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S1 Model setup

S1.1 The modified cloud-level wind

Similar to the approach taken in Kaspi et al. [2020] and Galanti and Kaspi [2021], we look for a slightly modified
cloud-level wind that will allow an exact fit to the odd gravity harmonics J3, Js, J7, and Jg. This is done in order
to single out the dependence of the wind-induced gravity harmonics on the latitudinal variability of the wind that
is examined in the study. This is done by decomposing the observed cloud-level wind into Legendre polynomials

N
U (0) = Y APPP(sing), (1)
=0

where A" are the coefficients determining the latitudinal shape of the observed wind, P; are the Legendre polyno-
mials, and N = 99 is the number of polynomials to be used. The A" are calculated from the observed cloud-level
wind of Tollefson et al. [2017]. Defining a modified cloud-level wind

N
Uel9) = > AC'Pi(sin), (2)
=0

where Af‘)l are the modified coefficients, we allow these coefficients to vary during the optimization process (see
below, section S1.4). Note that we construct the wind using a very large number of polynomials. This is done in
order to allow the wind solution to follow closely the observed wind. The optimization procedure described below
ensures that the this large number of coefficients is well constrained.

Since the observed wind |Tollefson et al., 2017] already allows a very good much to the observed odd gravity
harmonics [Kaspi et al., 2018, see also Fig. 3 in the main text]|, only slight modifications are needed to enable an
exact fit (Fig. Sla). The deviation of the optimized wind is well within the observed uncertainty of around 15 m s~!
[Tollefson et al., 2017]. In the case where the inner part of the decay function is fixed to allow compatibility to
magnetic secular variations (Fig 4g in the main text), the optimized cloud-level wind, while a little farther away, is
again within the uncertainty of the observed wind (Fig. S1b).
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Figure S1: The cloud-level winds used in the study (red), shown together with the observed wind [Tollefson et al.,
2017, black]. For the latter, the uncertainty level of 15 m s~ is shown in gray. (a) The wind optimized to allow an
exact fit to the odd gravity harmonics only. (b) The wind optimized to allow an exact fit the odd gravity harmonics
when the decay function in the semiconducting region is fixed according to magnetic secular variations. See Galanti
and Kaspi [2021] for a detailed derivation and discussion.

S1.2 The truncated wind and generation of random winds

The truncated wind is defined as

U@ = USOI(G)% {1 — tanh <|9|A990)] : (3)

where 6 is the absolute of truncation latitude, and Af = 5° is the width of the truncation. The random winds used
in section 4 of the main text are generated in the following way. First, for each of the coefficients A3°' (equation 2)
a random number —1 < a; < 1 is assigned. Then, a random cloud-level wind is generated using the Legendre
polynomials 11-100, so that

N
Upna(0) = > a; A" Py(sin6). (4)
i=11
The lower harmonics 1-10 are excluded from the random wind since we intend to reconstruct the midlatitude part
of the cloud-level wind that lack the low latitudinal variability exhibited in the equatorial region. Then, the random
wind is combined with the truncated wind to give

U,(0) =U%(0) +Urand<e>§[tanh('eA‘fO)ﬂ]. )

This process is repeated, with different random parameter set «; , 1000 times to generated the set of random winds
used in section 4 of the main text.
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S1.3 The flow field below the cloud level

We start by extending the cloud-level wind (Fig. S1) into the interior, keeping constant values along lines parallel
to the spin axis. Then, we allow the flow to decay in the radial direction. The resulting flow field can be defined as

u(r,0) = ucen(s)Q(r), (6)

where ucyi(s) is the cloud-level zonal wind projected downward parallel to the spin axis and s = rcos(f) is the
distance from the axis of rotation. The radial decay function Q(r) is defined as

B r— R, tanh (—Zexf=r) 41
e = (-aew (" >+al T

; (7)

where H is the scale height, « is the contribution ratio between an exponential and a normalized hyperbolic tangent
function, and AH is the width of the hyperbolic tangent. These are the parameters that are searched for during
the optimization process.

In the case where MHD considerations are taken into account (section 5 in main text), the decay function Q(r)
is defined as

- T—RT 1—fM
Q(r) = tanh ( ST ) — (P:S;}?) +fu, Rr<r<R, (8)
’I“—RT
Q(r):fMeXp< I ), r < Rp, 9)
M

where § Hr is the width of the hyperbolic tangent function, fj, is the ratio between the flow strength at the transition
depth and the flow at the cloud-level and Hjy is the decay scale-height in the inner layer [Cao and Stevenson, 2017].
This functional form of the flow’s radial decay allows two distinctly different behaviors in the regions above and
below the transition depth Rp. In the outer region the decay function represents a non-magnetic dynamical effect,
with the baroclinic shear being in thermal wind balance [Kaspi et al., 2009], and the free parameter § Hy; allowing
a range of decaying profiles, from a gradual decay to a case where the cloud-level winds keep their value almost
constant until reaching the transition depth. In the inner region, the exponential decay function is assumed to be
a result of the increased electrical conductivity o.

The above assumptions are modified in two cases examined in the study. In the first case, the cloud-level wind
is projected inward in the radial direction, defined as

u(r,0) = U(0)Q(r), (10)

where U°%(f) is the observed cloud-level wind. In the second case, the wind is projected inward parallel to the
spin axis, but is decayed also in the same direction, so that

z(0,r)—H
—z(e,r)) a tanh (_T) +1

Q) = (1_0‘)6Xp< H tanh () + 1

; (11)

where
z(r,0) = (Re—r)sinb. (12)

In both cases, the same three parameters, H, « and AH, are optimized to give the best fit to the gravity harmonics.

S1.4 The wind-induced gravity

In large-scale flow on fast-rotating planets, such as Jupiter, there exists a balance between the anomalous density
field p’ and the flow field u. Here we give a short version of the derivation of this balance (for the full derivation
refer to Kaspi et al., 2018). Consider the full momentum balance on a rotating planet
Ou 1
§+(u-V)u+2qu+Qxer = —=Vp+V9Q, (13)
p
where u is the 3D flow vector, €2 is the planetary rotation rate, p is density, p is pressure and ® is the body force
potential set by gravity so that V® = —g [Pedlosky, 1987|. It can be shown that under the assumption of a small
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Rossby number (large scale motions on a fast rotating planet) and a steady state, the equations governing the flow
can be written as that

2% (pu) = —Vp—pg— pQ x Qxr. (14)

Separating the solutions to a rigid body solution p; (r,0), ps (r,0), and g5 (r,6) in which u = 0, and a deviation
due to the dynamics p’ (r,6), p’' (r,0), and g’ (r, 8), the dynamical balance becomes

2Q x (psu) = —Vp' — psg’ — p'gs — p'Q x Qxr. (15)
Next, neglecting all terms including ¢’ (scale analysis of the terms), and taking the curl we get
2Q -V (psu) = Vp'xg. (16)

Lastly, taking the flow to be zonally symmetric u = u(r, Q)QAS, the balance becomes

/

ZQT% (psu) = gs%,

where 6 and z are the latitudinal and axis of rotation directions, respectively. If the flow field u is known then this

equation can be solved for p’ up to an integration constant p(r) that does not affect the gravity harmonics (again,

see Kaspi et al., 2018 for a detailed derivation). This balance was used extensively to study the wind structure

on Jupiter [e.g., Kaspi, 2013; Liu et al., 2013; Zhang et al., 2015; Galanti and Kaspi, 2016; Kaspi et al., 2016;

Galanti et al., 2017; Kaspi et al., 2018], as well as for the prediction of the wind-induced gravity field to be expected

on Jupiter [Kaspi, 2013; Galanti et al., 2017]. The wind-induced gravity harmonics are calculated as the volume
integral of p’ projected onto Legendre polynomials

(17)

Re. w/2
_ 27T n+2 . / -
AJ, = NERE /r dr / P, (sin ) p’ (r,0) cos 6d6. (18)
0 9=—r/2

S1.5 The optimization process

First, we discuss the optimization procedure used to calculate the optimal cloud-level wind (section S1.1). For more
details on the optimization methodology refer to [Galanti and Kaspi, 2016, 2021]. The parameters to be optimized,
i.e., those defining the depth of the wind and the cloud-level wind latitudinal profile, are defined as a control vector

XC = {XHa XU} = {[HO/hnora AI_I/hnora a/anor] 3 [Aida ) A?\cf)l} /unor} ’ (19)

where Hy, AH and « are the parameters defining the radial decay of the wind, A%°! are the parameters defining
the cloud-level wind, and hnor = 107, amor = 1, and unor10® are the normalization factors for the depth of the
wind, the mixing coefficient, and the wind coefficients, respectively. The normalization factors are chosen so that
—1 < Ho/hnors AH/hnor, &/ mor, A3 [tiner < 1 .

The goal is to minimize the difference between the model solution for the gravity field and that measured by Juno,
given the uncertainties of the measurements, and the need to keep the optimized control parameters regularized to
physical values. The cost function to be minimized is therefore

L = (@™ -JO)W@JI™ -J)T 4 g XuXE + e (Xu — Xo)(Xu — Xo)7T, (20)

where J™ = [J§*, JI*, Jiv, Ji'] and J° = [J, J2, J2, J§] are the calculated and measured gravity harmonics [Durante
et al., 2020], respectively, Xq = [A‘l’bs, e ASSS} Junor are the observed wind profile parameters, ez = 2 - 10° is the
weight given to the regularization of the depth parameters, and ey = 5-108 is the weight given to the regularization
of the wind solution to the observed one. The cost function is composed of three terms, the first is the difference
between the measured and calculated gravity harmonics, the second assures that the depth of the wind solution
does not depend on the initial guess, and the third assures that the wind solution does not vary too far from the
observed one. Given the value of ¢y and the large number of coefficients defining the wind latitudinal profile, the
regularization of the wind is very strong, thus ensuring that deviations from the observed cloud-level wind are
allowed only if they result in a significantly lower value of the cost function. Given an initial guess for )Tc) , a
minimal value of L is searched for using the Matlab function 'fmincon’ and taking advantage of the cost-function
gradient that is calculated with the adjoint of the dynamical model |Galanti and Kaspi, 2016].
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Then, in the experiments conducted in section 3 to 5 of the main text, the cloud-level wind is fixed, so that the
cost function is set to

L = (@ -3)W@I™ -J3°7" + ey XuXg, (21)

where J™ = [J§*, J AT, I AJE T AJR] and J° = [JS, J,AJS, I, AJTS, IS, AJY]. The goal here if to
fit not only the odd harmonics, but all the residual even harmonics (see main text). Note that the cost function
presented in the results (e.g., Fig. 2a in main text) includes only the first term of Eq. 21 that gives the direct
measure for the model solution.

S2 Solutions with variants of the flow structures
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Figure S2: Similar to Fig. 2 in the main text, but for solutions with the Tollefson et al. [2017] cloud-
level winds. Latitude-dependent solutions, as function of the cutoff latitude. (a) The overall fit of the model
solution to the measurements (cost function). Each case is assigned with a different color, used in the following
panels. (b-f) the solutions for the different gravity harmonics (colors), and the measurement (black). (g) the decay
function associated with each solution.
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Figure S3: Solutions with the cloud-level wind truncated inside a latitudinal region. We examine 18
cases in which the cloud-level wind is truncated equatorward of a certain latitude, for example, set to zero inside
the 25°S-25°N region (see panel h). (a) The overall fit of the model solution to the measurements (cost function).
Each case is assigned with a different color, used in the following panels. (b-f) the solutions for the different gravity
harmonics (colors), and the measurement (black). (g) the decay function associated with each solution. The analysis
shows that a wind truncated equatorward of a latitude larger than 20°S-20°N does not allow a plausible solution
to be reached. (h) Examples of wind truncated equatorward of latitude 5°, 25°, 45°, and 65°.
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Latitude-dependent solutions, as function of the cutoff latitude. (a) The overall fit of the model solution to the
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the solutions for the different gravity harmonics (colors), and the measurement (black). (g) the decay function
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as strong. Shown are the solutions with 1000 random cases (gray), and those of which the solution matches all the
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