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Key Points:5

• Jupiter’s asymmetric gravity field confines the vertical profile of the flow, with each6

harmonic constraining the flow at a different depth7

• Deep zonal flows with a meridional profile significantly different from that of the8

cloud-level are possible, but statistically unlikely.9

• A smoother flow profile at depth, as implied by the Juno microwave measurements,10

is consistent with the gravity measurements.11
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Abstract12

The asymmetric gravity field measured by the Juno spacecraft allowed estimation13

of the depth of Jupiter’s zonal jets, showing that the winds extend approximately 3000 km14

beneath the cloud-level. This estimate was based on an analysis using a combination of15

all four measured odd gravity harmonics, so that the wind profile dependence on each16

of them separately has not been investigated. Furthermore, these calculations assumed17

the meridional profile of the cloud-level wind extends to depth. However, it is possible18

that the interior jet profile varies from that of the cloud-level as hinted by the Juno mi-19

crowave measurement that finds a smoother nadir brightness temperature profile at depth20

compared to the cloud-level. Here we analyze in detail the possible meridional and ver-21

tical structure of Jupiter’s deep jet-streams. We find that each odd gravity harmonic con-22

strains the flow at a different depth, with J3 being the most dominant at depths below23

3000 km, J5 being the most restrictive overall and J9 not constraining the flow at all if24

the other odd harmonics are within the measurement range. Interior flow profiles con-25

structed from perturbations to the cloud-level winds allow a more extensive range of ver-26

tical wind profiles, yet when the profiles differ substantially from the cloud-level the abil-27

ity to match the gravity data reduces significantly. Overall, we find that while interior28

wind profiles which differ substantially from those at the cloud-level are possible, they29

are statistically unlikely. However, slightly smoother profiles, which match the MWR pro-30

file at depth are still compatible with the gravity measurements.31

Plain Language Summary32

Jupiter’s North-South asymmetric gravity field that was measured by the Juno space-33

craft, currently orbiting Jupiter, allowed estimating the depth of the jet-streams (asso-34

ciated with the famous visible bands) to approximately 3000 km. This estimate was based35

on using all the gravity field (harmonics) combined, however there is also information36

about the structure of the flow hidden in each of the gravity harmonics alone. Here we37

analyze those measurements and show how each of them constrains the flow at a differ-38

ent depth We also analyze systematically the statistical likelihood of wind profiles that39

differ from that observed at the cloud-level with various wind profiles at depth. We find40

that for Jupiter’s measured cloud-level jet streams, only a relatively narrow envelope of41

vertical structures allow fitting the gravity data. Although other jet profiles that are dif-42

ferent than the observed at the cloud-level are feasible (still consistent with the gravity43

data), they are statistically unlikely. The Juno microwave radiometer instrument sug-44

gests that the wind profile at depth varies from that of the cloud-level, with the winds45

having a smoother silhouette. We find that such profile can still match the gravity data46

as long as the variation from the cloud-level wind is not substantial.47

1 Introduction48

The Juno spacecraft has provided an unprecedented glance into Jupiter’s atmospheric49

flows below the cloud-level. The high precision gravity measurements, particularly the50

odd gravitational harmonics repeated in multiple passes (Iess et al., 2018), presented an51

opportunity to estimate the depth and structure of Jupiter’s zonal jets. It was found that52

the zonal jets are deep and penetrate to approximately 3000 km below the cloud-level53

(Kaspi et al., 2018). Below this depth, the even gravitational harmonics indicate that54

Jupiter is rotating nearly as a solid body (Guillot et al., 2018). However, the details of55

the decay in the flow strength with depth have yet to be determined. There appear to56

be remnants of the jets even below 4000 km, and since at this depth the electrical con-57

ductivity in Jupiter is relatively high (Liu et al., 2008; French et al., 2012), there might58

be interaction between the flow and the magnetic field (Cao & Stevenson, 2017; Galanti,59

Cao, & Kaspi, 2017; Duer et al., 2019; Moore et al., 2019). Understanding the gravity60
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Figure 1. (a) Examples of decay options that fit all four measured odd gravity harmonics

(Jn) within the 3σ sensitivity range of Juno and using Jupiter’s exact observed cloud-level flows

(Tollefson et al., 2017). The ordinate represents the fraction of the wind velocity relative to the

wind at the cloud-level. (b) Envelope of all possible solutions (light gray), the average solution

of all options (red line), their standard deviation (dashed red lines) and envelope of solutions

satisfying larger range (darker gray with rising uncertainty range).

harmonic signature and the flow structure below the cloud level is with high importance61

in order to complete the picture.62

The even gravity harmonics are used to constrain the internal density structures63

of gas giants (e.g. Hubbard et al., 1974; Hubbard et al., 1975; Helled et al., 2010; Net-64

telmann et al., 2013). The higher order (even) gravity harmonics are sensitive to the outer65

regions of the planet (Zharkov & Trubitsyn, 1974; Guillot & Gautier, 2007; Nettelmann66

et al., 2013). Their exact value is defined by the density distribution throughout the planet67

and the planet’s rotation, composition, shape, mass, and radius. Since for a static gas68

planet, the odd harmonics are identically zero, any gravitational asymmetry between north69

and south would indicate on a dynamical source generating those asymmetries (Kaspi,70

2013). The depth sensitivity of each of the odd gravity harmonics separately has yet to71

be examined.72

Juno measured with high precision the gravity harmonics up to J10, including sig-73

nificant odd values. The measured values and error range are: J3

(
×10−8

)
= −4.24±74

0.91, J5

(
×10−8

)
= −6.89±0.81, J7

(
×10−8

)
= 12.39±1.68 and J9

(
×10−8

)
= −10.58±75

4.35 (Iess et al., 2018). The relation between the density anomaly to the flow (thermal76

wind balance) allows constraining the deep flow structure within the planet (Kaspi et77

al., 2010; Kaspi, 2013; Kaspi et al., 2018). Assuming that the cloud level zonal wind struc-78

ture is extended towards Jupiter’s interior using a scaling factor, one can find many so-79

lutions for the deep flow structure that satisfy all four odd gravity harmonics within the80

uncertainty range. Yet, all those solutions are within a relatively narrow envelope of so-81

lutions (Fig. 1). For a full description of the figure and the search for possible solutions82

see subsections 2.1 and 2.2.83

However, the meridional structure of the zonal wind is not necessarily constant with84

depth. The cloud-level wind itself has a measurement error (Garcıa-Melendo & Sánchez-85

Lavega, 2001; Salyk et al., 2006; Tollefson et al., 2017), and as it extends inward the pro-86

file might vary, although any such variation must be accompanied with a meridional tem-87

perature gradient as well. Some evidence to such meridional variations come from the88

Juno microwave radiometer (MWR) measurements showing that nadir brightness tem-89

perature profile (dominated by the ammonia abundance), becomes smoother with depth90
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(Bolton et al., 2017; Li et al., 2017; Ingersoll et al., 2017). Although this measurement91

is not necessarily correlated with temperature, it does coincide somewhat with the zonal92

wind profile at the cloud-level (Bolton et al., 2017), and thus might provide a hint to the93

vertical variation of the zonal wind profile in the upper 300 km. In this study we inves-94

tigate if zonal wind profiles that have a smoother meridional variation (resembling the95

MWR measurements) can be consistent with the gravity measurements.96

Previous work on constraining the deep flow structure was done using all four mea-97

sured gravity harmonics combined (e.g. Kaspi et al., 2018; Kong et al., 2018). However,98

an important question is how each gravity harmonic individually constrains the flow strength99

at different depths. Here, we examine the individual contribution of each odd gravity100

harmonic, with emphasis on the depth of influence and the relation to the cloud-level101

zonal wind profile.102

In order to provide a systematic analysis we take a hierarchal approach where we103

increase the level of complexity of the variation of the wind structure, and in all cases104

explore what is the range of solutions that match the gravity measurements. We begin105

with solutions which are identical to the cloud-level profile and allow only for the ver-106

tical decay to vary. Then, we relax the meridional profile of the zonal wind and allow107

variations to the measured cloud-level profile along with the varying vertical decay. Fi-108

nally, we examine random meridional profiles that are not related at all to Jupiter’s mea-109

sured cloud-level profile, exploring the possibility that the interior wind structure, which110

is influencing the gravity measurements, is completely different than the cloud-level flow.111

Following this logic, we also search for solutions with smoother wind profiles at depth,112

resembling the MWR measurements at 300 km (channel 1), and calculate the vertical113

structure of such flows that can match also the gravity data.114

The paper is structured as follows: in section 2 we introduce the theoretical back-115

ground for this analysis, connecting the gravity measurements and the wind profile. In116

section 3 we present the possible solutions for Jupiter’s wind structure while excluding117

a specific harmonic, and discuss the ability to find solutions for the anomalous gravity118

field of different meridional arrangements and depth dependent meridional structures.119

Finally, in section 4 we discuss the significance and conclusions of this study.120

2 Methodology121

To understand the depth sensitivity and relation to the latitudinal structure of each122

odd gravity harmonic, we introduce here the general equations relating deep flow struc-123

tures to the odd harmonics, the possible vertical decay structures and latitudinal struc-124

tures used in this study.125

2.1 Relation between the flow structure and the gravity anomaly126

The density distribution within Jupiter can be described by the zonal gravity har-127

monics (Jn), which describe the external gravitational field of the planet in equilibrium128

(Zharkov & Trubitsyn, 1974). The gravity multipole harmonics can be represented by129

Jn = − 1

MRnJ

∫
ρrnPnd

3r, (1)

where M and RJ are Jupiter’s mass and equatorial radius, respectively, n is the harmonic130

degree, ρ is density, r is the radial coordinate and Pn is the n-th Legendre polynomial131

(Hubbard, 1984). The density can be decomposed such that ρ (r, θ) = ρ̃ (r, θ)+ρ′ (r, θ),132

where ρ̃ (r, θ) is the static component that is determined mostly by the planet’s shape133

and rotation (Hubbard, 2012), and ρ′ (r, θ) is the dynamical anomaly representing fluid134

velocities that alter from solid body rotation with θ being latitude (Kaspi et al., 2010).135

The zonal gravity harmonics that represent only the dynamical part of the flow (∆Jn)136
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can be calculated by integrating the density anomaly and its projection onto the Leg-137

endre polynomials in spherical coordinates such that138

∆Jn = − 2π

MRnJ

RJ∫
0

1∫
−1

ρ′ (r, µ) rn+2Pn (µ) dµdr, (2)

where n = 2, ..., N are the harmonic degrees and µ = r sin (θ). Since an oblate planet139

with no dynamics is symmetric between north and south, the density anomaly represented140

by the odd harmonics (n = 3, 5, ..) should be identically zero if the flow pattern is sym-141

metric or if the dynamics are shallow. However, Juno measured four odd gravity har-142

monics, indicating a strong asymmetric pattern exists in Jupiter’s flow field (Iess et al.,143

2018).144

The rapid rotation and size of the planet (small Rossby number) imply that this145

asymmetry can be directly related to zonal flows, since to first order, the leading bal-146

ance in Jupiter is a balance between the flow related Coriolis forces and the thermody-147

namic anomaly (Kaspi et al., 2010, 2016, 2018). This balance is known as thermal wind148

balance (Pedlosky, 1987; Kaspi et al., 2009). If only zonal flows are considered, thermal149

wind balance can be written as150

2Ω
∂

∂z
(ρ̃u) = g0

∂

∂θ
ρ′, (3)

where Ω is Jupiter’s rotation rate, u is the zonal flow, g0 is the mean gravitational ac-151

celeration and z is the direction parallel to the rotation axis. Galanti, Kaspi, and Tziper-152

man (2017) showed that a higher order expansion, beyond thermal wind, provides only153

a small (less than 10%) correction for determining the deep flow dynamics, and there-154

fore for the purpose of studying the overall vertical structure we can neglect it.155

We search for possible deep wind structures that can explain each one of the mea-156

sured odd gravity harmonics (J3, J5, J7, and J9). Unlike previous studies (e.g. Kaspi et157

al., 2018), we are not searching for an optimal solution with respect to the full error co-158

variance matrix. Any vertical wind structure that fits the odd measured gravity harmon-159

ics within the uncertainty range of Juno is considered a possible solution for the flow.160

This allows to examine the full range of possible solutions, without converging to a sin-161

gle decay structure of the flow. For example, the solution suggested by Kaspi et al. (2018)162

that considered the covariance matrix is not a solution here since the value of J3 is not163

within the measured error. We test the depth sensitivity of each harmonic by exclud-164

ing it in the calculations, and examining the difference between the vertical profiles that165

include the specific Jn to those that do not.166

2.2 Range of vertical decay structures167

Taking an hierarchal approach with an increasing level of complexity, we first use168

the observed cloud-level wind as an upper boundary condition for the flow field, and as-169

sume the same profile continues inward. The possible deep flow structures are set to de-170

cay continuously from the cloud-level to few thousands of kilometers (Kaspi et al., 2018),171

using two decay regions and a maximum of two steps. The choice to divide the decay172

functions into two distinct regions rises from the possible magnetic field effects on the173

flow, expected at r < 0.95RJ (Duer et al., 2019), which imply that once the electri-174

cal conductivity begins to be dominant the magnetic field acts to dissipate the flow (Liu175

et al., 2008; Gastine et al., 2014). Thus, for the lower part (the semi-conductive region),176

we chose an exponential decay (Eq. 6) that fits the exponential nature of the electrical177

conductivity within Jupiter (Nellis et al., 1992; Weir et al., 1996; French et al., 2012).178

For the upper part, the function includes both an exponent and hyperbolic tangent, which179

combined (Eq. 5) give a wide possible range of decay function.180
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The zonal flow vertical structure is defined therefore with six independent param-181

eters chosen to cover an extensive range of vertical structures. The total zonal flow struc-182

ture is183

u(θ, r) = utop(θ, r)Qs(r), (4)
184

Qs(r) = (1 − α) exp

(
r −RJ
H1

)
+ α

[
tanh

(
−RJ−H2−r

∆H

)
+ 1

tanh
(
H2

∆H

)
+ 1

]
RT ≤ r ≤ RJ , (5)

185

Qs(r) = Qs(r = RT ) exp

(
r −RT
H3

)
r < RT , (6)

where utop(r, θ) is the wind at the cloud level, projected downwards in the direction par-186

allel to the axis of rotation (Eq. 3), Qs(r) is the radial decay function (see examples in187

Fig. 1), representing the fraction of the cloud-level wind at every depth, and the set of188

parameters that forms the decay rate are bounded in the following limits: 0 ≤ α ≤ 1,189

200 ≤ H1 ≤ 2500 km, 200 ≤ H2 ≤ 2500 km, 200 ≤ ∆H ≤ 2500 km, 0.95 ≤ RT ≤190

0.975RJ and 100 ≤ H3 ≤ 900 km. The function Qs is also smoothened at the transi-191

tion depth. From each set of systematically random chosen parameters, we calculate the192

resulting density anomaly and the implied odd gravity harmonics, to find the depth sen-193

sitivity of each individual harmonic. This process is repeated 5×105 times to cover the194

full parameter space.195

2.3 Varying the meridional profile of the cloud-level zonal wind196

The assumption that Jupiter’s zonal flow profile remains constant at all depths re-197

quires further investigation and cannot be taken as trivial. First, because the zonal wind198

profile is measured by tracking of cloud motions which itself has some uncertainty (Tollefson199

et al., 2017). Second, and most importantly, the assumption that the cloud-level pro-200

file extends perfectly to depth requires the flow to be barotropic which is not necessar-201

ily the case. On the other hand, any deviation from barotropic must be supported by202

horizontal temperature gradients, which themselves must be maintained by some inter-203

nal mechanism (Showman & Kaspi, 2013). Internal convection models support the sce-204

nario that there may be internal shear over the upper few thousand kilometers, but the205

overall structure of the flow does not change much (Kaspi et al., 2009; Jones & Kuzanyan,206

2009). Any significant deviation from the zonal wind structure observed as the cloud-207

level requires significant shear and correspondingly significant horizontal thermal gra-208

dients. As this is an open question, for the purpose of this analysis we examine several209

cases of meridional wind profiles, under the assumption that the wind structure possi-210

bly varies beneath the cloud-level. For the purpose of the gravity analysis this means that211

the new profile used occupies enough mass to affect the gravity field, and the cloud-level212

observed flow is limited to a shallow enough layer so it does not affect the gravity field.213

The simplest case is clearly to use the measured profile at Jupiter’s cloud level and214

allow its magnitude to decay with depth. A slightly less constraining option is to insert215

a perturbation to the measured profile, therefore keeping the general form and allow a216

varying level of modifications to the cloud-level flow. The perturbed winds chosen here217

are a good representation to the measured uncertainties in Jupiter’s cloud-level wind (Garcia-218

Melendo et al., 2011; Tollefson et al., 2017), or to changes in the wind structure below219

the measured wind at the cloud-level as implied possibly by MWR. Finally, random merid-220

ional profiles of the zonal flow with a similar general spectra to Jupiter’s are examined221

as well. For the three cases (measured meridional profile, perturbed meridional profiles222

and random meridional profiles), the zonal flow structure is chosen at the cloud level (utop,223

Eq. 4) and projected downward along the rotation axis with a range of vertical struc-224

tures as described in subsection 2.2.225
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The modified Jupiter profiles are calculated by adding sine-like perturbations to226

the measured wind. The standard deviation for the perturbations in the modified pro-227

files is 5±0.5 ms−1 (varies with latitudes), well within the measurement error (Garcia-228

Melendo et al., 2011; Tollefson et al., 2017). The perturbation is constructed as229

ε (θ) =

10∑
n=1

[an sin (2nθ) + bn cos (2nθ)] , (7)

where ε is the perturbation, an and bn are random numbers that are normally distributed230

around zero with std of 2, and θ is latitude. We examine 1000 modified profiles, where231

each profile is being constructed by adding the perturbation to the measured wind. In232

addition, 1000 random profiles are constructed purely from the functions ε, but with a233

standard deviation of 30 ms−1. These profiles represent internal winds that are completely234

unrelated to the observed cloud-level winds.235

2.4 Altering the meridional profile with depth according to MWR mea-236

surements237

The nadir brightness temperature estimations from Juno’s six-channel microwave238

radiometer (Bolton et al., 2017; Li et al., 2017) reveal a strong variation in latitude. The239

brightness temperature is related to the ammonia distribution (Ingersoll et al., 2017),240

and shows some resemblance to the zonal jet structure. At the cloud-level, the relation241

between the two is prominent (channel 6), while in the other channels it appears to fade-242

out as the MWR profiles become smoother. It is important to note that the MWR does243

not indicate the temperature (in which case the relation to the wind shear would be triv-244

ial through thermal wind balance), and therefore a direct correlation between the nadir245

brightness temperature and the zonal flows is not necessarily expected. However, since246

there is correlation in the upper levels, and to examine the possibility that the MWR247

measurements are correlated enough to temperature to indicate on the jets strength and248

profile beneath the cloud-level, we analyze a range of depth dependent meridional pro-249

files, compatible with the nadir brightness temperature trends. For this analysis we con-250

sider a range of modified cases, where in each we set the wind strength in the six chan-251

nels according to MWR results, and project the wind strength from channel 1 (∼ 300 km)252

inwards as in previous cases (subsection 2.2). The wind at channel one is composed us-253

ing a running average of N degrees, where N = 0, 1, 2, ..., 10 (0 means that no running254

average is applied).255

3 Results256

3.1 Jupiter’s cloud-level wind257

The depth sensitivity of each odd measured gravity harmonic, according to Jupiter’s258

measured zonal profile, is presented in Fig. 2. The gray envelope, the same envelope from259

Fig. 1b, is the boundary of all possible solutions that fit all four odd gravity harmon-260

ics within 3σ. Note that not all lines inside the gray envelope will necessarily generate261

a solution compatible with the measured gravity field. All additional solutions that are262

gained while excluding one of the odd gravity harmonics appears in Fig. 2 (cyan envelopes),263

and emphasizes the region that the excluded harmonic bounds the flow. The most in-264

significant influence is clearly of J9 (Fig. 2d). It appears to add no solutions at all to the265

gray envelope, meaning, J9 does not constrain the flow at any depth and in general if266

the other three odd values are still within Juno’s 3σ. This is due to two factors: first,267

according to the equation for the gravity harmonics (Eq. 2), J9 should be most sensi-268

tive to the outermost region (because of the (r/RJ)
n

dependence) where the density is269

minimal and might not indicate on the interior structure. Second, J9 has the highest mea-270

surement error, and lowest signal to noise ratio (SNR), so even while fitting J9, there is271

an extensive region of solutions, and excluding it does not add new solutions.272
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Figure 2. (a) The envelope of possible solutions that fit all four odd gravity harmonics (gray),

the envelope of additional solutions once releasing J3 (while still fitting J5, J7 and J9) (cyan), the

average of all decay options within the subplot (gray and cyan combined) (red), and the standard

deviation of them (dashed black). The other panels are the same while excluding other Jn: (b)

excluding J5, (c) excluding J7 and (d) excluding J9. The results are a combination of 5 × 105 de-

cay options. Note that the cyan color emphasizes the depth sensitivity of each gravity harmonic

separately.

The largest influence on flow structure and depth sensitivity, comes from J5 (Fig. 2b).273

It appears to set the upper boundary of the gray envelope from the cloud-level (0 km)274

to 3500 km, and a lower boundary of the gray envelope between 2000 to 3500 km. The275

strongest sensitivity is between the cloud-level and 3000 km. J5 has the smallest mea-276

sured 3σ value, and the smallest SNR, however its value is very similar to the SNR of277

J7 thus the large influence of J5 cannot be a result of its error alone. In a similar man-278

ner, J3 is mostly sensitive between 3000 and 5000 km and between the cloud-level (0 km)279

to 1500 km (Fig. 2a). Note that for a flow structure that decays to zero velocities at 4000 km280

(∼ 0.94RJ) J3 must be excluded. J7 is sensitive between 500 and 2500 km and sets mainly281

the lower boundary of the gray envelope at those depths (Fig. 2c). As expected from the282

gravity harmonics equation, the odd harmonics, similarly to the even harmonics depth283

sensitivity, show that higher order harmonics are more sensitive in outer regions (Zharkov284

& Trubitsyn, 1974; Guillot & Gautier, 2007; Nettelmann et al., 2013). However, the depth285

dependence is more complicated when addressing the odd harmonics alone.286

3.1.1 Contribution function287

The depth sensitivity of the gravity harmonics can also be examined by calculat-288

ing directly the depth dependence of Jn. Defined as the contribution function, that was289

calculated for the even harmonics of Jupiter and other planets (e.g. Guillot & Gautier,290

2007; Helled et al., 2010; Nettelmann et al., 2013). The contribution of each shell is ba-291

sically the normalized integrant of Jn, defined as Cn = d∆Jn
dr /Jn, where d∆Jn

dr = − 2π
MRn

J

∫ 1

−1
ρ (r, s) rn+2Pn (µ) dµ292

(Zharkov & Trubitsyn, 1974; Hubbard et al., 1974; Hubbard, 1984). The even harmon-293

ics in these studies are calculated from the background density (solid body models), while294

in our study we use the wind-induced anomalous density field to calculate the odd har-295

monics contribution, so here ρ = ρ′. The odd contribution function of each odd grav-296

ity harmonic (Fig. 3b) is calculated from the average anomalous density profile (Fig. 3a)297

of all possible decay structures that are consistent with all Juno’s four odd gravity har-298
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Figure 3. (a) The average anomalous density profile of all possible decay options that fits

the Juno four measured odd gravity harmonics, colors represent anomalous density values range

[kg m−3] (b) the resulting contribution function for each of the odd gravity harmonics. Both pan-

els are for all the latitudes and only for the upper ∼ 5000 km, below this depth the anomalous

density equals zero.

monics allowed range (Fig. 1a). Note that here, unlike the even harmonics static con-299

tribution (e.g. Nettelmann et al., 2013), we do not have to normalize by the value of Jn300

since all four values are within the same order of magnitude, yet, we present the normal-301

ized result for convenient comparison.302

The resulting contribution from the odd harmonics shows a very different pattern303

compared to the even harmonics discussed in Nettelmann et al. (2013). Most importantly,304

unlike the case of the even harmonics, the contribution here changes signs for all har-305

monics (Fig. 3b). The change of sign is consistent with depth in both panels. The in-306

tegrals of the contribution curve are the gravity harmonic values, which for the averaged307

anomalous density are: J3

(
×10−8

)
= −4.29, J5

(
×10−8

)
= −7.50, J7

(
×10−8

)
= 10.8308

and J9

(
×10−8

)
= −6.69. Interestingly, the contribution figure reveals a complex depth309

dependence for all four values. C3, which has the largest contribution from each region,310

gets the biggest contribution from the upper part (the difference between the upper and311

lower parts constituted the J3 value). C5 is the only harmonic that most of its contri-312

bution raises from the deeper part of the density anomaly. This might explain the strong313

depth sensitivity of J5 revealed in Fig. 3. C7 and C9 clearly depend much more on the314

upper part. The contribution function of the odd harmonics manifested in a more com-315

plicated pattern than the even harmonics. Unlike the even harmonics, which correspond316

only to the static shape of the planet, the higher odd harmonics are not simply more pro-317

nounced in the outer regions. The projection of the wind patterns onto different depths318

is reflected in the odd contribution in those depths, concealing the (r/RJ)
n

dependency319

which is the prominent feature for the even contribution.320

3.2 Perturbed cloud-level wind profiles321

Next we examine how perturbing the cloud-level wind (subsection 2.3) affects the322

ability to explain the odd gravity harmonics. The perturbed wind profiles (Fig. 4e, col-323

ors) result in a substantially bigger solutions envelope (Fig. 4a-d, gray) than the one from324
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Figure 4. (a-d) Modified wind profiles odd gravity harmonics depth sensitivity summary as

in Fig. 2 and (e) 100 examples of the 1000 profiles generated those odd harmonics values (colors)

and Jupiter’s measured wind profile (black). Each profile was examined with 5 × 105 random

decay options. The results shown here are for all 5 × 108 options.

the measured zonal wind profile case, consistent with the fact that we allow a wider range325

of wind profiles. Note that the overall shape has changed and that the flow can even van-326

ish at ∼ 2500 km. This might have an important implication since the initial time de-327

pendent magnetic field results from Juno imply that the wind in those regions should328

be very weak (Duer et al., 2019; Moore et al., 2019). Also note that even for the per-329

turbed winds there are no solutions fitting at least three odd Jn, that vanishes above 2000 km.330

The depth sensitivity of each harmonic is less unique than the measured wind case. This331

reflects the fact that Fig. 4 is a combination of all the possible solutions from 1000 ex-332

amined meridional wind structures. Overall J3 still seems to be the most sensitive har-333

monic in deeper regions, J5 turns to be the most insignificant harmonic and J9 does af-334

fect the depth range of 1500−2000 km unlike the unperturbed wind case. The substan-335

tially larger area of solutions, however, does not manifested in more solutions relative336

to the examined cases. From 1000 examined profiles tested with 5×105 decay options337

each, only about 0.1% fit the anomalous gravity field compared to about 1% in the un-338

perturbed case (Fig. 6, red and blue). This suggests that although other solutions ex-339

ists for the cloud-level wind, it is likely that a structure that is similar to the observed340

cloud-level is indeed the structure in the deeper atmosphere of Jupiter.341
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Figure 5. Summary of random meridional profiles correspondence to the odd gravity har-

monics. Only ∼ 1% of the zonal profiles are able to fit all four odd gravity harmonics (a), 10%

of the zonal profiles fit at least three odd gravity harmonics (b), 45% of the zonal profiles fit at

least two odd gravity harmonics (c) and 6% fit non of the odd gravity harmonics (d). The full

compatibility distribution is detailed in the figure.

3.3 Other cloud-level wind profiles342

The resulting solution envelopes of the random wind profiles are relatively simi-343

lar to the previous case of perturbed winds (not shown). However, the ability of the 1000344

examined random profiles, each with 5×105 decay options, is considerably smaller than345

previous cases. Only about 0.01% fit all four odd gravity harmonics (Fig. 6, yellow). This346

clearly indicates that fitting all four odd numbers is very difficult with random merid-347

ional profiles of zonal wind. Moreover, Only a very small subset of profiles (13 examined348

meridional arrangements out of 1000, about 1%) are able to fit with any decay profile349

the measured four values (Fig. 5a), and in general, the measured numbers do not appear350

to be coincidental with the zonal flow structure. This should not come as a surprise since351

it is very unlikely that below the cloud level of Jupiter utterly different structure of zonal352

profile suddenly arise. Out of the 1000 profiles examined, combination of even two or more353

gravity harmonics is rare and exists in only 7% or less of the profiles (Fig. 5b,c).354

A summary of all examined cases appears in Fig. 6. Note that the ordinate is a log-355

arithmic scale and that 100% stands for all the zonal profiles (1000 zonal wind profiles356

other than the measured wind) and all decay options (5×105) for each case. We find357

that the envelope of possible solutions from Fig. 1 stands for only ∼ 1% of the tested358

vertical structures for zonal flows. The fitting percentage decreases with increasing per-359

turbations, and drops rapidly when switching to random profiles. This trend repeats for360

all variations of only three odd harmonics. For all cases the random winds shows signif-361

icantly lower fitting percentage than the other cases. We also present fitting percentage362

of excluding two and three harmonics (Fig. 1). This result strongly strengthens the as-363

sumption that Jupiter’s meridional flow structure remains relatively unchanged beneath364

the cloud-level.365

3.4 Depth dependent wind profile according to MWR measurements366

The deconvolved nadir brightness temperature from Juno’s microwave radiometer,367

as in Li et al. (2017), appear to be smoother with depth from channel six (cloud-level)368

towards channel one (∼ 300 km depth) (Fig. 7, black lines). The most apparent feature369

of the Nadir temperature in channel one is that the equatorial anomaly remains, while370
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Figure 6. Solutions summary for the four presented cases of wind structures: Jupiter’s mea-

sured wind at the cloud level (blue), 1000 slightly modified meridional structures (red) and 1000

random zonal profiles with similar general structure to Jupiter’s zonal profile (yellow). The ordi-

nate is a logarithmic scale of percentage relative to all cases that were examined. The particular

requirement of the solution to match the different odd gravity harmonics is presented by the

abscissa.

at higher latitudes the waviness dissolves. The relation between Jupiter’s meridional pro-371

file and the brightness temperature is clear at the cloud-level (channel six) (Fig. 7a, top),372

yet it vanishes in the depths of the other channels, most prominently in channel one (Fig. 7a,373

bottom). The running average at depth allows to match between the temperature trend374

and the zonal jets. For comparison, three options for the deep winds are presented. The375

first, without depth dependence, is not consistent with the nadir temperature trend at376

depth (Fig. 7a). The other two panels, with increased relaxation with depth, are more377

compatible with the nadir temperature (Fig. 7b,c).378

The examined cases cover the range of possibilities of altering the meridional pro-379

file with depth. The case studies range from slightly to largely modified depth depen-380

dent profile until no solutions are found (Fig. 8a). For slightly smoother profiles the abil-381

ity to fit all four odd Jn is similar to that without any smoothing (Fig. 8a). Stronger smooth-382

ing leads to less ability to fit the odd four Jn. Using more than 10 degrees running av-383

erage results in no solutions for the odd gravity harmonics. Comparison between the abil-384

ity to fit the gravity harmonics while excluding one of them for the three case studied385

in Fig. 7 shows a steady tendency, with all the odd Jn affected by the relaxation until386

no solutions can be found (Fig. 8b).387

4 Discussion and conclusions388

The main challenge of interpreting the Juno gravity measurements is that the mea-389

surements provide only a handful of numbers (gravity harmonics), while the meridional390

and vertical profile of the interior flow have many degrees of freedom, and therefore by-391

definition the problem is ill-posed. Acknowledging this inherent issue, Kaspi et al. (2018)392

used four degrees of freedom for the vertical flow profile (matching the number of the393

four odd harmonics), and found the best optimized profile for this allowed range. They394

addressed the non-uniqueness by showing the statistical likelihood of wind profiles for395
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the interior that are completely different than the cloud-level flow. Kong et al. (2018)396

highlighted the non-uniqueness issue by showing that two different flow profiles can still397

satisfy the gravity measurements. In this study we take a more methodological approach398

and consider a wider range of solutions and analyze their statistical likelihood. The flow399

profiles we consider, both for the meridional and vertical profiles, are bound by phys-400

ical considerations. We also address two main issues: First, all previous studies looked401

at all four odd gravity harmonics together and found the flow profiles best matching all402

four. Here, we investigate how does each one of them separately bound the flow. Sec-403

ond, in attempt to coincide the gravity and microwave data, we explore if deep profiles404

that are smoother than those of the cloud-level, as possibility indicated by the microwave405

nadir temperature measurements, can be consistent with the gravity measurements.406

Beginning with assuming that the cloud-level wind profile extends to depth with407

some decay profile, we identify the envelope of possible solutions (Fig. 1). We then re-408

lax the dependence on each of the odd gravity harmonics separately and by this analyze409

their individual contribution to the vertical profile of the zonal wind (Fig. 2). We find410

that J3, which is the lowest order odd harmonic that represent the dynamics of Jupiter,411

is sensitive at depths where the conductivity rises (beyond ∼ 3000 km) and the mag-412

netic field might be interacting with the flow, resulting in the Lorentz force playing a key413

role in the dynamics. J5 appears to be the most sensitive harmonic, giving a robust con-414

straint on the vertical structure of the zonal flow alone (Fig. 2b). Interestingly, J9 does415

not give any new constraint on the flow if the other three harmonics are within the sen-416

sitivity range (Fig. 2d).417

The modified zonal flows analysis revealed a substantially bigger possible solutions418

envelope than that with extending the cloud-level wind (Fig. 4). This implies that the419

depth sensitivity of each harmonic might alter with different structure of zonal wind, how-420

ever the overall structure remains similar. Even for the perturbed winds, the flow can-421

not vanish shallower than 2000 km depth. The case with random winds implies that the422

wind cannot be completely altered below the cloud level, since fitting the four odd grav-423

ity harmonics (or three if we ignore J9) is not coincidental and requires either similar424

winds to the measured ones that would penetrate few thousands of kilometers into the425

planet, or a very specific and statistically unlikely combination of meridional wind pro-426

file and a decay structure (Fig. 6). Finally, the gravity harmonics of the slightly mod-427

ified depth dependent meridional profiles that are more compatible with the MWR mea-428

surements at depth are still within Juno’s gravity measurements range, indicating that429

the nadir temperature could indeed reflect on the structure of the zonal jet at 300 km430

(channel 1) as it does at the cloud-level (Figs. 7,8).431
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