift has a period of n=5.2222,
giving 6=21.06° in equation (19) and the south shift with a period of
n=4.5625gives 0=11.10°, both agreeing with what we find in Extended
DataFig. 6. This analysisis also consistent with treating the wind velo-
city asadeltafunction, with which similar oscillation frequencies and
shift differences are found in Fig. 3.

Data availability
Alldataare available viaHarvard Dataverse at https://doi.org/10.7910/
DVN/F63FFC.
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Extended Data Table 1| Estimated Jupiter zonal harmonics up to J,, based on the constraint solution

Jn | Value (x10°) | Uncertainty (X 10%) |

J | 14696.50743 0.00163
I 20.04473 0.00263
Ji | -586.60657 0.00213
Js 0.07312 0.00253
Jo | 34.19956 0.00203
2 0.12102 0.00249
s 2.42483 0.00209
Jo -0.10600 0.00257
J10 0.16979 0.00295
Ji1 0.03667 0.00305
Jia 0.03118 0.00308
Jiz | -0.00149 0.00298
Jia | -0.03355 0.00324
Jis | -0.03220 0.00387
T16 0.01883 0.00461
Ji7 0.03922 0.00519
Jis 0.01784 0.00528
Jio | -0.02709 0.00516
Jo | -0.03230 0.00557
a1 0.02274 0.00634
T 0.04023 0.00663
Js | -0.00626 0.00652
Joa | -0.02867 0.00695
Jos | -0.00598 0.00751
g 0.00873 0.00742
Ja7 0.01060 0.00780
s 0.00000 0.00836
Jo | -0.01904 0.00798
J0 | -0.01075 0.00840
J31 0.01157 0.00888
T3 0.01099 0.00837
J33 0.00198 0.00850
Ja | -0.00163 0.00851
Jis | -0.00541 0.00798
J6 | -0.00081 0.00767
J37 0.00733 0.00654
J3s 0.00217 0.00463
Jo | -0.00533 0.00458
Jio | -0.00300 0.00401

Jupiter zonal harmonics up to J,, based on the constraint solution and using Juno data collected from PJO1to PJ37.
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Extended Data Table 2 | Values for solid-body J, taken from interior structure models

Values for solid-body J, taken from interior structure models

1213

Jo 34.1880
Jg | —2.4608
J1o 0.2021
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