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winds penetrate. The dynamical considerations issue from the facts that Saturn has a strong intrinsic heat
flux, rotates rapidly, and has negligible atmospheric viscosity. As a result, convective motions align with
surfaces of constant specific angular momentum, which are, away from the equator, approximately cyl-
inders concentric with the planet’s spin axis. Convective motions in the interior therefore tend to homog-
enize entropy in the direction of the spin axis, but not necessarily perpendicular to it. Using the
assumption of interior entropy homogenization in the direction of the spin axis, we determine the zonal
winds and their associated thermal and gravitational signals by combining thermal wind balance, the
equation of state, the observed zonal winds at the cloud level, and estimates of the strength of the mag-
netohydrodynamic (MHD) drag that zonal winds experience in the deep interior.

We find zonal winds likely extend deeply into Saturn, to a depth between about 0.63 and 0.83Rs (with
Saturn’s radius Rg), or to pressures between 1.4 and 0.3 Mbar. The equation of state of hydrogen con-
strains zonal winds with strengths similar to the cloud level winds to be confined within the outer
few percent of Saturn’s radius, with substantially weaker winds below, irrespective of where in the range
of plausible estimates Saturn’s imprecisely known rotation rate falls. Depending on the rotation rate and
the precise depth to which zonal winds penetrate, we estimate that the meridional equator-to-pole tem-
perature contrasts in thermal wind balance with the inferred zonal winds increase with depth and reach
1-2 K at 1 bar and 2-4 K at 5 bar. They would be much larger if the cutoff radii of the zonal winds were
much shallower than we estimate, but thermal observations by the Cassini Composite Infrared Spectrom-
eter (CIRS) already rule out very shallow flows: Zonal winds must extend deeper than 5000 bar (0.965Rs)
because otherwise the associated equator-to-pole contrast would be inconsistent with Cassini CIRS ret-
rievals of the temperature field.

Upcoming Cassini gravitational measurements can further constrain the penetration depth of zonal
winds, as gravitational zonal harmonics associated with deep zonal winds are much larger than those
associated with shallow zonal winds. The even gravitational zonal harmonics associated with zonal winds
that penetrate to megabar levels start to become distinguishable from the planetary solid body rotation at
zonal harmonic degree n = 8. The low-order odd gravitational zonal harmonics, which do not depend on
the planetary solid body rotation, will be detectable within likely Cassini measurement errors for cutoff
radii r. < 0.98Rs ( = 1000 bar). Combining thermal and gravitational signals of the zonal winds, the pen-
etration depths of the zonal winds relative to different rotation rates can thus be constrained.

© 2014 Elsevier Inc. All rights reserved.

Keywords:
Atmospheres, dynamics
Saturn, atmosphere
Saturn, interior

1. Introduction surements have been used to infer upper and lower bounds on
the depth of the zonal winds. Smith et al. (1982) estimated that
There exist no direct measurements of how deep Saturn’s zonal Saturn’s zonal winds likely extend well below the cloud decks,

winds extend beneath the visible cloud decks. But indirect mea- given that the upper-tropospheric pole-equator temperature con-
trasts had been observed to be weak. They inferred that the pole-
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over 10* bar so as not to lead to larger observable temperature con-
trasts near the cloud level. Liu et al. (2008) used the constraint that
the Ohmic dissipation of the electric currents induced by the zonal
winds in the electrically conducting interior cannot exceed the
planetary luminosity. They concluded that the maximum penetra-
tion depth of the zonal winds, if they extended unabatedly from
those observed at the cloud level, is 0.86Rs (Saturn radius Rs), or
pressures of order 10° bar. Sanchez-Lavega et al. (2011) combined
observed properties of Saturn’s 2010 giant storm with numerical
simulations to infer that the zonal winds extend at least to the
water-cloud base at pressures of 10-12 bar.

If the zonal winds on Saturn penetrate into the interior, they
perturb the entropy and density distributions of the planet, which
are in thermal wind balance with the zonal winds at leading order.
The perturbed entropy and density distributions generate thermal
and gravitational signals that are, in principle, measurable by
spacecraft orbiting the planet. Previously, we made predictions of
the thermal and gravitational signals of zonal winds on Jupiter,
which will be measurable by NASA'’s Juno spacecraft, due to arrive
at Jupiter in 2016 (Liu et al., 2013). Our predictions are based on
strong dynamical constraints on the zonal winds and the associ-
ated entropy and density distributions, which arise because Jupiter
is rapidly rotating, has negligible atmospheric viscosity, and has a
strong intrinsic heat flux (Liu et al., 2013). These facts imply that in
the interior, where radiative timescales are longer than convective
timescales, convective motions away from the equator tend to
homogenize entropy along the spin axis. This entropy homogeniza-
tion along the spin axis greatly simplifies the thermal wind equa-
tion and allows the determination of the entropy gradient
perpendicular to the spin axis by combining the equation of state
of the atmosphere, the observed zonal winds at the cloud level,
and plausible assumptions about the strength of the magnetohy-
drodynamic (MHD) drag that zonal winds experience in the deep
interior. Following this approach, we derived physically plausible
scenarios for the zonal wind structure in Jupiter's atmosphere
and calculated the associated thermal and gravitational signals.

Also in 2016, NASA’s Cassini spacecraft will orbit Saturn in
highly elliptical orbits and will measure Saturn’s gravitational and
thermal signals at unprecedentedly close encounters with the pla-
net, before being crashed into Saturn. Like Jupiter, Saturn is rapidly
rotating, has negligible atmospheric viscosity, and has a strong
intrinsic heat flux. The same dynamical constraints on the zonal
winds of Jupiter also apply to Saturn, with correspondingly adjusted
material and flow parameters. However, Saturn’s rotation rate is
poorly constrained because Saturn has a nearly axisymmetric mag-
netic field, making it difficult to measure its rotation rate. Several
methods have been proposed to constrain Saturn’s rotation rate
(e.g., Anderson and Schubert, 2007; Read et al., 2009). Since the
zonal winds are measured relative to the planetary rotation rate,
different rotation rates imply different zonal winds and different
associated thermal and gravitational signals. In this paper, we apply
the dynamical constraints described in Liu et al. (2013) to Saturn
and discuss (i) the extent to which currently available and upcom-
ing measurements of thermal and gravitational signals can con-
strain the depth of zonal winds on Saturn; (ii) the extent to which
uncertainties in Saturn’s rotation rate influence measurements of
these signals; and (iii) differences between Jupiter and Saturn.

Section 2 begins with a review of thermal wind balance in a
deep atmosphere and derives the thermal structure implied by
the zonal winds, under different assumptions about the level at
which they are negligibly weak, and for different assumed rotation
rates. The resulting thermal structures are compared with mea-
surements already available from Cassini’s Composite Infrared
Spectrometer (CIRS). Section 3 calculates the gravitational signals
generated by the zonal winds. Section 4 summarizes the results
and implications for upcoming measurements by Cassini.

2. Thermal signals of deep zonal winds
2.1. Constraints from thermal wind balance

In Saturn’s as in Jupiter’s atmosphere, the Rossby number is
small (the planets are rapidly rotating), and hydrostatic balance
holds on horizontal scales larger than radial scales. Since the hori-
zontal jet scales are O(15,000 km) but radial scales of interest to us,
as it will turn out, are generally smaller, we can assume the large-
scale zonal winds u to be in thermal wind balance. In the anelastic
approximation and in cylindrical coordinates, the thermal wind
balance reads (Ingersoll and Pollard, 1982; Kaspi et al., 2009; Liu
et al.,, 2013)

/ /
29%:asgsin¢g—;—ocsgcos¢g—sz. (1)
Here, ¢ is latitude, z is the height above the equatorial plane mea-
sured in the direction of the planet’s spin axis, and r, is the cylindri-
cal radius; Q is the angular velocity of planetary rotation, g(r) is the
gravitational acceleration, which we take to depend on the spheri-
cal radius r, and s is the specific entropy. Primes denote fluctuations
about a reference state with constant entropy s and with hydrostat-
ically balanced pressure p(r) and density p(r). The coefficient

«--3(2)

is an entropic expansion coefficient determined by the equation of
state of the atmosphere.

The entropy gradient ds'/dz in the direction of the spin axis can
be assumed to be weak in the interior of Jupiter and Saturn, but the
same is not necessarily true of the entropy gradient ds'/dr, per-
pendicular to the spin axis. This is the case because the planets
are rapidly rotating (small Rossby number) and have strong intrin-
sic heat fluxes in a nearly inviscid interior. The heat fluxes lead to
vigorous convection, reaching to just under the tropopause around
100 mbar (Guillot et al., 2004; Magalhdes et al., 2002; Guillot,
2005; Simon-Miller et al., 2006; Fletcher et al., 2007). Because
the Rossby number is small away from the equator and viscosity
is negligible, theory and simulations indicate that the convective
motions and their associated heat transport are predominantly
confined to surfaces of constant angular momentum per unit mass,
which are approximately cylinders concentric with the planet’s
spin axis (Busse, 1976, 1994; Christensen, 2001; Heimpel et al.,
2005; Aurnou et al., 2008; Kaspi et al., 2009). Additionally, because
radiative timescales in the interior are longer than convective
timescales (Guillot et al., 2004; Guillot, 2005), entropy is approxi-
mately materially conserved in convective motions. Thus, convec-
tion tends to homogenize entropy in the direction of the planet’s
spin axis up to just under the tropopause around 100 mbar, relax-
ing the atmosphere toward a state that is nearly neutral with
respect to convective and inertial instabilities, in which entropy
and angular momentum surfaces are aligned (Emanuel, 1983,
1994; Thorpe and Rotunno, 1989).

However, these arguments, and the presence of convective
motions generally, do not similarly constrain entropy gradients
perpendicular to the spin axis. This is supported by simulations of
the troposphere and upper atmosphere of Saturn: In those, the
thin-shell analog of gradients perpendicular to the spin axis—tropo-
spheric meridional entropy gradients—are an order of magnitude
greater than the analog of gradients in the direction of the spin
axis—vertical entropy gradients beneath around 0.4 bar (Liu and
Schneider, 2010). This is consistent with the radiative-convective
boundary identified from temperature retrievals based on Cassini
CIRS measurements (Fletcher et al., 2007). Therefore, we assume
|0s’/0z| < |0s'/or |, so that the second term on the right-hand side
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of the thermal wind balance (1) is negligible compared with the
first beneath around 0.4 bar. Thermal wind balance then reduces to

du_og sin¢(z,r,) 05 3)
oz~ 20 or.’

with the entropy gradient perpendicular to the spin axis 9s'/0r,
being constant along the z direction. This simplified thermal wind
equation connects the zonal wind shear along the spin axis to the
entropy gradient perpendicular to it. While the assumption of
entropy homogenization in the direction of the spin axis rests on
a series of inferences about the properties of convection and the
planets’ interior, it is less restrictive than the assumption of isotrop-
ically homogenized entropy often made in or implied by deep mod-
els of Jupiter and Saturn.

To determine the zonal winds on Saturn as a function of cylin-
drical height z from the simplified thermal wind balance (3), we
follow Liu et al. (2013) in using the observed zonal winds ug(¢)
at the cloud level as an upper boundary condition, and assuming
that the zonal winds to be negligibly weak at some fixed spherical
cutoff radius r, that is to be determined. In principle, the cutoff
radius r. can be a function of latitude ¢. But, as we will discuss
below, the cutoff radius is likely to be primarily determined by
the strength of the MHD drag, which the zonal winds experience
at depth and which scales linearly with the electrical conductivity
(Liu et al., 2008, 2013; see also Appendix A). Because the electrical
conductivity increases exponentially (or even faster) with radial
depth (Nellis et al., 1996; Liu et al., 2008; French et al., 2012; see
Fig. 2a), we take the cutoff radius r. to be a latitude-independent
constant (though our analysis is easily extended to cases where
that simplifying assumption is not made). Then, integrating the
thermal wind Eq. (3) along the planet’s spin axis and denoting
the cylindrical heights corresponding to the cutoff radius and to
cloud level by z. and z; gives

1 0s [* .
”R(“’):mm/ g sin ¢’ dz, 4)
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where sin ¢’ = z/(2> + ri)l/z. Thus, in terms of the cloud level winds

and cutoff radius, the entropy gradient perpendicular to the spin
axis is

os'  2Qug(9)
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Once the entropic expansion coefficient o is determined from the
equation of state (EOS), the entropy gradient perpendicular to the
spin axis and with it meridional temperature variations follow.
Substituting for the entropy gradient in the thermal wind balance
(3) also determines the zonal wind structure,

J; osgsin¢'dz

u(z) = UR(ff))W-

(6)
Thus, based on remarkably straightforward physical assumptions,
both the thermal and zonal wind structures above the cutoff radius
can be obtained from the observed cloud level winds given an esti-
mate of the cutoff radius.

One may ask how sensitive the so obtained thermal and zonal
wind structures are to the assumption that follows from
0s'/0z ~ 0, namely, that the entropy gradient perpendicular to
the spin axis is independent of z in the convective layer. We can
relax that assumption and introduce a structure function &(z) for
the entropy gradient perpendicular to the spin axis, such that

0s'  0sy
or,  or,

where the subscript 0 indicates our solution above for ¢ =0 and
ds;,/0r, being constant in z. Now integrating the thermal wind Eq.

[1+&(2)]; (7)

(3) from the cutoff radius along the spin axis to the cloud level as
before yields

1 0s

Ur(¢) =55 ar, /Z ) osg sin ¢'[1 + &(2)] dz. (8)

Given that the cloud-level wind ug(¢) is observationally constrained
and must be equal to wind (4) obtained under the more restrictive
assumptions, it follows that

/ZR osg sin ¢'e(z)dz = 0. 9)

In other words, thermal wind balance and the observed cloud-level
winds constrain the weighted average of ds;/0r, along the spin axis
to be equal to the constant entropy gradient (5) we had assumed,
where the weighting is by the function o,g sin ¢'. The zonal wind
structure becomes

J; osgsing'[1 + &(2)]dz
fZZf o,g sin ¢’ dz

u(z) = ug(e) (10)

That is, for perturbations of the entropy gradient perpendicular to
the spin axis of O(¢), the zonal wind structure is perturbed by
O(e). If a model for the structure &(z) of the entropy gradient is
available, the corresponding modifications in the thermal and zonal
wind structures can thus be calculated. Variations of the entropy
gradient with z will produce the largest modifications in the zonal
wind structure where oy is largest, which, as we will see next, is
in a thin upper layer of the atmosphere. But since the wind uy at
cloud level is observationally constrained, even in this upper layer
the potential for modifications in the zonal wind structure associ-
ated with structure &(z) in the entropy gradients is limited.

2.2. Equation of state

Since both Jupiter and Saturn are mainly composed of hydro-
gen, we use the Saumon-Chabrier-Van Horn (SCVH) EOS
(Saumon et al, 1995; Kaspi et al, 2009). For Jupiter, Liu
et al. (2013) wused the reference specific entropy
§=6.27 x 10*J kg"' K" as determined by Galileo probe measure-
ments at the entry point (Seiff et al., 1998). For Saturn, we use the
lower reference specific entropy § = 5.97 x 10* Jkg™' K™! as deter-
mined by Voyager radio occultation measurements (Lindal et al.,
1985).! Fig. 1 shows the resulting density-temperature-pressure
relation, with the analogous relation for an ideal gas plotted for com-
parison. The SCVH EOS is close to the ideal gas EOS at low pressures
but differs significantly from the ideal gas EOS at pressures greater
than 1 kbar. For both Jupiter and Saturn, the isentropic reference
profiles match the modeled interior mean density-temperature—
pressure profiles well (Guillot and Morel, 1995).

With the EOS, the entropic expansion coefficient o5 can be
determined from its definition (2). On Saturn, it decreases less rap-
idly as a function of nondimensionalized radius toward the interior
than on Jupiter (Fig. 2b), mainly because the mean density profiles
differ between the two planets. For example, o, decreases to one
tenth of its upper-tropospheric value at 0.85Rs for Saturn but
already at 0.95R; for Jupiter (with radius R;). Because o, decreases
strongly toward the interior for both Jupiter and Saturn, the stron-
gest zonal winds on either planet are confined to the upper atmo-
spheres, irrespective of where dissipation occurs and irrespective
of small variations &(z) in the structure of the entropy gradient per-
pendicular to the spin axis (Liu et al., 2013).

! The Voyager spacecraft measured an approximately dry adiabatic temperature—-
pressure profile, passing through 134.8 K and 1.0 bar (Lindal et al., 1985). The
corresponding specific entropy is 5.97 x 10* Jkg™' K.
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T (K)

Fig. 1. Contours of pressure p as a function of s and T for the SCVH EOS (blue solid
lines) and the ideal gas EOS (magenta dashed lines). For Saturn, the isentropic
reference state, with entropy §=5.97 x 10*Jkg™' K'' determined by Voyager
measurements, is shown as the black solid line. For Jupiter, the isentropic reference
state, with entropy § =6.27 x 10* Jkg™' K™' determined by Galileo probe mea-
surements, is shown as the black dashed-dotted line. The first contour in the upper
left corner corresponds to p = 0.001 bar, and pressure increases by a factor of 10 for
each additional contour to the right. The temperature axis is logarithmic.

2.3. Estimates of cutoff radius

In the interiors of Jupiter and Saturn, zonal winds can experi-
ence MHD drag through interactions with the magnetic field where
the electrical conductivity becomes significant. On both planets,
hydrogen becomes electrically conducting as pressures and tem-
peratures increase. The electrical conductivity of hydrogen can be
calculated using a semiconductor model with linear band gaps
determined by experimental shockwave data (Nellis et al., 1992,
1996; Liu et al., 2008). The so-derived electrical conductivity
increases exponentially with depth and reaches a plateau at
2x10°Sm!at 0.84R; on Jupiter and at 0.63Rs on Saturn (Fig. 2a).”
Where the electrical conductivity becomes significant, zonal winds
interacting with the magnetic field will induce electric currents,
and generate Ohmic dissipation. This Ohmic dissipation, which
results in a net MHD drag on the zonal flow, is the only mechanism
that has been proposed so far that can balance the kinetic energy
transfer of 0(10> W m—3) from eddies to the mean flow that has
been observed in Jupiter’s and Saturn’s upper tropospheres (Salyk
et al., 2006; Del Genio et al., 2007). If one accepts MHD drag as the
dominant dissipation mechanism that converts kinetic to internal
energy, the total Ohmic dissipation produced on the one hand must
be sufficient to balance the kinetic energy transfer observed in the
upper atmosphere. On the other hand, the total dissipation cannot
exceed the planetary luminosity. We take 0.2 W m~2 as a rough esti-
mate of the total dissipation—that is, we assume the kinetic energy
transfer observed in the upper troposphere extends over O(10 km)
depth, or the thermodynamic efficiency of the atmosphere amounts
to 4%, in agreement with simulations Liu and Schneider (2010). Then
it follows that zonal winds on Saturn, albeit very weak ones at depth,
likely penetrate to a depth between 0.63 and 0.83Rs, corresponding
to pressures between 1.4 and 0.3 Mbar (see Appendix A). This

2 The electrical conductivity in Jupiter’s interior has also been calculated using
ab initio simulations (French et al., 2012). Above 0.94R;, it agrees well with the
calculation based on the semiconductor model with linear band gaps (Fig. 2a). We
will only use the electrical conductivity based on the semiconductor model in this
paper.

estimated penetration depth for the zonal winds on Saturn is deeper
than that for Jupiter (0.84—0.94R), see Liu et al. (2013)), ultimately
because of the differences in the electrical conductivity profiles
between the planets.

This estimate of the penetration depth is deeper than that pro-
vided by Liu et al. (2008) because they assumed zonal winds that
were constant along cylinders (Taylor-Proudman columns). The
requirement that the Ohmic dissipation of such strong deep winds
not exceed the planetary luminosity limits the winds to shallower
depth. However, as shown in Schneider and Liu (2009) and Liu and
Schneider (2010), zonal winds generally must be sheared along the
spin axis and must be in thermal wind balance with a nonzero
entropy gradient perpendicular to the spin axis, to close the angu-
lar momentum balance in a layer of MHD drag given the observed
angular momentum fluxes in the upper troposphere. Thus, the
zonal winds are unlikely to penetrate to the deep interior unabat-
edly along the spin axis, with the possible exception of the equato-
rial region, where winds that penetrate downward in the direction
of the spin axis may not intersect an electrically conducting region
with substantial MHD drag. Away from the equator, here we
assume not zonal winds that are constant along cylinders, but
zonal winds decaying with depth in accordance with thermal wind
balance and the requirements on entropy gradients perpendicular
to the spin axis derived from the fact that Saturn’s interior is
strongly convective. The weaker winds at depth can penetrate
more deeply without violating Ohmic dissipation constraints.

2.4. Zonal winds and entropy gradients for different rotation rates

Since the axis of Saturn’s dipolar magnetic field is almost
exactly aligned with the spin axis, the rotation rate of Saturn
remains uncertain. The internationally accepted rotation period
of 10 h, 39 min, 24+ 7 s (System III) was derived from Saturn’s
Kilometric Radio emission (SKR) during the 1980-1981 Voyager
flybys (Desch and Kaiser, 1981). However, the SKR modulation per-
iod measured more recently by Cassini is more than 7 min greater:
10 h, 47 min, 6 s (Gurnett et al., 2007). This large variation of the
SKR modulation period over timescales of decades indicates that
SKR does not reveal the true rotation rate of Saturn’s deep interior
but is more likely influenced by instabilities in Saturn’s plasma disk
(Goldreich and Farmer, 2007; Gurnett et al., 2007). Combining Cas-
sini gravity data, and the Pioneer and Voyager radio occultation
and wind data, Anderson and Schubert (2007) inferred a rotation
period of 10 h, 32 min, 35 + 13 s (hereafter referred to as System
IlIb, see Read et al. (2009)). This period minimizes the wind-
induced dynamical height variations of the 100-mbar isosurface
with respect to a reference geoid. Based on the analysis of the
potential vorticity distribution in Saturn’s atmosphere, and assum-
ing the atmosphere adjusts toward a state of marginal dynamic
instability (which is not assured), Read et al. (2009) derived a rota-
tion period of 10 h, 34 min, 13 + 20 s (hereafter referred to as Sys-
tem Illw). These different rotation rates imply different observed
zonal wind profiles ug(¢) (Fig. 3).

The entropy gradients perpendicular to the spin axis ds'/dr, are
in thermal wind balance (5) with the zonal winds and hence also
vary under different assumptions for the planetary rotation rate
(Fig. 4a). Since the entropic expansion coefficient o is positive
(Fig. 2b), the entropy gradient 9s'/dr, on a cylinder concentric with
the spin axis has the same sign as the observed zonal wind ug(¢).
For the calculations assuming the System III rotation rate, the
entropy gradients are predominantly positive (entropy increases
away from the spin axis), because the zonal winds are predomi-
nantly prograde at cloud level (Fig. 3). For the calculations assuming
shorter rotation periods (System IlIb, Illw), the negative entropy
gradients corresponding to the strong retrograde jets are at least
comparable in magnitude or even stronger than the
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Fig. 2. (a) Electrical conductivity as a function of normalized radius for Jupiter (dashed lines) and Saturn (solid line). The electrical conductivities are derived from a
semiconductor model with linear band gaps determined by experimental shockwave data (Nellis et al., 1992, 1996; Liu et al., 2008). (See Nellis et al. (1992, 1996) and Liu
(2006) for a discussion of uncertainties.) The dash-dotted line with circles is the electrical conductivity along Jupiter’s adiabat determined by ab initio simulations (French
et al., 2012). (b) Entropic expansion coefficient o as function of normalized radius for the SCVH EOS for Jupiter (dashed line) and Saturn (solid line).
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Fig. 3. Saturn’s zonal winds for different assumed planetary rotation rates: System
Il (magenta solid line), System IIIb (blue dash-dotted line), and System Illw (green
dashed line). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

positive entropy gradients corresponding to the prograde jets
(Fig. 4a), for all winds to relax to essentially zero at depth. Gener-
ally, for similar cutoff radii relative to the planet radius, the magni-
tude of the entropy gradient 9s'/dr, is greater on Saturn than on
Jupiter, mainly because of the much stronger observed zonal winds.

Irrespective of the different assumptions for Saturn’s rotation
rate and cutoff radii, the inferred zonal winds (6) are primarily con-
fined to the upper atmosphere (Figs. 5 and 6), with significantly
weaker winds at depth. This confinement of the zonal winds is
caused by the rapid decay of the entropic expansion coefficient

os with depth. The zonal winds relative to System IIl are mainly
prograde and penetrate deeper into the interior (Fig. 5); the zonal
winds relative to the shorter rotation periods (System IlIb) have
both significant prograde and retrograde components (Fig. 6).

Outside the tangent cylinder where the cylindrical radius r,is
greater than the cutoff radius r, cylinders concentric with the pla-
net’s rotation axis do not intersect the region at depth with sub-
stantial MHD drag. The arguments we presented here do not
constrain the zonal wind shear along the spin axis and the associ-
ated entropy gradient perpendicular to it, and we have left the cor-
responding zonal winds and entropy gradients open in Figs. 4-6. It
is possible that the zonal wind shear and the entropy gradient van-
ish in this region, so that a Taylor-Proudman state is attained or
approximated.

2.5. Implications for temperature structure

From the entropy gradient perpendicular to the spin axis
0s'/or,, the entropy perturbation s’ associated with the zonal
winds can be derived by integrating from the tangent cylinder to
the spin axis. We arbitrarily fix the integration constant by setting
s’ = 0 at the tangent cylinder (where r, = r.). For the calculations
assuming the System III rotation rate, the entropy in the equatorial
region is larger than that in the polar region, with an equator-to-
pole entropy contrast of ~150]kg 'K™! for a cutoff radius
r. = 0.8Rs (Fig. 4b, red line). For the calculations assuming the fas-
ter System IlIb rotation rate, the entropy in the equatorial region,
interestingly, is smaller than that in the polar region, and the
pole-to-equator entropy contrast is ~70]Jkg~' K~! for the same
cutoff radius r. = 0.8Rs (Fig. 4b, blue line). In contrast, the inferred
entropy perturbation in Jupiter’s atmosphere is much smaller: the
entropy decreases toward the poles, with an equator-to-pole
entropy contrast of 25 kg ' K™! for a cutoff radius r. = 0.84R,
(Fig. 4b, magenta line).

The temperature T corresponding to the entropy s (sum of ref-
erence entropy s and perturbation entropy s') as a function of pres-
sure can be obtained from the EOS. Fig. 7 shows the temperature as
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interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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a function of latitude at different pressure levels and for different
assumed cutoff radii and planetary rotation rates. For a cutoff
radius r. = 0.83Rs, the equator-to-pole temperature contrast is
up to 2 K at 1 bar and 3 K at 5 bar for the System III rotation rate.
For the faster System IIIb rotation rate, the pole-to-equator tem-
perature contrast is about 1 K at 1 bar and 2 K at 5 bar, with polar
regions warmer than the equatorial region. For a deeper cutoff
radius r. = 0.63Rs, the equator-to-pole temperature contrasts are
smaller than with cutoff radius of r, = 0.83Rs assuming the same
planetary rotation rate.

However, the temperature contrasts would be much greater if
the cutoff radius of the zonal winds is much shallower. For exam-
ple, for calculations assuming r. = 0.98Rs, corresponding to a pres-
sure of 1000 bar, the equator-to-pole temperature contrasts reach
~12 K at 1 bar for the System Il rotation rate, and ~5 K at 1 bar for
the System IIIb rotation rate (Fig. 8). But we consider such shallow
cutoff radii to be unrealistic, as there is no physical mechanism
available to confine the zonal winds to such shallow depths. That
would require shallow zonal torques (drag on the zonal wind)
above the cutoff radius to balance the observed eddy angular
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7 1 bar
135 A
134 A
<
[
133 A
T System IlI
System Illw
System Illb
¥2+———
-90 -60 -30 0 30 60 90

Latitude

7 5 bar

T(K)

-30 0 30 60 90
Latitude

-90 -60

Fig. 7. Temperature perturbations as a function of latitude at different pressure levels. Red lines correspond to the calculations relative to the System III rotation rate, green
lines correspond to the calculations relative to the System Illw rotation rate, and blue lines correspond to the calculations relative to System IlIb rotation rate. For solid lines,
the assumed cutoff radius is 0.83Rs. For dashed lines, the assumed cutoff radius is 0.63Rs. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

momentum transport in the upper atmosphere from retrograde
into prograde jets (Schneider and Liu, 2009; Liu and Schneider,
2010). It would require deep heat transports to eliminate entropy
gradients perpendicular to the spin axis beneath the cutoff radius,
to keep the zonal winds negligibly weak beneath the assumed cut-
off radius (Appendix A). No mechanism is known to generate either
such torques or heat transports.

2.6. Observational constraints

NASA’s Cassini spacecraft has been orbiting Saturn since July
2004, and spectra collected with CIRS between 2004 and 2009 make

it possible to retrieve the temperature distribution in Saturn’s tropo-
sphere (Flasar et al., 2004; Fletcher et al., 2010). The tropospheric
sensitivity of CIRS is limited to 100-800 mbar, with deeper temper-
atures derived by extrapolation and relaxation to the Voyager radio
occultation profile (Lindal et al., 1985). Temperatures are retrieved
by fitting a hydrogen-helium collision induced absorption spectrum
between wavenumbers 35-500 cm~!, using focal plane one of the
CIRS instrument. Further details of the retrieval process are
described in Fletcher et al. (2007, 2010). Comparing the retrieved
temperatures with the temperatures from the scenarios we inferred
through dynamical considerations, we can constrain the cutoff radii
that are consistent with different planetary rotation rates.
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To facilitate this comparison, in a slight deviation from the pre-
vious section, we fix the constant in the integration of ds'/dr, by
setting the temperature at each level at the tangent cylinder
(r. =r.) equal to the corresponding temperature retrieval from
Cassini CIRS. That is, the thermal structure at the tangent cylinder
is only adiabatic to the extent CIRS temperature retrievals are.’
Integrating poleward, we then obtain the temperature perturbations
associated with the zonal winds in the off-equatorial region.

Fig. 9 compares the CIRS temperature retrievals with the theo-
retically inferred temperatures for different cutoff radii and rotation
rates. In the CIRS temperature retrievals, the abrupt temperature
variations with latitude in the northern hemisphere (“temperature
knee”) are likely due to local aerosol heating (Fletcher et al., 2007),
an effect not included in our theoretical considerations. Thus, the
temperature retrievals in the southern hemisphere are more suit-
able for comparison with the theoretical considerations. For the
deep cutoff radii (0.63Rs to 0.83Rs), the theoretically inferred
temperature perturbations are generally consistent with the CIRS
temperature retrievals, to within retrieval errors (Fig. 9a). For
the shallow cutoff radii (for example, 0.965Rs or 0.98Rs), the
theoretically inferred temperatures exhibit much larger meridional
variations than the retrievals for all plausible estimate of the
planetary rotation rate and especially for slower rotation (Fig. 9b).

Comparisons of the theoretically inferred temperatures with
the CIRS temperature retrievals thus already rules out shallow cut-
off radii. For example, the zonal winds relative to System III rota-
tion rates have to extend deeper than 5000 bar (0.965Rs).
Otherwise the associated equator-to-pole contrast reaches
O(10K) at around 750 mbar, which greatly exceeds the small
retrieved temperature contrasts of 2-4 K. Similarly small tempera-
ture contrasts are also inferred from measurements by the Cassini
RADAR instrument at wavenumber 2.2 cm~! (sensitive to the 1.5-
bar level) (Laraia et al., 2013), and from measurements by the
Cassini Visible and Infrared Imaging Spectrometer (VIMS) at 5

3 Retrieved temperatures at depth are strongly affected by prior assumptions in the
retrievals, making it impossible to compare meridional to vertical entropy gradients
in these data and to test our entropy homogenization assumption.

micron wavelength (sensitive to 2-3 bar) (Fletcher et al., 2011);
however, in addition to temperatures, cloud opacities also influ-
ence these measurements.

Cassini is scheduled to continue to collect data through 2017.
Temperature retrievals such as those here, paired with the high-
accuracy gravity measurements that will become available toward
the end of the mission, will further constrain possible combina-
tions of cutoff radius and planetary rotation rate.

3. Gravitational signals of deep zonal winds

Thermal wind balance implies that not only thermal (entropy)
perturbations are associated with sheared zonal winds, but also
density perturbations, so that (Kaspi et al., 2010; Kaspi, 2013; Liu
et al.,, 2013)

Vo' x g = (22 V)[pul (11)

Here, p’ is the density anomaly relative to the density profile p(r) of
the isentropic and hydrostatic reference state. We neglect the
oblateness of the planet in the calculation of the density anomaly
associated with zonal winds (Kaspi et al., 2010; Kaspi, 2013; Liu
et al,, 2013), so the reference density p is only a function of the
spherical radius r. (We will justify the neglect of Saturn’s oblateness
a posteriori later.) We use spherical coordinates (r, ¢), the reference
density p(r) from the SCVH EOS, and the mean gravitational accel-
eration g(r) based on p(r). The density perturbation p’ associated
with a given zonal wind distribution can then be determined by
integrating the thermal wind Eq. (11) along the meridional
direction for any radius r.* The density anomaly p' perturbs the

4 In the calculation of the density perturbation from the thermal wind Eq. (11), an
integration constant pg(r) at each spherical radius r needs to be determined. As in
Kaspi et al. (2010), Kaspi (2013), and Liu et al. (2013), we determine the integration
constant py(r) by the requirement that the density perturbation vanishes when
integrated over the sphere with radius r, so that the perturbed state continues to
satisfy the hydrostatic balance of the reference state with density p. Because in
spherical geometry (which we assume), only the meridionally varying part of the
density affects the gravitational zonal harmonics (12), this choice of the integration
constant does not affect the calculation of gravitational zonal harmonics here.
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From top to bottom, the pressure levels are 1 bar, 0.76 bar, and 0.51 bar. (a) Comparison between observations and theoretical derivations for deeper cutoff radii. Solid lines
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planetary gravity field and generates the associated gravitational
zonal harmonics

1 a 2n 1
g | [ [ popa,
i | [ar [ Ppran

where M is the planetary mass, a = Rs is Saturn’s radius (taken at
1 bar), ¢ = sin¢ and P, is the Legendre polynomial of degree n.
We first consider the gravitational signals produced by zonal
winds corresponding to different cutoff radii and different plane-
tary rotation rate. We then investigate the gravitational signals
produced by the equatorial and off-equatorial winds separately.

A]n =

(12)

3.1. Odd and even gravitational harmonics associated with zonal
winds

In Liu et al. (2013), we calculated the even gravitational zonal
harmonics associated with the hemispherically symmetric zonal
winds. Here we consider both the even harmonics produced by
the hemispherically symmetric zonal winds, and the odd harmon-
ics generated by the non-hemispherically symmetric zonal winds
(cf. Kaspi, 2013). Using the observed cloud-level zonal winds as
upper boundary condition ug(¢), we inferred the zonal winds in
the off-equatorial region based on the thermal wind Eq. (6). In
the equatorial region outside the tangent cylinder (where
r. > r.), since the cylinders parallel to the spin axis do not inter-
sect the region with significant MHD drag, we assume the winds
penetrate unabatedly along the spin axis up to the equatorial
plane. The so determined zonal winds are not hemispherically
symmetric and are discontinuous at the equator, which would be
prevented by mixing in the real atmosphere. The calculations pre-
sented here therefore only provide upper bounds on the odd har-
monics for any assumed cutoff radius and rotation rate.

The zonal winds generate both hemispherically symmetric and
antisymmetric density perturbations and the associated even and
odd gravitational zonal harmonics AJ,. Fig. 10 shows the corre-
sponding gravitational zonal harmonics AJ, for cutoff radii
r.=0.63,0.83,0.965 and 0.98Rs (corresponding to 1.4 Mbar,
0.3 Mbar, 5000 bar, and 1000 bar, respectively), and relative to dif-
ferent assumed planetary rotation rates (System III and System
IlIb). Fig. 10a also shows the zonal harmonics J,, generated by the
planetary solid body rotation and the observed even gravitational
zonal harmonics J,,J,, and J; (Jacobson et al., 2006).

Both the planetary solid body rotation and the hemispherically
symmetric component of the zonal winds generate even gravita-
tional zonal harmonics. The perturbation associated with the
oblateness of the planet dominates the gravity spectrum at low
orders. At higher harmonic degrees n, the perturbations generated
by the winds dominate the gravity spectrum (Hubbard, 1999;
Kaspi et al., 2010; Liu et al., 2013; Kaspi, 2013). Thus, to detect
the even zonal harmonics associated with the zonal winds, the Cas-
sini spacecraft has to detect signals of higher degree n. As shown in
Fig. 10a, the even harmonics for the calculations with deeper cutoff
radii (0.63Rs and 0.83Rs) are about 1-2 orders of magnitude larger
than those with a shallower cutoff level of 5000 bar (0.965Rs), and
are about 3 orders of magnitude larger than those with a cutoff
level of 1000 bar (0.98Rs). In general, the even harmonics for the
calculations relative to System IlIb are slightly lower than those
relative to System III. For the calculations with deeper cutoff radii
(0.63Rs and 0.83Rs), the zonal harmonics AJ, associated with the
zonal winds start to be comparable in magnitude with the zonal
harmonics J, generated by the planetary solid body rotation at
n~ 8 and are significantly greater for n > 10. For shallow zonal
winds with a cutoff level of 5000 bar, the zonal harmonics associ-
ated with the zonal winds AJ, start to be comparable with J, at
n 2 10; for even shallower zonal winds with a cutoff level of
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1000 bar, the zonal harmonics AJ, start to be comparable with J,
only at higher harmonic degrees n = 12.

Unlike the even gravitational harmonics, which are influenced
by both the zonal winds and the planetary solid body rotation,
the odd gravitational zonal harmonics are solely determined by
the hemispherically antisymmetric zonal wind component
(Kaspi, 2013). As shown in Fig. 10b, the odd harmonics for the
calculations with deeper cutoff radii (0.63Rs and 0.83Rs) are about
2-3 orders of magnitude larger than those with shallower cutoff
levels (5000 bar and 1000 bar). Furthermore, since the different
planetary rotation rates do not change the hemispherically
antisymmetric zonal wind component, the odd gravitational
harmonics are not influenced by the different assumed planetary
rotation rates. Thus, the odd gravitational harmonics can be used
to constrain cutoff radii irrespective of the planetary rotation rate.

We can now justify our neglect of oblateness effects after the
fact for two reasons. First, oblateness only implies hemispherically
symmetric perturbations to the planetary gravity field and so only
influences the even gravitational zonal harmonics associated with
the zonal winds, but not the odd harmonics we have calculated.
Second, as shown by Kong et al. (2012, 2013), for Jupiter, the effect
of oblateness on the even zonal harmonics is only greater than that
of deep zonal flows for low harmonic degrees. At the higher har-
monic degrees (n = 10) where the effects of zonal flows become
distinguishable from solid body rotation, oblateness effects are
smaller than those of the zonal winds, but oblateness still affects
the density anomalies associated with the zonal winds (Kong
et al, 2012, 2013). However, taking Saturn’s oblateness into
account amounts to only a small correction in the calculation of
the density anomaly and of the even gravitational harmonics. This
does not materially affect our results.

In 2016, the Cassini mission will orbit Saturn in highly elliptical
orbits (proximal orbits) and map the gravity field of Saturn. The
proposed gravity measurements have a sensitivity similar to that
on NASA'’s Juno mission, with higher sensitivity at lower harmonic
degree (Kaspi, 2013). For low-order gravitational harmonics, such
as the odd harmonics J; and Js;, magnitudes greater than 107°
should be detectable. For high-order gravitational harmonics, such
as the even harmonics with n x> 10, the detection limit is 2 x 10~%
or greater (Finocchiaro and less, 2010). Thus, the low-order odd
harmonics for cutoff radii as shallow as r. = 0.98Rs (1000 bar)
should be detectable. Combined with measurements of the
high-order even harmonics, Cassini’s gravity measurements then
should be able to distinguish deep-flow scenarios (with cutoff radii
as shallow as 0.83Rs) from shallow-flow scenarios (with cutoff
radii corresponding to 5000 bar or less), which we consider
implausible.

3.2. Gravitational signals produced by the equatorial and off-
equatorial winds

Since the relation between density perturbations and zonal
wind perturbations and the decomposition (12) of the gravitational
potential into zonal harmonics are linear, any perturbation zonal
harmonic AJ, can be further decomposed into a part associated
with equatorial winds and a part associated with off-equatorial
winds (inside the tangent cylinder with r, = r.). For even harmon-
ics, the gravitational signals produced by equatorial winds
dominate for both the deep cutoff radii (such as 0.63R;) and
shallow cutoff radii (such as 0.965Rs, 5000 bar). For odd harmonics,
the gravitational signals produced by equatorial winds are
comparable to those produced by the off-equatorial winds
(Fig. 11). Therefore, the Cassini spacecraft would detect the
combined signals from both the equatorial and the off-equatorial
regions, while our theoretical considerations focused on the
off-equatorial winds.

4. Conclusions

In 2016, NASA’s Cassini spacecraft will orbit Saturn in highly
elliptical orbits during its Solstice mission and will measure Sat-
urn’s gravitational signals at unprecedentedly close encounters
with the planet. Around the same time, NASA’s Juno spacecraft is
expected to measure the thermal and gravitational fields of Jupiter.
These measurements will provide important information to con-
strain the atmospheric structures and circulations of Jupiter and
Saturn.

Dynamical considerations constrain what Cassini and Juno are
likely to find. Jupiter and Saturn have strong intrinsic heat fluxes,
and the heat is carried to the upper troposphere mainly by convec-
tion (Guillot et al., 2004; Guillot, 2005). It has often been assumed
that the vigorous convective motions mix and homogenize entropy
isotropically in interior. However, because Jupiter and Saturn are
rapidly rotating planets, the convective motions are constrained
to be primarily aligned with surfaces of constant angular momen-
tum and to approximately homogenize entropy only along the spin
axis, not necessarily perpendicular to it. The entropy gradients per-
pendicular to the spin axis generally must be nonzero to ensure a
thermal wind shear that is consistent with the observed upper-tro-
pospheric eddy angular momentum fluxes and the requirement
that these need to be balanced by (MHD) drag on the zonal flow
at depth (Schneider and Liu, 2009; Liu and Schneider, 2010). As
we did in Liu et al. (2013) for Jupiter, here we derived the saturnian
distribution of zonal winds, and the associated entropy, tempera-
ture, density, and gravity perturbations that are consistent with
entropy homogenization along the spin axis and with thermal
wind balance. These constitute the signals Cassini is likely to see.

The inferred zonal winds depend on the observed zonal wind
profile, the penetration depth, and the entropic expansion coeffi-
cient from the equation of state. Since the electrical conductivity
increases more slowly with depth in Saturn than in Jupiter, the
MHD drag likely acts at a deeper level on Saturn. Thus, the esti-
mated penetration depth of the zonal winds on Saturn (0.63Rs to
0.83Rs) is greater than that on Jupiter (0.84R; to 0.94R)). These pen-
etration depths are deeper than those estimated by Liu et al. (2008)
because they take entropy gradients perpendicular to the spin axis
and the complexities of the hydrogen equation of state into
account, which both imply that zonal winds decay with depth
along cylinders concentric with the spin axis. By contrast, Liu
et al. (2008) assumed unabated penetration of zonal winds along
cylinders, which we now consider physically implausible because
it is not clear how with such winds the angular momentum bal-
ance can be closed (Schneider and Liu, 2009; Liu and Schneider,
2010). For both Jupiter and Saturn, we find the rapid increase of
density with depth and its effect on the entropic expansion coeffi-
cient imply that zonal winds with strengths similar to those at
cloud level are confined within the outer few percent of the plan-
etary radius, with weaker winds below, irrespective of uncertain
planetary rotation rates and the depth of the layer in which MHD
or other drag occurs.

The inferred entropy gradients perpendicular to the spin axis, as
well as the associated latitudinal temperature gradients, are pro-
portional to the observed zonal wind speeds. Because the cloud
level winds on Saturn are much stronger than those on Jupiter—
and this is true for any plausible rotation rate of Saturn—the latitu-
dinal temperature gradients associated with zonal winds on Saturn
are also larger than those on Jupiter for a given penetration depth.
For example, for shallowly confined zonal winds with a penetra-
tion depth of 1000 bar—which we consider implausible on physical
grounds—the meridional temperature variations associated with
the zonal winds reaches ~2 K at about 1bar on Jupiter and,
depending on planetary rotation rate, up to ~10 K on Saturn. Cur-
rently available observations from the Cassini CIRS instruments
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rule out meridional temperature variations exceeding a few Kelvin
at 1 bar and thus constrain possible combinations of wind penetra-
tion depth and planetary rotation rate on Saturn.

Combining the available thermal data with upcoming gravity
data, we proposed the following scenarios to be tested and con-
strained by the Cassini Solstice mission in 2016:

o If the Cassini gravity measurements detect the low-order odd
gravitational harmonics J; and J5 with magnitudes greater than
1075, it indicates the zonal winds penetrate to megabar levels
(0.63—0.83Rs). The even gravitational harmonics associated
with the zonal winds would be comparable with or greater than
those generated by the planetary solid body rotation from har-
monic degree n = 8. The meridional temperature variations
associated with the zonal winds would be small, reaching 1-
2K at 1 bar (consistent with Cassini CIRS retrievals), and 2-
4K at 5 bar.

o If the Cassini gravity measurements detect the low-order odd

gravitational harmonics J; and J; with magnitudes 10°—1077,

it indicates the zonal winds are shallow with cutoff radii at kilo-
bar levels (1000-5000 bar). The even gravitational harmonics
associated with the zonal winds would be comparable with or
greater than those generated by the planetary solid body rota-
tion from harmonic degree n > 10. The meridional temperature
variations associated with the zonal winds would be ~10K at

750 mbar if the System III rotation rate is correct; this is incon-

sistent with Cassini CIRS retrievals. Thus, the zonal winds must

be weaker and the planetary rotation rate higher (System IIIb or

System Illw). However, further investigations would be needed

to identify a mechanisms that can truncate zonal flows at such

shallow depths.

If the Cassini gravity measurements do not detect the low-order

odd harmonics J; and Js, and if the accuracy of the measure-

ments is as currently thought, it would imply their magnitude
is less than 10~°. The zonal winds then would be shallower than

1000 bar. In this case, the meridional temperature variations

associated with the zonal winds would be much larger than

observed, irrespective of plausible assumptions about Saturn’s
rotation rate. It is difficult to see how such shallow zonal winds
can be reconciled with the Cassini CIRS temperature retrievals.

Meridional variations in infrared opacity would have to com-

pensate almost all dynamical temperature variations.

Thus, we expect the upcoming observations from the Cassini
Solstice mission, in combination with the available data from Cas-
sini CIRS, to provide strong constraints on the depths of the zonal
winds on Saturn. They can be expected to shed light on this long
standing problem in giant planet research.
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Appendix A. Cutoff radius of zonal winds
A.1. Energetic constraints

In the electrically conducting planetary interior, interactions of
the flow with the magnetic field produce Ohmic dissipation.

Detailed calculations of Ohmic dissipation produced by zonal
winds have been provided by Liu et al. (2008). Here we give

order-of-magnitude estimates relevant to the flows discussed in
this paper, following Liu et al. (2013).

The volume integrated Ohmic dissipation per unit area can be
estimated as

2
QNHJW#Cd, (A1)
where H, is the scale height of the electrical conductivity outside
the cutoff radius r., U is the magnitude of the zonal velocity, and
B is the strength of the poloidal magnetic field (Liu et al., 2013).
The magnetic field strength B entering this dissipation estimate is
uncertain. In the upper atmosphere, the observed poloidal magnetic
field is Bo = 0.2 Gauss (Connerney, 1993). If we continue this
observed field downward, we have B~BO(R5/rC)3 at the cutoff
radius r.. For a threshold Ohmic dissipation of Q ~ 0.2 W m-2 and
U ~ 102 ms!, with a given scale height of electrical conductivity
H; =5x10°m, the threshold electrical conductivity is
1.5 x 10° Sm~'. This corresponds to the cutoff radius r. ~ 0.63Rs
(Fig. 2a). If the magnetic field is an order of magnitude stronger than
implied by the downward continuation of the upper-atmospheric
field, zonal winds with U ~ 102 ms~! would already experience
a substantial dissipation of more than Q ~02Wm™2 at
e =~ 0.74Rs. On the other hand, outside ~ 0.89Rs, the electrical con-
ductivity is so low ( < 107> S m~!) that zonal winds of the strength
of those observed in the upper troposphere would experience less
than 10> W m2 dissipation. So substantial zonal winds likely
extend to deeper levels. Hence, the Ohmic dissipation produced
by interaction with the magnetic field constrains substantial zonal
winds to extend to a cutoff radius r. that lies somewhere between
0.63Rs and 0.89Rs, corresponding to between about 1.4 x 10® and
1.0 x 10° bar pressure. For reasons discussed in Liu et al. (2013),
complications such as that magnetic field lines at depth may align
with the planetary spin axis (Glatzmaier, 2008) do not substantially
affect this rough estimate bracketing the cutoff radius.

A.2. Maxwell stress constraints

The Ohmic dissipation constraint derives from the energy bal-
ance. Additional constraints derive from the angular momentum
and hydrostatic balances, which allow us to tighten the upper
bound of the depth range to which substantial zonal winds may
extend. As discussed in Liu et al. (2013), in the electrically conduct-
ing layers, the thermal wind equation breaks down, and the zonal
wind shear along the spin axis is primarily determined by the Max-
well stress produced by the planetary magnetic field. The magni-
tude of the (dimensionless) zonal wind shear along the spin axis
resulting from the Maxwell stress can estimated as (Liu et al.,
2008)

Hy ou
U oz

Fu,o

2QUp’ (A2)

where H, is the typical scale for the zonal velocity variation along
the spin axis, F is the planetary internal heat flux, and o is the elec-
trical conductivity. Where this estimate of the dimensionless zonal
wind shear associated with Maxwell stress is O(1), the Maxwell
stress is significant.

If we take Q ~ 1.64 x 10~* s~!_p as the density in the interior of
Saturn calculated from SCVH EOS (for example, p ~ 300 kg m—3 at
0.83Rs), the dimensionless zonal wind shear associated with Max-
well stress reaches unity for a zonal wind of magnitude
U~102ms' where ¢ ~40Sm-!, corresponding to 0.83Rs. At
or below 0.83Rs, the zonal wind shear along the spin axis is no
longer primarily determined by the thermal wind balance, but by
Maxwell stress. This allows us to tighten the upper bound of the
cutoff radius: At levels below the cutoff radius, either thermal wind
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balance has to break down, or entropy must be isotropically
homogenized, so that the zonal winds do not strengthen with
depth but remain weak. This can happen below the radius at which
the Maxwell stress becomes significant. Therefore, as a conserva-
tive bracket for the cutoff radius, we assume it is in the range of
0.63—0.83Rs, corresponding to 1.4-0.3 Mbar pressure.

These estimates are based on the electrical conductivity profile
calculated using a semiconductor model with linear band gaps
determined by experimental shockwave data (Nellis et al., 1992,
1996; Liu et al., 2008). For Jupiter, the electrical conductivity pro-
file has also been obtained from ab initio simulations (French
et al., 2012). At low pressures, the electrical conductivity based
on the semiconductor model is in agreement with the electrical
conductivity determined by ab initio simulations (Fig. 2a); at high
pressures, the electrical conductivity determined by ab initio sim-
ulations increases more rapidly with depth and reaches
3.39 x 10 Sm~! at around 0.1R; (French et al., 2012). For Jupiter,
we found that calculations using the electrical conductivity profile
from ab initio simulations (French et al., 2012) did not change the
upper bound for the cutoff radius but raised the lower bound. Cur-
rently, there are no ab initio calculations for the electrical conduc-
tivity profile in Saturn. However, since Jupiter and Saturn have
similar internal structures, and the electrical conductivity depends
exponentially on pressure, it is likely that the electrical conductiv-
ity from ab initio calculations for Saturn would also raise the lower
bound and give a tighter bracket for the possible penetration depth
of zonal winds on Saturn.
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