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Abstract The nature and structure of the observed east-west flows on Jupiter and Saturn
have been a long-standing mystery in planetary science. This mystery has been recently un-
raveled by the accurate gravity measurements provided by the Juno mission to Jupiter and
the Grand Finale of the Cassini mission to Saturn. These two experiments, which coinci-
dentally happened around the same time, allowed the determination of the overall vertical
and meridional profiles of the zonal flows on both planets. This paper reviews the topic of
zonal jets on the gas giants in light of the new data from these two experiments. The gravity
measurements not only allow the depth of the jets to be constrained, yielding the inference
that the jets extend to roughly 3000 and 9000 km below the observed clouds on Jupiter and
Saturn, respectively, but also provide insights into the mechanisms controlling these zonal
flows. Specifically, for both planets this depth corresponds to the depth where electrical con-
ductivity is within an order of magnitude of 1 S m−1, implying that the magnetic field likely
plays a key role in damping the zonal flows. An intrinsic characteristic of any gravity inver-
sion, as discussed here, is that the solutions might not be unique. We analyze the robustness
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of the solutions and present several independent lines of evidence supporting the results
presented here.

Keywords Jupiter · Saturn · Juno · Cassini · Planetary atmospheres · Gravity science

1 Introduction

The most prominent visual features on Jupiter and Saturn are their east-west bandings, which
have been observed since the invention of the first telescopes in the 17th century. These so-
called “zones” (bright regions) and “belts” (dark regions) are related to the two gas giants’
east-west jet streams. The exact interplay between these zonal flows and the banded struc-
ture of the clouds is not completely understood (see recent review by Fletcher et al. 2020a),
yet the eastward (westward) jets are typically accompanied by a zone on the equatorward
(poleward) side and a belt on the poleward (equatorward) side. Jupiter has about six distinct
jets in each hemisphere (Fig. 1), including a wide superrotating eastward jet centered around
the equator and narrower jets at higher latitudes. The fastest jet, reaching 140 m s−1, is at
latitude 23◦N, and is not accompanied by a similar jet in the southern hemisphere, creating
a hemispheric asymmetry (Fig. 1). On Saturn, the winds are stronger, with a wider equa-
torial eastward flow (extending to latitude ∼ 30◦) reaching velocities of nearly 400 m s−1.
Poleward of the equatorial jet, Saturn has 3–4 distinct zonal jets in each hemisphere (Fig. 1).
The jet velocities, measured by cloud tracking (e.g., García-Melendo et al. 2011; Tollefson
et al. 2017), and typically quoted relative to Jupiter and Saturn’s magnetic field rotation,
have been overall very consistent since the first spacecraft observations in the 1970s. As
Saturn’s magnetic field is almost perfectly axisymmetric, this reference frame has a larger
uncertainty for Saturn than for Jupiter, although recent measurements and theoretical calcu-
lations have limited the rotation period uncertainty to within a few minutes (Anderson and
Schubert 2007; Read et al. 2009; Helled et al. 2015; Mankovich et al. 2019).

Prior to the recent Juno and Cassini missions there have been very little data regarding
the flows beneath the cloud tops. The only in-situ measurements came from the Galileo
probe, which descended in 1995 into Jupiter’s atmosphere around latitude 6.5◦N. The probe
found that the zonal wind velocity increased from 80 m s−1 at the cloud level, where the
probe entered, to ∼ 160 m s−1 at a depth of 4 bars, below which the zonal velocity remained
nearly constant down to 21 bars (130 km below the clouds), where the probe signal was
lost (Atkinson et al. 1996). The fact that fast zonal winds extend so deeply indicates that
the zonal flow is not restricted to the thin layer within a few scale heights of the cloud level
that is subject to absorption of solar radiation, latent-heat release due to condensation of
water and other cloud-layer processes. Still, the depth reached by the Galileo probe is only
a mere fraction of the planetary radius, and thus the Galileo probe measurements do not
provide definitive evidence regarding how deep the zonal flows extend into the planetary
abyss. On Saturn, Cassini observations indicate that low-latitude winds seem to be stronger
at the 2–3 bar level than at the cloud level (0.5 bar), while the mid-latitude winds seem to
be nearly constant or become weaker with depth (Choi et al. 2009; Studwell et al. 2018). By
combining data from Saturn’s 2010 giant storm and numerical simulations, Sánchez-Lavega
et al. (2011) concluded that the zonal jets extend at least to the water-cloud base at pressures
of 10–12 bar. Above the main cloud layer, in the upper troposphere and stratosphere, the
lack of distinct cloud features makes tracking wind velocities difficult, and the wind shear
can only be indirectly inferred based on temperature measurements (Simon-Miller et al.
2006; Fletcher et al. 2007). For both planets, the zonal winds generally appear to decay with
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Fig. 1 The zonal wind profile of Jupiter (left) and Saturn (right), divided in the bottom panels into the
north-south symmetric (black) and anti-symmetric (orange) parts. In the top panels, the zonal wind profile
for Jupiter (Tollefson et al. 2017) is overlaid on an image taken by the Hubble Wide Field Camera in 2014;
for the Saturn case, the zonal wind profile (García-Melendo et al. 2011) is overlaid on an image created by
Björn Jónsson by combining Cassini and Voyager images and removing the rings. The grid in both images
has a 20◦ latitudinal spread and a 45◦ longitudinal spread. The scale of the zonal flows for Jupiter is the same
as the longitudinal grid on the sphere, and for Saturn it is triple

altitude above the cloud level, although these measurements contain uncertainties as well
(Sánchez-Lavega et al. 2019).

The question of how deep the observed jets extend has been debated extensively in the
literature since the early observations by the Pioneer and Voyager missions in the 1970s.
Two different approaches have been adopted in an effort to explain the jets. According to
the first approach, the jets are suggested to be shallow atmospheric features, such as those
that appear on terrestrial planets, and thus the dynamics controlling the jets are assumed to
be limited to a shallow weather-layer. Geostrophic turbulence theory provides a good under-
standing of the dynamics controlling jet width and the overall number of jets (Rhines 1975;
Held and Larichev 1996; Chemke and Kaspi 2015), and matches the number of jets ob-
served on Jupiter and Saturn. Many shallow-type models have demonstrated the formation
of jets similar to those on Jupiter and Saturn, beginning with the models of Williams (1978,
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1979), and over the years evolved to more complex models showing formation of multiple
jets (e.g., Panetta 1993; Vallis and Maltrud 1993; Cho and Polvani 1996; Huang and Robin-
son 1998; Lee 2004; Smith 2004; Showman 2007; Kaspi and Flierl 2007; Scott and Polvani
2007; Sayanagi et al. 2008). These shallow-type models typically do not exhibit superrota-
tion, but with particular configurations of bottom drag, internal heating, moist convection
or thermal damping they can produce an equatorial superrotating jet and multiple high lati-
tude jets (Scott and Polvani 2008; Lian and Showman 2008, 2010; Liu and Schneider 2010;
Warneford and Dellar 2014; Young et al. 2019; Spiga et al. 2020).

The second approach considers deep convection models, in which the source of the jets
is suggested to be internal convection columns that interact to form the jets seen at the
surface. These ideas also emerged in the 1970s, with the seminal papers of Busse (1970,
1976), and have evolved to more complex interior convention 3D simulations (e.g., Busse
1994; Sun et al. 1993; Christensen 2001; Aurnou and Olson 2001; Wicht et al. 2002; Heim-
pel et al. 2005; Kaspi et al. 2009; Jones and Kuzanyan 2009; Heimpel et al. 2016; Wicht
et al. 2019). These models naturally exhibit superrotation driven by the convergence of con-
vectively driven momentum near the equator, but do not naturally produce the multiple jet
structure that appears at higher latitudes. These two approaches have been debated greatly
over the past several decades, but due to the lack of observational evidence, the debate has
remained unresolved (see reviews by Vasavada and Showman 2005, and Showman et al.
2018). Now, following the Juno and Cassini gravity measurements (Iess et al. 2018, 2019),
which are reviewed here, the discussion about the source and structure of the jets can be
reinvigorated by these new evidence.

The Juno gravity experiment is one of the key objectives of the Juno mission (Bolton
2005), with the purpose of measuring Jupiter’s gravity spectrum to high accuracy, and
thereby providing information about Jupiter’s interior and atmospheric flows (Hubbard
1999; Kaspi et al. 2010). Juno entered Jupiter’s orbit in July 2016, and orbits Jupiter ev-
ery 53 days. The spacecraft’s X- and Ka-band radio links to Earth allow measurements of
Jupiter’s gravity field via Doppler shifts in the radio frequencies sent to Earth (Bolton et al.
2017; Folkner et al. 2017). The measurements are obtained around the time of the clos-
est approach (perijove), approximately 4000 km above the cloud level (Iess et al. 2018).
Throughout the course of the mission, the perijoves are designed to give an overall 360◦
longitudinal coverage of Jupiter as the perijoves are evenly spaced in longitude (Conner-
ney et al. 2018). In addition, due to the oblateness of Jupiter, the perijoves drift about 1◦
in latitude poleward every orbit, with the first perijove being at latitude 3◦N. As the Juno
microwave radiometer and the Ka-band radio experiment cannot operate in tandem, only a
subset of the orbits have been devoted to gravity measurements. Nonetheless, the number of
gravity orbits to date has sufficed for the error estimate of the measured zonal harmonics to
reach saturation (Durante et al. 2020).

Motivated by the Juno mission, the Cassini Grand Finale—the last portion of the Cassini
mission before it was terminated by a decent into Saturn—comprised a Juno-like gravity
experiment at Saturn. The spacecraft was set into a polar orbit, similar to that of Juno, diving
between the planet and the innermost ring, with close, 3500-km, flybys above the cloud
level (Edgington and Spilker 2016). Between May and August 2017, Cassini performed 22
such flybys (every six days), out of which, six were devoted to gravity science. As with
Jupiter, these gravity measurements have allowed to determine Saturn’s gravity spectrum up
to J10, and have increased the accuracy of the known harmonics by more than two orders of
magnitude (Iess et al. 2019).

In light of these two monumental new measurements, this paper provides a compara-
tive review of what was learned from the gravity measurements regarding the atmospheric
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and interior dynamics on Jupiter and Saturn. In Sect. 2, we briefly review the dynamical
relations connecting the momentum and gravity fields. In Sect. 3, we review the gravity
measurements and compare the measured fields on both Jupiter and Saturn. The interpre-
tation of these results in terms of the resulting vertical and meridional profile of the zonal
flows that best match the gravity measurements is presented in Sect. 4. In Sect. 5, we dis-
cuss the commonalities between the Juno and Cassini results and their implications for the
mechanisms that affect the flow at depth and how the flow might interact with the magnetic
field. In Sect. 6, we discuss similar gravity constraints for the zonal flows on Uranus and
Neptune, and we conclude in Sect. 7.

2 Theory

The theoretical starting point for understanding the zonal jet dynamics is the Euler equations
in the rotating frame

(u · ∇)u + 2� × u + � × (� × r) = − 1

ρ
∇p + ∇V, (1)

where u is the 3D velocity vector, ρ is density, p is pressure and V is the body force. The
rotation rate of Jupiter is given by the System III rotation (Riddle and Warwick 1976; May
et al. 1979), with � = 1.75 × 10−4 s−1, corresponding to a period of 9.92 hours. For Saturn,
there has been significant uncertainty as to its exact rotation rate due to the axisymmetric
nature of the planets’s magnetic field, but recent studies, using gravity measurements, have
constrained the rotation period to 10.57 ± 0.03 hours (Helled et al. 2015; Mankovich et al.
2019). As both giant planets are rapid rotators, for the purpose of studying the large-scale
zonal flows, the Rossby number, which is the ratio of the inertial accelerations (first term on
lhs in Eq. (1)) to the Coriolis accelerations (second term on lhs in Eq. (1)), is small. In the
limit of small Rossby number, the fluid is in geostrophic balance (Pedlosky 1987), meaning:

2� × ρu = −∇p − ρg∗, (2)

where g∗ is the effective gravitational field, g∗ = −∇V +�× (� × r), with the second term
being the centrifugal acceleration. Taking the curl of Eq. (2) gives

2� · ∇ (ρu) = ∇ρ × g∗, (3)

where the left-hand side (lhs) has been simplified since the rotation rate vector is constant
and using mass conservation, ∇ · (ρu) = 0. The rotation rate being constant also implies that
g∗ can be expressed as a scalar potential, meaning that ∇ × g∗ = 0, which has been used for
the rhs of Eq. (3). This thermal-wind-like relation (Kaspi et al. 2009) is different from the
standard thermal-wind used in atmospheric science for a shallow atmosphere (e.g., Vallis
2017) in that the derivatives on the lhs are in the direction of the spin axis and not in the
radial direction1 (an approximation that holds when the planetary aspect ratio between the
vertical and horizontal scales is small), and the rhs involves the full density and effective
gravity.2 Thus, this is a general expression applicable to a rotating atmosphere at any depth
as long as the Rossby number and friction are small.

1Note that 2� · ∇ = 2� ∂
∂z

, where z is the direction parallel to the spin vector (�).
2Note that the barotropic limit is not simply when the rhs of Eq. (3) vanishes, but rather when the lhs changes
as well, resulting in 2� · ∇u − 2�∇ · u = 0. See full derivation in Kaspi et al. (2016).
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A considerable simplification to this equation can be taken by assuming sphericity. With-
out this assumption, the rhs of Eq. (3) will involve several terms coming from the centrifu-
gal terms (Cao and Stevenson 2017a) and the deviation of gravity from radial symmetry,
both due to the planetary oblateness and dynamical contributions to the gravity vector (see
Eq. (7)). In Galanti et al. (2017) and Kaspi et al. (2018), a careful treatment of all these terms
was taken, showing that to leading order, Eq. (3) is given by

2� · ∇ (ρsu) = ∇ρ ′×gs, (4)

where ρ has been split into static ρs (r) and dynamical ρ ′ (r, θ) components, r is the radial
direction and θ is latitude. Here, gs is the radial gravitational acceleration coming from
integrating ρs . It is important to note that if the spherical assumption is not taken in Eq. (3),
the rhs decomposes into several different terms of equal magnitude (Galanti et al. 2017),
and using only part of them (Zhang et al. 2015) leads to an inconsistent expansion (see more
details below). Since the flows on the giant planets are predominantly in the zonal direction,
taking the zonal component of Eq. (4) allows the flow-induced meridional density gradient
to be integrated to give the dynamical contribution to the gravity harmonics, given by

�Jn = − 2π

Man

1∫

−1

dμ

a∫

0

rn+2Pn (μ)ρ ′ (r,μ)dr, (5)

where M is the planetary mass, a is the planetary mean radius, Pn are the associated Legen-
dre polynomials and μ = sin (θ). Note that when integrating ∂ρ′

∂θ
from the zonal component

of Eq. (4), for use in Eq. (5), an undetermined radially dependent integration function ar-
rises

(
ρ ′

0 (r)
)
. However, such a function will not project onto the gravity harmonics when

multiplied by the Pn in Eq. (5), since

1∫

−1

dμ

a∫

0

rn+2Pn (μ)ρ ′
0 (r) dr = 0, (6)

because the latitudinally dependent associated Legendre polynomials, Pn, have a zero mean.
Therefore, in spherical geometry, the dynamical gravity anomalies can be uniquely deter-
mined, despite the density anomaly itself being determined only up to an unknown constant
of integration (Kaspi et al. 2016).

There has been debate in the literature whether an additional term, namely, ∇ρs × g′,
which appears to be of the same order as the rhs of Eq. (4), should be included in that
equation (termed the thermal-gravity wind equation by Zhang et al. 2015). However, this
additional term contains a deviation from radial symmetry and therefore it was dropped in
going from Eq. (3) to Eq. (4). If this term is retained, then for consistency, other terms from
Eq. (3) that involve deviation from radial symmetry, and are of the same order, must be
retained as well (Galanti et al. 2017). Then the azimuthal component of Eq. (3) will take the
form:

2�
∂

∂z
(ρsu) = g(r)

s

r

∂ρ ′

∂θ
− g(θ)

s

∂ρ ′

∂r
+ g′ (r)

r

∂ρs

∂θ
− g′ (θ) ∂ρs

∂r

+ �2

[
∂ρ ′

∂θ
cos2 θ + ∂ρ ′

∂r
r cos θ sin θ

]
, (7)
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where u is the velocity component in the azimuthal direction, � is the rotation rate value,
and the notation ∂

∂z
≡ cos θ 1

r
∂
∂θ

+ sin θ ∂
∂r

denotes the derivative along the direction of the

axis of rotation. Note that in the radially symmetric limit, the rhs reduces to only the first
term on the rhs, which is exactly the azimuthal component of Eq. (4), giving thermal-wind
balance. Equation (7) is an integro-differential equation, since both the gravity, gs, and g′

are calculated by integrating ρs and ρ ′, respectively. Although this equation can be solved
numerically (Galanti et al. 2017), all the additional terms (terms 2-6 on the rhs) are small
and contribute very little to the gravity solution. The individual contribution of each of the
terms in Eq. (7) is shown in Kaspi et al. (2018) for the case of Jupiter, demonstrating that
the first term on the rhs is indeed the leading-order term. All other terms in this equation
are at least an order of magnitude smaller, meaning that taking g = g (r) and neglecting the
centrifugal terms gives the leading-order solution. Galanti et al. (2017) solves the full Eq. (7)
and shows that the resulting gravity harmonics are very close to those resulting from using
thermal-wind balance.

Consistent with this, Wicht et al. (2020) showed in a theoretical analytical model that be-
yond J4 the self-gravity term (term 4 on the rhs of Eq. (7)) indeed contributes less than 10%
to the gravity harmonics. For J3, they found the contribution to be 40%, but they did not take
into consideration the compensation due to the other terms in Eq. (7), which are important,
particularly since for the lower harmonics the contribution of the centrifugal terms (terms
5 and 6 on the rhs of Eq. (7)) is greater (Cao and Stevenson 2017a). It should be also re-
membered that other uncertainties—such as assumptions about the exact meridional profile
of the zonal wind at depth (see Sect. 4) and its vertical decay profile—have similar contri-
butions. Therefore, dealing with these higher-order contributions associated with planetary
oblateness is not necessarily meaningful and will not generally produce a more robust or
higher-fidelity gravity result. In any case, solutions that include the self-gravity term (e.g.,
Zhang et al. 2015; Kong et al. 2018) should retain all the terms on the rhs of Eq. (7) in order
to be consistent.

3 The Juno and Cassini Gravity Measurements

The close orbits of Juno and Cassini yielded determination of the gravity harmonics of
Jupiter and Saturn to unprecedented accuracy (Iess et al. 2018, 2019). Prior to these mis-
sions, the only known gravity harmonics were J2, J4 and J6 (Jacobson 2003; Jacobson et al.
2006). Supplementary Fig. 1 illustrates how much these have been improved over the last
few decades, showing the significant reduction in the uncertainty going from the Voyager
era to the Juno and Cassini measurements. In addition, the high-order even harmonics J8 and
J10 have been now determined with high accuracy (Fig. 2 and Tables 1 and 2). These even
harmonics are mostly affected by the interior density distribution and shape of the planet,
and only to second order by the flow (�Jn, Eq. (5)), although the relative contribution from
the flow increases for the higher harmonics and becomes of similar order to that associated to
the rotational flattening beyond J10 (Hubbard 1999). Conversely, the odd gravity harmonics
(J3, J5, J7, etc.) have no contribution from the interior static density distribution and shape,
as these are purely north-south symmetric for such gas planets. The only possible contri-
bution to the odd gravity harmonics comes from hemispheric asymmetries in the dynamics
(see the asymmetry in the wind profiles of both Jupiter and Saturn in Fig. 1). Therefore, in
terms of probing the dynamics using gravity measurements, the odd harmonics provide a
more direct way of determining the depth of the flows (Kaspi 2013).
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Fig. 2 The measured zonal gravity harmonics of Jupiter and Saturn divided between the even harmonics
(red) and odd harmonics (green). For reference, the rigid-body harmonics calculated by the CMS model
(Hubbard 1999, 2012) are shown as well (gray). Full circles denote positive values on the log-scale and open
circles denote negative values. The lines are the Juno and Cassini 3σ measurement uncertainty (Iess et al.
2018, 2019)

The values of the even harmonics are to leading order powers of qn, where q is the
ratio of the gravity to the centrifugal terms in Eq. (1) (Hubbard 1984). In concert with the
internal density distribution, the rotation, therefore, is dominant in determining the gravity
harmonic values in the rigid-body limit (no dynamics). The complex dependence on the
density distribution can be calculated by interior models (e.g., Hubbard 1975, 1999, 2012;
Hubbard and Marley 1989; Nettelmann et al. 2012; Miguel et al. 2016; Hubbard and Militzer
2016), and depends on the equation of state (EOS) as well (e.g., Militzer and Hubbard 2013;
Chabrier et al. 2019). Interior models and the EOS are topics of active research and will
not be reviewed here, as our focus is on the dynamics (see recent review by Stevenson
2020). Most pre-Juno/Cassini published interior structure models for Jupiter and Saturn gave
gravity harmonics that were outside the narrow range of the Juno and Cassini measurements
(Supplementary Fig. 1), resulting in a need for improved interior models and EOSs. The first
investigation to match the Juno measurements to an internal model was Wahl et al. (2017),
who found that the Juno measured harmonics can only be matched if Jupiter has a dilute core
that comprises a significant fraction of the planet’s radius. These results, however, heavily
depend on the choice of the EOS. Recently, Debras and Chabrier (2019) presented a new
model for the interior of giant planets and, using a new EOS, were able to match the Juno
measurements and the abundance of heavy elements measured by Galileo. Their results also
support the existence of an extended dilute core enriched by heavy elements.

Although the dynamical contributions to the even gravity harmonics are small, relative to
the rotation and interior mass distribution, they nevertheless exceed the formal measurement
uncertainty (supplementary Fig. 1), which is a testament to the high accuracy of the Juno
and Cassini gravity measurements. Therefore, in the absence of any knowledge of the mass
involved in the flow (i.e., the flow depth), the dynamical effects can be regarded as the effec-
tive uncertainty of the gravity harmonics (Kaspi et al. 2017; Debras and Chabrier 2019) for
purposes of constraining interior structure models. In Supplementary Fig. 1, we quantify this
effective uncertainty, by considering a wide range of possible flow profiles calculated using
the method described in Sect. 2 and assuming no a priori knowledge of the internal dynam-
ics (i.e., before the Juno and Cassini measurements). However, given the current knowledge
about how deep the cloud-level flows extend, and assuming there are no other significant
internal flows that affect the even harmonics, we can obtain more accurate estimates of the
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Table 1 Values of Jupiter’s J2 − J10 gravity harmonics. Measured values are the Juno measured values,
with the uncertainty being three times the formal uncertainty (Iess et al. 2018). The interior model values
with no dynamics are averages from the ensemble of rigid-body interior models presented in Guillot et al.
(2018). The dynamical contribution is the difference between the measured values and the rigid-body models
with no dynamics. The fifth column shows the dynamical solutions when using the cloud-level profile of the
zonal wind (Fig. 1), extended down along the direction of the spin axis with a best fit e-folding decay value
of H = 1471 km (Eq. (8)). The sixth column shows the solutions when using the cloud-level winds, but with
a more complex decay function, as described in Kaspi et al. (2018). The seventh column shows the solutions
when optimizing both the meridional and vertical profile of the zonal wind (as shown in Fig. 4, blue), with
the optimization done for the odd gravity harmonics only (as for columns 5 and 6). The last column shows
the same, but with optimization also for the even gravity harmonics (the profiles are shown in Fig. 4, green).
The bottom row shows the normalized rms of the difference between the measurements and the solution for
all cases, giving a relative value for how close the solution is to the measurements

Jupiter
gravity
harmonics
×10−8

Juno
measurement

No
dynamics

Dynamical
contribution
(�Jn)

Cloud-
level flow
with
simple ex-
ponential
decay
(H =
1471 km)

Cloud-
level
flow
with
complex
decay
function

Adjusted
cloud-level
flow with
complex
decay
function

Adjusted
cloud-level
flow with
complex
decay
function.
Optimiz-
ing both
evens and
odds

J2 1469657.22 ± 1.40 1469657.22 0 40.92 54.62 60.11 55.78

J3 −4.24 ± 0.97 0 −4.24 −7.62 −5.71 −4.25 −4.24

J4 −58660.92 ± 0.38 −58660.92 0 −5.36 −5.18 −7.34 −4.75

J5 −6.90 ± 0.82 0 −6.90 −3.19 −7.73 −6.89 −6.90

J6 3419.80 ± 0.90 3418.80 1.00 1.76 0.33 2.06 1.00

J7 12.39 ± 1.68 0 12.39 7.47 12.77 12.39 12.39

J8 −242.58 ± 2.46 −246.08 3.50 2.49 5.41 4.02 3.50

J9 −10.58 ± 4.35 0 −10.58 −5.38 −8.84 −10.58 −10.58

J10 17.21 ± 6.94 20.21 −3.00 −2.81 −5.36 −4.58 −3.00

rms of fit 3.27 0.94 0.0029 0.00021

effective uncertainty where the dynamical correction to the measurements of the even har-
monics is already taken into account. In Supplementary Fig. 1, we show both the effective
uncertainty assuming no knowledge of the dynamical contribution (yellow shading) and the
dynamical contribution given the knowledge of the flow depth (green dots). For Jupiter, the
odd harmonics allow us to obtain an independent measure of the flow depth without any
consideration of the even harmonics. For Saturn, in contrast, the even harmonics are needed
to determine the flow depth, which makes this effective uncertainty more ambiguous (see
Sect. 4).

The even gravity harmonics measured by Juno and Cassini, as well as the theoretical
estimates for the gravity values if Jupiter and Saturn were rotating as a rigid body (equivalent
to a case where the dynamics are very shallow and have no influence on the gravity field),
are presented in Fig. 2 (red and gray dots, respectively). The numerical values for Jupiter
and Saturn are presented as well in Tables 1 and 2, respectively. As expected, the low-order
even harmonics match previous estimates, as they are mostly dominated by non-dynamical
effects, and thus are very close to the rigid body values. For Jupiter, J8 and J10 are also
relatively close to the rigid-body values, and therefore the measured even harmonics and
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Table 2 Values of Saturn’s J2 − J10 gravity harmonics. Measured values are the Cassini Grand Finale
measured values, with the uncertainty being three times the formal uncertainty (Iess et al. 2019). The model
values without dynamics are the average values from the ensemble of models presented in Galanti et al.
(2019). The dynamical contribution is the difference between the measured values and the rigid-body models
with no dynamics. The fifth column shows the solutions when using the cloud-level profile of the zonal
wind (Fig. 1), extended down along the direction of the spin axis with a best-fit e-folding decay value of
H = 12995 km (Eq. (8)). The sixth column shows the solutions when using the cloud-level winds, but with
a more complex decay function, as described in Galanti et al. (2019). The seventh column shows solutions
when optimizing both the meridional and vertical profile of zonal wind (as shown in Fig. 4, green), with the
optimization done for the even (J6, J8 and J10) and odd gravity harmonics together (as for columns 5 and 6).
The last column shows the same, but with the optimization done for the odd harmonics only (the profiles are
shown in Fig. 4, blue). The bottom row shows the normalized standard deviation of the difference between
the measurements and the solution for all cases, giving a relative value for how close the solution is to the
measurements

Saturn
gravity
harmonics
×10−8

Cassini
measurement

No
dynamics

Dynamical
contribution
(�Jn)

Cloud-level
flow with
simple
exponential
decay
(H =
12955 km)

Cloud-level
flow with
complex
decay
function

Adjusted
cloud-level
flow with
complex
decay
function

Adjusted
cloud-level
flow with
complex
decay
function.
Optimizing
with odds
only

J2 1629057.33 ± 2.8 1630000 −142.67 8249.40 8660.38 5053.98 4471.6

J3 5.89 ± 2.3 0 5.89 −156.92 164.77 8.73 6.20

J4 −93531.36 ± 3.7 −92576 −955.36 −59.56 49.04 758.83 −386.33

J5 −22.41 ± 5.4 0 −22.41 72.47 42.83 −25.24 −22.61

J6 8633.99 ± 8.7 8232.6 401.39 347.23 480.68 409.32 473.01

J7 10.77 ± 12.2 0 10.77 97.73 127.47 11.04 10.84

J8 −1462.36 ± 20.5 −922.6 −539.76 −389.30 −558.51 −550.55 −359.29

J9 36.91 ± 26.0 0 36.91 15.33 45.00 38.06 36.35

J10 467.24 ± 42.0 118.79 348.45 85.69 147.76 366.00 60.63

rms of fit 28.09 28.90 0.610 0.071

the rigid-body values are virtually indistinguishable in Fig. 2. However, for Saturn, these
values differ substantially, indicating that the flows extend more deeply than on Jupiter. This
separation between the measurements and the rigid-body values matches Hubbard (1999)’s
prediction that if a planet is differentially rotating, the even gravity harmonics beyond n = 8
will differ from the rigid-body theoretical values. Hubbard’s solution allowed only for cases
of full differential rotation, meaning the surface flows extend throughout the whole planet
(i.e., following the Busse 1976 barotropic model). Intermediate cases for which the surface
flows halt at a certain depth can be obtained using methods such as those presented in Sect. 2
(Kaspi et al. 2010). Quantitative solutions, showing which vertical decay profiles best match
these measurements, are presented in Sect. 4.

A key result of the Jupiter gravity measurement was that the measured odd gravity har-
monics vary significantly from zero—providing the first-ever smoking-gun detection of the
effect of flow dynamics on the gravity field of a giant planet. The measured values (green
dots in Fig. 2) match predicted theoretical values (Kaspi 2013), calculated by extending
the observed cloud-level wind inward along the direction of the spin axis and determining
their affect on the gravity field (see Sect. 4). The detection of the zonal flow’s expected
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gravity signal confirmed that dynamics play a role in redistributing mass inside the planet,
and that the dynamics are deep enough to affect the measured gravity field. In contrast
with the even gravity harmonics, the odd harmonics receive no contribution from the non-
dynamical interior mass distribution, because the equatorial bulge lacks any north-south
asymmetries on a gas planet. Conversely, the observed zonal jets do have north-south asym-
metries (Fig. 1) and are the only considerable source of north-south asymmetries on the
gravity field.

Other sources of north-south asymmetries can be internal oscillations (Durante et al.
2017) and the north-south asymmetry in the magnetic field (Connerney et al. 2018; Moore
et al. 2018). However, internal oscillations are expected to give fluctuating contributions
from orbit to orbit, whereas the measured odd harmonics are steady. The magnetic effect is
expected to scale as the ratio of magnetic pressure to total pressure. For a field of 100 Gauss
(plausibly the unobserved toroidal field) in a region of total pressure of ∼ 100 kilobars (at
∼ 0.96 Jupiter radii), this is of order 3 × 10−9, likely too small to be important, although it
cannot be excluded with complete certainty because this field (unlike the observed poloidal
field) is not known. Recently, Kulowski et al. (2020) showed that extreme dynamo velocities
beyond 0.1 ms−1 are needed to produce a J3 of the same order of magnitude as that of
the measured Juno value, and the contribution to the higher odd harmonics is negligible,
implying that the dynamo contribution to the odd harmonics is very small.

For the case of Jupiter, J3, J5, J7 and J9 were measured to be above the 3-sigma uncer-
tainty level (black line in Fig. 2), while for Saturn only the first two are above the 3-sigma
uncertainty level. The robust measurement of Jupiter’s odd harmonics, therefore, allows the
determination of the depth and structure of the flow, even without consideration of the even
harmonics. For Saturn, this issue is less straightforward, because only the first two odd grav-
ity harmonics are above the uncertainty level, and as shown below, those two measurements
alone do not give a solution that matches the even harmonics well.

4 Inversion of the Gravity Fields into Wind Fields

Given the measurements from Juno and Cassini, the challenge is to translate these mea-
surements into the wind fields that generate them. The challenge is both in the conversion
between the gravity anomaly data and the dynamically balanced wind field and in dealing
with the non-unique nature of such solutions. Given that the gravity field is measured by
only a finite set of values (Fig. 2), while a full wind field will require many degrees of free-
dom to be described properly, the solution is obviously not unique (Kaspi et al. 2018). The
more degrees of freedom the wind field has, the easier it will be to find a fit to the gravity
data. We present therefore a hierarchical approach, beginning with a simple case where the
wind is described with only one degree of freedom (and thus a greater number of observ-
ables — the gravity harmonics). We then proceed to cases with more degrees of freedom
for the wind profile, allowing better matches to the gravity data, but never allowing more
degrees of freedom for the wind than the number of overall observables.

We begin with a simple forward model, in which we assume the observed cloud-level
flow at the 1-bar level decays radially towards the interior with an e-folding depth defined
as H . This represents the expectation that the wind will overall decay with depth (despite
possible enhancement in the outermost layers, as measured by the Galileo probe), due to
the compressibility of the fluid (Kaspi et al. 2009) and/or Ohmic dissipation at depth due
to increasing electrical conductivity (Liu et al. 2008). Due to the dominance of rotation, we
extend the cloud-level flow inward along the direction of the spin axis, but the decay itself
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Fig. 3 Theoretical values of the even (top) and odd (bottom) gravity harmonics as a function of the e-folding
depth (H ) of the cloud-level wind profile for Jupiter (left) and Saturn (right). The solid curves are the predicted
dynamical contributions to Jn (Kaspi 2013) for winds decaying exponentially from the measured cloud-top
winds given an e-folding depth H . The horizontal, dashed lines are the measured values from Juno and
Cassini, where for the even harmonics the rigid-body values used in Tables 1 and 2 have been subtracted.
Depth values that match the corresponding measured gravity harmonics correspond to locations where the
solid curve crosses the dashed line of the same color

is radial, since the density growth inward is also radial, meaning the functional dependence
of the zonal flow is given by

u (r, θ) = ucyl (r, θ) exp
[
(r − a) /H

]
, (8)

where ucyl is the cloud-level wind profile extended inward along the direction of the axis of
rotation, and H is the e-folding radial decay height of this flow (the other parameters are as
defined in Sect. 2). Such simplified models for the wind profile have been used in several
studies (Kaspi et al. 2010; Kaspi 2013; Liu et al. 2013; Kaspi et al. 2016; Kong et al. 2016a;
Guillot et al. 2018).

Given such a zonal wind profile, the zonal component of Eq. (4) is used to generate the
gradients of the density anomaly that geostrophically balance this flow profile, and the dy-
namical gravity harmonics (Eq. (5)) can be obtained. Since the wind profile is asymmetric
across the equator, the integration is done separately for the northern and southern hemi-
spheres and then combined, as suggested by Kong et al. (2016b). Figure 3 (solid lines)
shows such calculated gravity harmonics as a function of the e-folding depth of the flow, as
predicted in Kaspi (2013), for both the even gravity harmonics (top) and the odd harmonics
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(bottom). Note that the values of all harmonics switch sign as a function of the depth, de-
pending on how the integrated density structure that is balancing the wind projects onto the
different spherical harmonics. Although the sign of these values is not intuitive—the overall
tendency to larger values with depth is—due to having more mass involved with the flow.
The measured values from Juno and Cassini are shown (dashed lines) on top of the theoret-
ical prediction curves. For the even harmonics, �Jn is calculated as the difference between
the measurements and the average rigid-body values from an ensemble of interior models
(Guillot et al. 2018; Galanti et al. 2019; see Tables 1 and 2).

For Jupiter, the measured odd harmonics are all negative except for J7, which is positive,
matching the prediction for this simplified model for depths of several thousand kilometers
(indicated by the crossing between the solid and dashed lines in Fig. 3). Note that all four
gravity harmonics, independently, match the Kaspi (2013) prediction by sign and indicate
that the depth of the flow is between 1000 and 3000 kilometers, with the optimized best-
fit e-folding depth for all harmonics combined being H = 1471 km. Furthermore, the even
gravity harmonics (omitting J2 and J4 where the relative contribution of the dynamics is
very small) show a similar result—all three theoretical curves cross the measurement value
between depths of 1500 and 2000 km. The fact that for all seven values (J3 and J5–J10),
the theoretical calculation matches the Juno measurement in sign and value gives a strong
indication that the observed cloud-level flow is related to these measured gravity anomalies
and indicates their depth. Nonetheless, using an exponential decay law for the cloud-level
winds does not give an exact match to the gravity data (Table 1, column 5), and indeed expo-
nential decay with a uniform e-folding depth was not made based on physical reasoning but
for simplicity. Below we present more complex decay functions that better match the mea-
surements, yet the simple model’s overall match to the data indicates a strong relationship
between the observed flows, their depth and the gravity measurements.

In order to optimize for a more complex decay function, we use an adjoint-based in-
version technique (Galanti and Kaspi 2016), where a cost-function is minimized to give a
best fit between the decay profile and the gravity measurements, taking into account the
uncertainties in the gravity measurements and the error covariance between the different
harmonics (Kaspi et al. 2018). Solutions for the vertical decay functions using this method
with three degrees of freedom for the shape of the vertical profile (see Kaspi et al. 2018 for
details) are shown in Fig. 4. Taking the exact observed cloud-level zonal flows and extending
them into the interior with this best-optimized vertical decay function, gives a much better
match to the gravity data than the exponential decay function (Table 1, column 6). Next,
allowing the optimization procedure to include small variations to the cloud-level wind pro-
file (assuming the zonal wind meridional profile at depth may vary somewhat from what is
observed at the cloud level) shows that in this case the solutions give an even better match
(Table 1, column 7) to all 4 measured odd gravity harmonics (note that even harmonics are
not optimized here, but still give a rather good match). Figure 4 shows that in this case the
variations to the observed wind profiles are very minor and well within the uncertainty (and
the observed variation between the Voyager and Juno eras) of this profile (Tollefson et al.
2017). The vertical profile in this case (blue) is very similar to the one obtained without
varying the meridional structure of the wind profile, indicating again that the strong flows
decay at several thousand kilometers depth.

As the odd harmonics are a consequence of the dynamics alone, we have so far used
only the odd harmonics for the optimization procedure. Despite this restriction, the resulting
even �Jn for these vertical profiles match well both in sign and in magnitude the difference
between the measurements of J6, J8 and J10 and the rigid body values (compare columns
4 and 7 in Table 1). Thus, if we include the even values in the optimization, the results
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Fig. 4 The optimized meridional profile of the zonal wind (top) for Jupiter (left) and Saturn (right), showing
the observed cloud-level wind profile (red), the optimized best fit solutions taking into account the odd har-
monics only (blue), and the optimized best fit solutions taking into account both the odd and even harmonics
(green). The resulting gravity harmonic values for these profiles appear in Tables 1 and 2. The bottom panel
shows the corresponding vertical structures of the zonal flow as a function of the depth (km) and pressure
(bar, on the top abscissa)

will not differ substantially. In the final column of Table 1, we present such an optimization,
where now all values of the seven gravity harmonics (J3 and J5–J10) match exactly the mea-
surements. Here again we allow the wind profile to vary from the observed wind structure,
though, as can be seen in Fig. 4, the wind profile needs only minor changes to match the
gravity measurements perfectly. We emphasize that this exercise is not unique, and other
meridional and vertical profiles of the zonal flow can also potentially give an exact match
to the gravity data (Kaspi et al. 2018; Kong et al. 2018). However, following Occam’s razor
reasoning, we have shown here that taking the observed cloud-level flow and extending it
inward in a very simple fashion gives an exact match to the gravity measurements. Duer
et al. (2020) explore a wide range of possible interior zonal flow profiles, varying both in
latitude and vertically, and show that while it is possible to find solutions with a zonal wind
profile different from that at the cloud level, solutions that differ from the cloud-level flow
substantially are statistically unlikely.

Complementary to this analysis, Guillot et al. (2018) used a wide range of rigid-body
models for Jupiter (without averaging, as in Table 1, column 3) to calculate the possible
range of dynamical contributions to the even zonal harmonics, by subtracting this range of
rigid-body solutions from the Juno gravity measurements. This range was used to constrain
a wide range of hypothetical flow profiles, with different e-folding decay depths and not
bounded to the observed cloud-level flows, derived using thermal wind balance (as in Kaspi
et al. 2017). This analysis, consistent with the analysis presented above, showed that with
high likelihood the flow extends down to 2000−3500 km beneath the cloud level, regardless
of its specific meridional structure. Although the Guillot et al. (2018) analysis is not sensitive
to the detailed vertical-decay profile of the flow, nor can it constrain the meridional profile
of the zonal flow, it gives an independent method for constraining the bulk depth of the flow
using the even gravity harmonics alone. Given the match of the flow to the even gravity
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harmonics, it also indicates that the flow beneath this layer is likely weak (< 5 m s−1);
otherwise, it would influence the measured even gravity harmonics.

For Saturn, the cloud-level flow has shown possible variability between the Voyager and
the Cassini eras, and overall the zonal flow velocities are less certain (García-Melendo et al.
2011), particularly at low latitudes, where the powerful equatorial jet lies. Repeating the
same analysis as for Jupiter and taking the cloud-level flow of García-Melendo et al. (2011)
with a simple exponential decay gives a relatively good match to the even harmonics (same
sign and within a factor of 2 in magnitude) for e-folding depths of ∼ 104 km. This indicates
a substantially deeper flow than for Jupiter. The odd harmonics for Saturn, despite being
similar in magnitude to those of Jupiter, are closer to the measurement uncertainty and,
therefore, only J3 and J5 have significant values (Fig. 2). Both, however, have an opposite
sign compared to the theoretical prediction when using the cloud-level wind profile (Fig. 3),
indicating that a more sophisticated model is needed for Saturn. Similarly, using the cloud-
level winds and allowing for a more complex decay profile does not give a good match to
the gravity measurements (Table 2, column 6). This suggests that the latitudinal dependence
of the zonal winds at depth differs from that measured by cloud-tracking in the atmosphere.
Consistent with this idea, when the meridional profile of the zonal wind at depth is allowed
to deviate from the observed (cloud-tracked) profile, a good match to the measurements can
be found (Fig. 4, green profile). Note that, similar to the Jupiter case, here we do not try to
fit for J2 and J4, since the dynamical contribution is small relative to the rigid body (Galanti
et al. 2019).

The deviation from the observed cloud-tracked wind profile of Saturn is mainly around
latitude 30◦, where the flow needs to be more westward than the observed cloud-level wind,
with values ∼ 50 m s−1, in order to match the measurements for both the even and odd
harmonics (Table 2, column 7). The match is obtained with a vertical profile that is nearly
barotropic down to ∼ 8000 km and then decays with depth (green profile in Fig. 4) (Galanti
et al. 2019). A similar conclusion, that a westward flow around latitude 30◦ is needed in
order to match the even gravity harmonics, was also reached by Militzer et al. (2019), who
used a model that allows the flow to extend inward only barotropically (without changing
along the direction of the spin axis), and found that such a westward zonal flow profile is
needed to match the measurements. Based on theoretical arguments alone, Chachan and
Stevenson (2019) obtained a similar conclusion, that a retrograde wind profile is necessary
around latitude 30◦ in order to match the measurements. The optimizations discussed here
used both the values of the odd and the even harmonics and took into account all cross-
correlations. For Saturn, optimizing only with odd harmonics does not give a good match
to the even harmonics, highlighting the difference between Jupiter and Saturn and demon-
strating that for Saturn, the high-order even harmonics (particularly J8 and J10) are key to
determining the depth and profile of the deep flows. The uncertainty in rotation rate affects
only the dynamical J2 and J4 and thus is not important for interpreting the Saturn gravity
measurements (Galanti and Kaspi 2017).

Comparing the different columns in Tables 1 and 2 and considering the different profiles
in Fig. 4 shows that the gravity results not only inform us about the depth of the jets, but
also about the meridional profile of the zonal flow at depth. The results show that the mea-
surements are sensitive to the exact meridional profile, although the variations to it that are
needed to get exact matches are not significant. To test the statistical significance of this pro-
file (on Jupiter), other profiles with a different meridional profile of the zonal flow have been
assessed to investigate the possibility that the flow at depth might exhibit major qualitative
differences from the flow observed at cloud level. Out of a sample of a thousand zonal-wind
profiles as a function of latitude with the same overall amplitude but different meridional
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profiles, less than 1% have a better match to the measurements using the same optimization
procedure (Kaspi et al. 2018). These few profiles had no correlation to one another, nor to
the cloud-level profile. This indicates that although such random solutions can be found, it
is with high confidence that the meridional profile of the zonal flow observed at the cloud
level extends to depth (see also Duer et al. 2020).

5 Interaction of the Flow with the Magnetic Field at Depth

The results presented above have shown some key similarities and differences between
Jupiter and Saturn. On both planets, the measured gravity harmonics indicate how deep
the cloud-level flows extend, and give a good match to a zonal wind profile at depth that is
very similar to the one observed at the cloud level. While on Jupiter the jets extend down
to ∼ 3000 km, on Saturn that depth nearly triples (Fig. 5). However, note that the mass of
Jupiter is 3.3 times that of Saturn, while the radius is only about 1.2 times larger, resulting
in mean density and surface gravitational acceleration on Jupiter that are 2–3 times larger
than those of Saturn. As a consequence, the electrical conductivity of Saturn only achieves
large values at a much greater depth than it does on Jupiter (Fig. 5 red dashed lines in the
top panels). Thus, despite the different depths, in both cases the rise in electrical conduc-
tivity occurs near 105 bar, due to the dependence of electrical conductivity on temperature
(Stevenson 2003). Strikingly, the depth where the electrical conductivity rises in both plan-
ets is at the same depth where the gravity measurements imply that the zonal winds decay
(where the blue and red curves cross in Fig. 5). This strongly hints that Ohmic dissipation
plays a role in damping the flow at depth, and in fact was predicted previously based on
theoretical arguments (Liu et al. 2008; Cao and Stevenson 2017b).

As a consequence of Saturn being less dense than Jupiter, the depth at which a particular
pressure is reached in Saturn is about three times greater than the corresponding depth for
Jupiter. The temperature at a given pressure is only modestly (∼ 20%) lower in Saturn than
in Jupiter. Temperature is most important for determining the electrical conductivity of hy-
drogen, which results from the excitation of electrons across the band gap between valence
and conduction states (Stevenson and Salpeter 1977). This conductivity is an extremely
strong function of temperature, both in theoretical (French et al. 2012) and experimental
results (Nellis et al. 1992), which are essentially in agreement. The expected conductivity at
3000 km in Jupiter and 9000 km in Saturn (about 105 bars in both planets) is approximately
1 S m−1 (similar to that of salty water at room temperature). At this level of conductivity,
strong zonal winds would create a toroidal magnetic field whose associated electrical cur-
rents would produce a total Ohmic dissipation that is comparable to the observed luminosity
of the planets (Liu 2006; Liu et al. 2008).

The factor-of-three difference in zonal wind depth between Jupiter and Saturn, together
with a remarkable correspondence to the theoretical argument of Liu et al. (2008) (their
prediction was 2800 km for Jupiter), strongly suggests the role of magnetohydrodynamics
in controlling the depth of the zonal jets. It should also be noted that because the electrical
conductivity is such an extremely strong function of temperature and, therefore, radius, the
results hold even given a likely order-of-magnitude uncertainty in the electrical conductiv-
ity, as well as the large difference in magnetic field strength between Jupiter and Saturn.
Nonetheless, the Lorentz force is not sufficient by itself to dampen the flows from large
values (tens of m s−1) to zero (Cao and Stevenson 2017b).

Therefore, although the Ohmic dissipation might be the ultimate process that halts the
flow at depth, it does not explain the gradual diminishment in zonal-flow speed from the
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Fig. 5 The vertical structure of the zonal flow on Jupiter (left) and Saturn (right) as function of depth,
corresponding to the best fit profile presented in column 6 of Table 1 and column 7 of Table 2, respectively.
The upper panel shows this vertical decay profile (blue), its uncertainty (blue shading) and the electrical
conductivity profile (red dashed) as given by Liu et al. (2008) for Jupiter and French et al. (2012) for Saturn.
The electrical conductivity is in units of S m−1, with the scale going linearly from 0 to 100. The middle point
in the decay profile, at depths of 1831 km and 8743 km for Jupiter and Saturn, respectively, is marked by the
dashed horizontal line. The bottom panel show the zonal flow profile (m s−1) as a function of latitude and
depth in the spherical projection. The middle point corresponding to that shown in the upper panels appears
as the thick dashed line. The thin dashed lines contain the angle (latitude) derived from extending the depth
of the flow along the direction of the spin axis (θe = cos−1 (x/a), where a is the planetary radius and x is the
depth beyond the middle point of the flow profile). This latitude (θe) is 13◦ for Jupiter and 31◦ for Saturn,
close to the latitude where the flow is observed to turn from eastward to westward at the cloud level

cloud level down to depths where the electrical conductivity becomes large (Fig. 5). In this
region, the dissipation of the zonal flow and its gradual decay with depth must result from
other mechanisms (Christensen et al. 2020). Elucidating these mechanisms requires an un-
derstanding of how convective heating is organized throughout the envelope, setting the
entropy distribution that is in thermal wind balance with the zonal flows (Eq. (9)). A key for
understanding this issue is the eddy-driven meridional circulation, which might be playing
an important in organizing the heat distribution (see below). In analogy to Earth’s atmo-
spheric dynamics, eddy fluxes in the upper atmosphere force a meridional circulation that
redistributes heat, and the jet structure adjusts to be in balance with the heat distribution
(Schneider and Liu 2009).

Reorganization of Eq. (4), looking at its zonal component and assuming the background
profile is adiabatic leads to a relation between the wind shear along the direction of the spin
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axis and the entropy gradients (Kaspi et al. 2009):

∂u

∂z
= − g

2�ρs

(
∂ρ

∂s

)
p

1

r

∂s ′

∂θ
, (9)

where s is the specific entropy. Thus the direction of the shear is determined by the aver-
age sign of the entropy anomaly gradients, and the shear is expected to be largest at the
lower depths, where the entropy expansion coefficient, 1
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p

, is smallest, mostly be-
cause the large increase in density with depth. Liu et al. (2013) suggested that if convection
is aligned mainly with the direction of the spin axis, as seen in numerical simulations of
deep convective atmospheres (Kaspi 2008; Aurnou et al. 2008), the entropy gradients in
Eq. (9) will then be dominated by those perpendicular to the direction of the spin axis, since
1
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= cos θ ∂s
∂z

+ sin θ ∂s
∂r⊥ , and ∂s
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, where r⊥ is the direction perpendicular to the spin
axis. Following Liu et al. (2013), if the entropy gradients in the direction of the spin axis
are identically zero ( ∂s

∂z
= 0) along cylinders parallel to the spin axis, throughout the depth

of the zonal flows, then ∂s
∂r⊥ is constant along the same cylinders, implying ∂u

∂z
in Eq. (9) can

be determined given the entropy expansion coefficient. This suggests a physical argument
for the functional decay in the wind profile with depth, but the implied wind profile does
not match the gravity harmonic values for both Jupiter and Saturn (Liu et al. 2013, 2014),
likely because the assumption that ∂s

∂z
= 0 throughout the depth of the flow is very strict and

not satisfied in the interiors of Jupiter and Saturn. Nonetheless, a physical argument for the
dependence of ∂s

∂θ
on depth and latitude is key for a theory for the vertical profile of the zonal

wind.
In the purely barotropic limit, the rhs of Eq. (9) vanishes, and the flow is then purely

aligned with the axis of rotation. This is similar to the Taylor-Proudman theorem (Pedlosky
1987), although the formal theorem requires the fluid to be incompressible, in which case
all three components of velocity are aligned with the rotation axis (2� · ∇u = 0). For a
compressible flow, in the barotropic limit, the alignment is for the zonal and meridional
component of the flow (throughout this paper, only the zonal component of the velocity is
discussed). Yet, due to the entropy gradients (Eq. (9)), and as evident from the gravity results,
the flow is likely not fully barotropic (baroclinic). Qualitatively, however, the velocity on
both planets varies by O(100 m s−1) over thousands of kilometers, implying that the flows
in effect are not very far from barotropic. If we assume the variation from barotropy is large,
and allow the observed flows to extend inward in a different way (e.g., radially), the match
to the gravity measurements would not have been as good as shown in Tables 1 and 2. For
example, extending the cloud-level flow inward radially for Jupiter results in J3 changing
sign. In this case, solutions matching the data can be found only if the meridional variation
of zonal flow at depth differs substantially from that at the cloud level.

The deep thermal structure set by Eq. (9) needs to be considered in combination with the
forcing mechanism of the zonal flow. Terrestrial atmospheric dynamics gives a clear under-
standing that geostrophic turbulence on a rotating planet will drive turbulent eddy momen-
tum fluxes, resulting in regions of momentum flux convergence with eastward (prograde)
flows and momentum flux divergence with westward (retrograde) flows. Cloud-tracking
analyses for both Jupiter (Salyk et al. 2006) and Saturn (Del Genio et al. 2007) show that,
indeed, regions of eddy momentum flux convergence (divergence) are strongly correlated
with the eastward (westward) jets, implying this is a plausible mechanism for driving the
zonal flows. Yet, the sources of the eddies are not known, although potential candidates
have been identified as barotropic or baroclinic instabilities (e.g., Kaspi and Flierl 2007;
Lian and Showman 2008; Schneider and Liu 2009; Liu and Schneider 2010; Young et al.
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2019) or the internal convection itself (e.g., Heimpel et al. 2005; Young et al. 2019; Show-
man et al. 2019). It has also been shown that both shallow and deep forcing can drive such
zonal flows (Showman et al. 2006).

The driving and dissipation mechanisms discussed here can be considered in a single
expression by taking the leading component of the momentum equation (Eq. (1)) and ex-
pressing it in terms of angular momentum (Vallis 2017). Taking a zonal and vertical average
in steady state gives,

u · ∇M = −S + D, (10)

where M = �r2 cos2 θ + ur cos θ is the total angular momentum, S = u′ · ∇M ′ is the eddy
angular momentum flux divergence and D is the Lorentz drag (Schneider and Liu 2009).
In regions of low electrical conductivity, closer to the cloud level, the balance will be
u · ∇M = −S, meaning the eddy momentum flux convergence drives the meridional flow
across angular momentum surfaces (i.e., across the direction of the spin axis) to force the
meridional circulation. In this momentum balance, momentum flux convergence (eastward
jet) is balanced by an equatorward flow, and momentum flux divergence (westward jet) is
balanced by a poleward flow. In the deep region, where the electrical conductivity increases
sufficiently (Fig. 5), the drag allows for cross-angular momentum flow, u · ∇M = D, to
close the circulation. Thus, the meridional flow will be opposite to the flow aloft. In be-
tween, Eq. (10) reduces to u · ∇M = 0, meaning there is no flow across angular momentum
surfaces, so the flow must be along cylinders aligned with the direction of the axis of rota-
tion. This constraint, that u · ∇M = 0, does not put a direct constraint on how barotropic the
zonal flow is, but indirectly puts a strong constraint on the meridional circulation, which af-
fects the entropy gradients in Eq. (9), and through this the zonal wind shear. This expression
of the meridional circulation is similar to those used to explain the midlatitude Ferrel cell on
Earth, with surface drag taking the place of the Lorentz drag (Vallis 2017).

The dynamical constraints discussed earlier suggest that the flow extends inward along
the direction of the spin axis, as demonstrated in Fig. 5, where the full solution for the zonal
wind in the radial-latitudinal plane is presented. Evidently, for the case of Jupiter, despite the
jets being deep from an atmospheric perspective, extending down to ∼ 105 bar and advecting
1% of the mass of the whole planet (Fig. 6), from the point of view of the whole gaseous
planet, and compared to the proposed Busse (1976) model scenario, the winds penetrate
through only a small fraction of the planet. For Saturn, the fraction is larger, going down
to 15% of the radius of the planet, but still containing only a few percent of the total mass
(Fig. 6). That said, on both planets, the atmospheric advection of several percent of the
planetary mass is very significant, and by far exceeds the advection on any other planet in
the solar system (e.g., Earth’s atmosphere is less than one part in a million of the overall
planetary mass).

Interestingly, the depths of the winds of both Jupiter and Saturn, obtained from the grav-
ity measurements, are also consistent with the observed latitudinal extent of the equatorial
eastward flow, meaning that if the depth of the flow at the equator is extended along the
direction of the axis of rotation, it intersects the surface almost exactly at the latitude where
the zonal flow first turns from positive to negative (eastward to westward). Quantitatively,
taking the half point of the flow profile structure at the equatorial plane (horizontal lines
in the top panels of Fig. 5), which are 1831 km deep for Jupiter and 8743 km deep for
Saturn, and calculating the latitude where this line intersects the surface gives a latitude of
13◦ for Jupiter and 31◦ for Saturn. This is very close to the latitude where the equatorial
flow changes sign, which is 13◦ and 35◦ for Jupiter and Saturn, respectively. Note that for
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Fig. 6 The percentage of Jupiter’s (left) and Saturn’s (right) mass as a function of depth beneath the 1-bar
level. The grey line shows the percentage of mass contained within the depth of the zonal flows as found by
the gravity measurements

Saturn, if a rotation rate of 10:34 is taken instead of 10:39, as recent publications indicate,
this latitude changes to 31◦ (Fig. 1). Thus, the coincidence between the tangent cylinder’s
intersection with the surface and the end of the equatorial prograde jet gives another inde-
pendent observation that is in agreement with the conclusion from the gravity measurements
regarding the depth of the zonal jets. Such arguments regarding the depth of the equatorial
superrotation region have been presented in the past in the context of the tangent cylinder
surrounding the inner region of deep convective models (e.g., Heimpel et al. 2005; Aurnou
et al. 2008; Kaspi et al. 2009; Liu and Schneider 2010; Gastine et al. 2013).

6 The Depth of the Zonal Flow on Uranus and Neptune

As on Jupiter and Saturn, Uranus and Neptune also have very strong east-west flows at
the observed cloud level. These flows reach ∼ 200 m s−1 on Uranus and nearly 400 m s−1

on Neptune, with a meridional structure that is overall similar between the two planets,
consisting of a westward broad equatorial flow and a strong and broad eastward flow at
midlatitudes. The flows have an overall similar character despite the planetary obliquity
being very different (98◦ on Uranus and 29◦ on Neptune), and the internal heat flux being
three times stronger than the solar flux on Neptune, while on Uranus the internal heat flux
appears to be negligible (Pearl et al. 1990; Pearl and Conrath 1991). As these are the only
two planets yet to host a dedicated space mission (Fletcher et al. 2020b), most data comes
from the Voyager 2 encounters of the two planets in 1986 and 1989 (Smith et al. 1986,
1989). The data obtained from Voyager includes the gravity harmonics up to J4, although
to a much lesser precision than the Juno and Cassini data discussed above (Jacobson 2007,
2009). Nonetheless, due to the broader latitudinal structure of the zonal wind, and its relative
resemblance to the latitudinal structure of P4 (Eq. (5)), an upper bound can be placed on the
depth of the atmospheric circulation on these two planets (Kaspi et al. 2013).

The upper limit on the depth of circulation was placed by utilizing the known values of J4

from Voyager and determining the difference between the observed J4, and the J4 resulting
from a wide range of rigid-body models set to match all other observational constraints be-
sides J4. Any difference in these quantities places constraints on the dynamical contribution
to J4. Therefore, considering the observed J4 and its uncertainty and the widest possible
range of J4 solutions from interior models, ranging from models with no solid cores to ones
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with massive solid cores (Helled et al. 2010, 2011; Nettelmann et al. 2013), an upper limit
to the dynamic contribution to J4 (�J4, as in Eq. (5)) was constructed. This revealed that
the dynamics are constrained to the outermost 0.4% of the mass on Uranus and 0.2% on
Neptune, providing a much stronger limitation to the depth of the dynamical atmosphere
than previously suggested (Hubbard et al. 1991). This result implies that the dynamics must
be confined to a thin weather layer of no more than 1600 km on Uranus and 1000 km on
Neptune (Kaspi et al. 2013). This is much shallower than the depths on Jupiter and Saturn,
with the pressure to which the flows extend being at most 4000 bar on Uranus and 2000 bar
on Neptune.

7 Discussion and Conclusion

The recent gravity measurements of Juno and Cassini have provided data accurate enough to
allow key inferences on the effect of atmospheric dynamics on the gravity field of both plan-
ets. Analysis of these measurements has yielded estimates of the depth of the strong zonal
flows on both planets, and implies that the meridional profile of the zonal flows observed at
the cloud level of both planets likely extends to great depths. An intrinsic problem of any
gravity inversion is that the contributing field is not unique, meaning in this case that the
wind-induced gravity anomalies cannot be traced uniquely to the wind field creating them.
However, there are several independent lines of evidence supporting the solutions presented
here:

1. The simplest possible Jovian flow model, taking the observed cloud-level winds and
extending them inward, matches all 4 measured odd gravity harmonics (J3, J5, J7 and
J9) independently both in sign and in magnitude (Fig. 3).

2. The same wind profile matches the dynamical component of the even gravity harmonics
(J6, J8 and J10) as well (Fig. 3).

3. Other than atmospheric dynamics, no other source is likely to produce north-south asym-
metries that give rise to the observed magnitudes of the odd gravity harmonics (Sect. 5).

4. Repeating the analysis presented here, using random zonal wind profiles (considering
that the cloud-level winds may be decoupled from the interior flow causing the measured
gravity anomalies), shows that less than 1% of such wind profiles give a match to the
gravity measurements (Kaspi et al. 2018). In other words, the vast majority of possible
zonal-wind profiles for the winds at depth yield a much worse fit to the gravity data than
simply extending the observed zonal-wind profile inward (Duer et al. 2020).

5. The Saturnian winds, with slight modifications (within the error range of the wind mea-
surements), match the dynamical component of the gravity measurements for both the
even (J6, J8 and J10) and odd harmonics (Fig. 4).

6. For both Jupiter and Saturn, the depth of the flows inferred from the gravity measure-
ments matches the depth where electrical conductivity rises abruptly (Fig. 5). This sug-
gests that the previously suggested mechanism of Ohmic dissipation might play a key
role in setting the flow depth (Liu et al. 2008).

7. For both Jupiter and Saturn, the depth of the flows inferred from the gravity measure-
ments matches the depth inferred from a tangent cylinder separating the equatorial east-
ward flow and the higher latitude flows. This may explain the different latitudinal extent
of the equatorial flow on both planets (Fig. 5).

8. Temporal variation of the magnetic field of Jupiter implies that the variation is carried
by the zonal flow and gives a magnitude of the zonal flow at depth that is very small,
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and consistent with the overall depth implied by the gravity measurements (Moore et al.
2019).

Although each of these lines of evidence could individually perhaps be challenged as being
coincidental, when taken together, they yield a coherent picture regarding the extent and
character of the flows beneath the cloud level of Jupiter and Saturn. On both planets, the
flows advect a substantial part of the mass of the planets (1 − 2%), greater than in any other
planetary atmosphere (Fig. 6). This depth implies that the flows span from top to bottom,
nearly four orders of magnitude in density and nearly six orders of magnitude in pressure.
That said, the depth on both planets is just a small fraction of the planetary radius (∼ 4%
on Jupiter and ∼ 15% on Saturn), suggesting that from a planetary perspective the flows are
still bound to a relatively shallow layer.

Despite this new understanding regarding the depth and structure of the flow, we are
still left with an incomplete picture of the mechanisms driving the flow. Particularly, sev-
eral open questions remain, such as, What causes the flow to decay before reaching the
Ohmic dissipation level at ∼ 105 bar? What drives the equatorial superrotation? Why are
the flows on Saturn substantially stronger? What is the source of the eddies driving the jets?
What are the roles of baroclinic, barotropic and convective instabilities in driving the winds?
With better constrains on the dynamical component of the gravity fields (due to improved
interior models), magnetic fields and their secular variation (with more Juno orbits, Duer
et al. 2019), and temperature fields and water abundance (Juno microwave measurements,
Li et al. 2020) as well as improved dynamical models, these questions might be addressed
in the coming years, to give a better understanding of the fundamental physical processes
driving the dynamics on the giant planets.
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