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The interior structure of Saturn, the depth of its winds and the mass and age of its rings constrain its
formation and evolution. In the final phase of the Cassini mission, the spacecraft dived between the planet
and the innermost ring, at altitudes 2600-3900 km above the cloud tops. During six of these crossings, a
radio link with Earth was monitored to determine the gravitational field of the planet and the mass of its
rings. We find that Saturn’s gravity deviates from theoretical expectations and requires differential rotation
of the atmosphere extending to a depth of at least 9000 km. The total mass of the rings is (1.54 + 0.49)x10%°
kg (0.41 £ 0.13 times that of the moon Mimas), indicating that the rings may have formed 107-102 years ago.

The mass distribution inside a fluid and rapidly rotating
planet, such as Saturn, is largely driven by the ratio between
centrifugal and gravity forces. In the absence of internal dy-
namics, axial and hemispherical symmetry is expected, im-
plying that when the gravitational potential is decomposed
into spherical harmonics only the even zonal harmonics ap-
pear (zonal harmonics are longitude-independent). Assuming
hydrostatic equilibrium, interior models of gas giant planets
indicate that the zonal coefficients J» can be approximated
by Jor = arg”, where ¢ is the ratio of the centrifugal and grav-
itational acceleration at the equator (about 0.16 for Saturn),
k is a positive integer, and the coefficients a; depend on the
density profile inside the planet (7).

Optical tracking of clouds indicates that dynamical phe-
nomena operate on Saturn and Jupiter. The measured zonal
(west-east) wind velocity field suggests a state of differential
rotation, whereby the angular velocity at any location de-
pends on its distance from the axis of rotation and the depth
along this axis (2, 3). If the velocity field seen at the top of the
atmosphere (conventionally defined as the level of 1 bar pres-
sure) continues into the interior, then internal dynamics are
expected to affect the gravitational field in two ways. First,
the equipotential surfaces are perturbed symmetrically, re-
distributing mass in such a way that the even zonal coeffi-
cients deviate from the relation Jyr ~ ¢* (2). Secondly, any
north-south asymmetry in the velocity field leads to nonzero
values of the odd zonal harmonics (4). These theoretical ex-
pectations have been confirmed by the Juno mission at Jupi-
ter (5-7), where gravity measurements showed that zonal
winds are 2000-3000 km deep and suggest that the heavy el-
ement core is diffuse (8).
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Gravity measurements at Saturn can be used to determine
the mass of the rings, which is related to their age by dynam-
ical and compositional dating methods (9-1I). Prior to the
Grand Finale phase of the mission, the pericenter of Cassini’s
orbit was always outside Saturn’s A ring, so that the gravita-
tional effects of the rings could not be separated from those
of the oblateness of the planet. During the Grand Finale, Cas-
sini flew between the planet and the rings. This geometry ef-
fectively breaks the degeneracy between the even zonal field
and the mass of the rings, providing a direct, dynamical esti-
mate of the ring mass.

Cassini gravity measurements

We determined Saturn’s gravitational field by reconstruction
of Cassini’s trajectory during the Grand Finale, using a coher-
ent microwave link between Earth tracking stations and the
spacecraft. Range-rate measurements were obtained from the
Doppler shift of a carrier signal sent from the ground at
7.2 GHz (X-band) and retransmitted back to Earth by Cas-
sini’s onboard transponder at 8.4 GHz. An auxiliary downlink
at Ka-band (32.5 GHz) was also recorded.

In April 2017, Cassini was inserted into a series of inclined,
highly eccentric orbits, grazing Saturn’s cloud tops at each
pericenter (table S1). The orbit nodes were chosen such that
the angle between the orbit normal and the direction to Earth
is close to 90°. This edge-on condition provides the maximum
projection of the spacecraft velocity along the line of sight, so
is optimal for range-rate measurements and gravity estima-
tions.

Of the 22 Grand Finale orbits (labeled Rev 271 through
Rev 293), six were selected for gravity measurements. Five
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orbits (Revs 273, 274, 278, 280 and 284) provided useful data
(data from Rev 275 were lost due to a station configuration
error). These orbits were selected to minimize neutral parti-
cle drag and maximize the spacecraft viewing period around
closest approach (C/A).

We produced an orbital solution based on 5 data arcs, us-
ing Doppler observations with count times of 30 s, spanning
a period of 24-36 hours about each closest approach. Track-
ing data were acquired by the antennas of the three com-
plexes (Goldstone, USA; Madrid, Spain; and Canberra,
Australia) of NASA’s Deep Space Network (DSN), and two
deep space antennas from ESA’s ESTRACK network, located
in the southern hemisphere (Malargiie, Argentina, and New
Norcia, Australia).

Two-way Doppler measurements at X-band make up 93%
of the data set (12), with the addition of a few three-way
passes to fill gaps during ground station handovers. Available
X-band range observables are also included. All data with ei-
ther uplink or downlink elevation below 15° were discarded
to avoid systematic measurement errors due to imperfect cal-
ibration of path delays in Earth’s troposphere. Calibrations of
the tropospheric and ionospheric path delays were provided
by the DSN based on pressure, humidity and Global Position-
ing System data. Noise from solar plasma, which can strongly
affect X-band radio links, was low due to the large solar elon-
gation angle (>14:2° on all 6 gravity orbits) (13). The data qual-
ity was statistically equivalent in X- and Ka-band data, with
a root-mean-square (RMS) Doppler noise between 0.020 and
0.088 mm-s™! at 30 s integration time (fig. S1 and table S1).
For comparison, the Doppler signals due to the weakest
measurable harmonics (J5, Ji) and Saturn’s ring are 40-200
times larger than the average Doppler noise (fig. S2).

The X-band Doppler data were favored in our analysis be-
cause of the higher signal-to-noise ratio during the unavoid-
able ring occultation periods. The radio link was maintained
during the occultations, except for a blockage of about 10 min
on each orbit when the signal crossed the opaque core of the
optically thick B ring (region B3). A second, longer blockage
period due to ring occultations occurred on the outbound leg
of the gravity orbits. Diffraction and near-forward scattering
of the radio signal by ring particles caused an increase in the
Doppler noise at X-band by a factor of 2-3 during the occul-
tation periods. Ka-band is more sensitive to this effect and
suffered repeated signal losses.

Dynamical model

Our orbital fitting is based on the dynamical model previ-
ously adopted and tested in the determination of the gravity
fields of Titan (I4) and Enceladus (I5), implemented in the
Jet Propulsion Laboratory (JPL) navigation code MONTE
(16). The model was extended to include Saturn’s gravita-
tional parameter GM, the zonal harmonic coefficients .J-J5,

First release: 17 January 2019

WWW.sciencemag.org

the tesseral (longitude-dependent) field of degree 2 (to ac-
count for possible non-principal axis rotation), and the mass
of the rings. The truncation of the zonal field was set to twice
the degree of the highest gravity harmonic whose central
value is above the uncertainty (degree 10). The estimate of the
even zonal harmonics used in our interpretation (degree <10)
is insensitive to changes in the truncation. Although this
model was adequate for fitting Juno gravity data at Jupiter
(5), obtained in an orbital configuration similar to Cassini’s
Grand Finale, it could not reduce Cassini’s Doppler residuals
to the noise level. Instead, small stochastic accelerations were
added to the model (see below) to produce signature-free re-
siduals (fig. S1).

Although all the rings are included in the dynamical
model, only rings A, B and C can produce an acceleration po-
tentially detectable by Cassini. The rings are assumed to be
coplanar with Saturn’s equator and each is assumed to have
a constant surface mass density (the data are insensitive to
radial variations of the density). Space- and ground-based
measurements of ring occultations provide the determina-
tion of Saturn’s spin axis position and precession rate (17).
Although Doppler data are sensitive to the orientation of Sat-
urn’s equatorial plane, we adopt the prior determination be-
cause it is about ten times more accurate than that obtained
from our orbital fitting.

Accelerations that are known to be large enough to pro-
duce noticeable signatures on range-rate data were ac-
counted for. These include the point-mass gravitational
accelerations from Saturn and its satellites (including the
ring moons), computed from the JPL planetary and satellite
ephemerides DE430, SAT389 and SAT393 (18), the accelera-
tion from the Sun, the planets and satellites of the Solar Sys-
tem, and Saturn’s tidal response to its satellites (12).

The acquired Doppler data were combined in a multi-arc,
weighted least-squares estimation filter. In the multi-arc ap-
proach, the entire time span of the observations is decom-
posed into shorter intervals and a distinction is made
between global and local estimated parameters. Global pa-
rameters are common to all arcs and estimated using all
available observables. These include Saturn’s GM, J, through
J20, Coz, Cas, Sa1, S22, and the masses of the A, B and C rings.
Although the estimates of the masses of the three rings are
highly correlated, their sum is well determined. The ring
masses were initially set to the current best estimates of their
values from ring occultation data (19-21), with an a priori un-
certainty of 100% (see table S2). The mass of the B ring had a
large uncertainty of 10 Mimas masses (Saturn’s moon Mimas
has a GM of 2.5026 km?-s72). The sum of the masses of Saturn
and its rings was constrained to be equal to the value (and
uncertainty) estimated from satellite ephemerides (18).

Local parameters are those that belong only to a single arc
and a different value was estimated for each arc. These
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included the Cassini position and velocity when the gravity
observations began in each of the five orbits, at least 12 hours
before transit at pericenter. The a priori uncertainties for po-
sition and velocity were set at 100 km and 1 m-s™,, respec-
tively.

In the estimation filter, parameters whose uncertainties
are large enough to contribute to the final covariance matrix
have been included as consider parameters. These include the
Love number k. (determining Saturn’s tidal response), Sat-
urn’s pole direction, accelerations due to thermal emission
from Cassini’s radioisotope thermoelectric generators
(RTGs), and solar radiation pressure. The nominal value and
a priori uncertainty of the Love number are taken from pre-
vious Cassini constraints (22), as were the pole position and
precession rate (I7). The anisotropic thermal acceleration
from the RTGs was determined to 5% or better during the
Cassini mission by the Navigation Team. The relative uncer-
tainty associated with solar radiation pressure acceleration
was set to 20%.

Gravity determination

Our deterministic model, based on the geophysical expecta-
tions for the gravity field of a gas giant like Saturn, can ade-
quately fit the Doppler data if each arc is analyzed separately.
However, the same model cannot jointly fit all passes in a
combined, multi-are, gravity and orbital solution. The signa-
tures in range-rate residuals are as large as 0.2 mm-s™ over
time scales of 20-60 min, corresponding to radial accelera-
tions of the order of 107 m-s-2. This value is an underestimate
of the real unmodeled accelerations, as a large fraction of
them are aliased in those associated with estimated parame-
ters. The unmodeled accelerations acting on Cassini must be
compensated for, to avoid biases in the estimates of the grav-
ity harmonics and ring mass.

The missing accelerations could be due to longitudinally-
varying density anomalies resulting from wind dynamics or
convection in Saturn’s deep interior (23). For a rocky planet,
the corresponding gravitational field would be static and de-
scribed by tesseral harmonics. However, this approach is not
immediately applicable to a fluid planet like Saturn, because
vortices move longitudinally with different speeds depending
on latitude. The resulting gravity disturbances (caused by the
non-zonal wind dynamics) would not be static in any refer-
ence frame over the 60-day duration of the Cassini gravity
measurements. However, if the density anomalies are deep-
seated, below the level of the zonal winds and in the region
of uniform rotation, then a static tesseral field associated
with convection might be maintained over time scales much
longer than the duration of the experiment.

Although a high-degree tesseral field can fit the data, the
required degree increases with the number of passes ana-
lyzed and depends on the assumed rotation period. Several
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measurements of Saturn’s rotation period have been made
using different techniques. In our analysis we use the four
values: 10h32m45s (24), 10h39m22s, also called System III
(25), 10h45m45s (26) and 10h47mO06s (27), leading to a re-
quired tesseral field of degree and order ranging from 8x8
tol12x12 (fig. S4). However, the determination of the tesseral
field amplitudes is non-unique, due to the uncertainty in the
underlying rotation rate of the deep interior (12).

Another potential solution is to assume a time-varying
field, generated by acoustic oscillations in the planet (28).
Fundamental mode oscillations (f-mode, with radial order
equal to zero) have been detected by analysis of density waves
in the C ring (29). These waves were also detected in Cassini
ring stellar occultation data and are identified with sectoral
modes which have an azimuthal order 2 < m < 10 (sectoral
harmonics depend only on longitude). However, their abso-
lute amplitudes are not well determined. In principle, an in-
finite number of modes can exist within Saturn, only a subset
of which can drive waves in the rings. The inclusion of such
normal modes in the dynamical model is possible, but the
choice of the relevant modes is not unique. We found that
different combinations of modes can fit the data, but that it
is impossible to identify unambiguously the dominant ones
with the limited data available.

A more general approach, often adopted in orbit determi-
nations in the presence of unknown or poorly-modeled dy-
namics, is to assume empirical, random accelerations
unrelated to any specific physical model. In the absence of
geophysical evidence to pinpoint the root cause of the resid-
ual accelerations, we used this approach to obtain the base-
line solution shown in Table 1. Our goal in this analysis was
to disentangle the estimates of the zonal harmonics and the
ring mass from the unmodeled accelerations. As an addi-
tional check on the robustness of the solution, we compared
the baseline solution with solutions obtained using a tesseral
field and multiple normal modes (12).

These random accelerations are assumed to act on Cas-
sini’s orbit for a limited time span about pericenter and esti-
mated in the orbital frame as local parameters. On each arc,
these accelerations can act for equal-duration intervals at a
constant value. The duration and the a priori uncertainty of
the constant accelerations are adjustable parameters. In prin-
ciple, it is desirable to optimize the number and duration of
the intervals to avoid a degradation of the solution accuracy
due to the over-parametrization of the problem. The a priori
uncertainty must also be minimized to avoid aliasing part of
the zonal gravity signal into the piecewise-constant accelera-
tions. The minimum value of the a priori uncertainty (corre-
sponding approximately to the largest allowed value of the
random accelerations) represents the order of magnitude of
the dynamical model’s incompleteness.

We found that random accelerations with an a priori
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uncertainty of 4x10~" m-s~2, acting for 10-min intervals within
=1 hour from pericenter are able to remove the excess signa-
tures in the Doppler residuals. The profile of the estimated
random accelerations is reported in fig. S3.

The reference multi-arc solution is reported in Table 1 and
Fig. 1. Prior to Cassini’s Grand Finale, the determination of
Saturn’s even zonal coefficients J,, J4, Js was obtained from
perturbations of the orbits of the moons, as well as direct per-
turbations on Cassini itself (18). The data acquired during the
Grand Finale orbits are consistent with these previous esti-
mates; they also provide determination of the higher-degree
gravity harmonics (Js and Jy) and the odd harmonic coeffi-
cients J; and J; the only odd harmonics whose values are
larger than the associated uncertainties.

The data effectively constrain the sum of the masses of the
A, B and C rings, but the individual masses are poorly deter-
mined due to their large mutual correlations. However, the
masses of the more-transparent A and C rings have been es-
timated from density waves seen in stellar occultations (20,
21). We therefore estimated the masses of the A and C rings
subject to those constraints (a priori values and uncertain-
ties). Our final estimates of the A and C ring masses are es-
sentially the same as the a priori values (see table S2). The
uncertainty in the total ring mass (Table 1) is obtained from
the correlation submatrix of the A, B and C ring masses. We
find a total ring GM value of 1.02 + 0.41 km?-s~2, equivalent to
0.41 + 0.13 Mimas masses (1o uncertainties) (table S2).

The alternative tesseral field and normal modes ap-
proaches were compared with the piecewise-constant accel-
eration case to check the stability of our solution (12). The
three solutions are in agreement with each other, as shown
by the error ellipses in fig. S4 for pairs of gravity harmonics
and in table S2 for the ring masses. We conclude that the es-
timate of the zonal harmonics is robust and largely independ-
ent of the dynamical model. This is especially true for the ring
mass, which is consistent in all models and insensitive to the
assumptions.

Saturn interior models with uniform rotation

Although gravity measurements provide constraints on the
interior of gas giants, every model using gravity data unavoid-
ably suffers from uncertainties. We tested whether interior
models based on uniform rotation can explain the measured
gravity harmonics. We developed a suite of interior models
based on the common assumption that the fluid in Saturn’s
interior rotates uniformly like a solid body. All our models
have a molecular and a metallic layer, each represented by an
adiabat (a constant entropy curve in the temperature-pres-
sure diagram) consistent with an equation of state (EOS) for
hydrogen-helium mixtures determined from first-principles
simulations (30, 31), and characterized by an entropy, S, a he-
lium mass fraction, ¥, and a mass fraction of heavy elements,
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Z. We assume that helium rain occurs in Saturn’s interior
wherever hydrogen and helium become immiscible, because
hydrogen becomes metallic while helium does not (32). We
thus introduce a helium rain layer that starts and ends at
pressure-temperature conditions that are compatible with
the hydrogen-helium immiscibility zone. We treat the helium
rain layer as a smooth transition from the parameters across
a range of pressures P; to P,, defined by the intersections of
the adiabat with the immiscibility curve (32). These adiabatic
profiles are thus described by six parameters (Smor, Yoo, Zmor,
Sty Ymet, Zmer), Where the subscript ‘mol’ denotes the outer,
molecular envelope and ‘met’ the inner, metallic envelope.
The models match the planet’s total mass and include dense
cores of various sizes. Initially, we assumed a fractional ra-
dius of the core as 7. = 0.2 (33) and later refined the core radii
by assuming a terrestrial iron-silicate composition
(0.325:0.675) as well as a solar iron-silicate-water ice compo-
sition (0.1625:0.3375:0.5), which is consistent with Callisto’s
interior (34). For these two compositions, we derived frac-
tional core radii of 7. = 0.188 and 0.231 respectively, while
assuming hydrostatic equilibrium inside the core and previ-
ously-published equations of state (35).

For each set of parameters, we construct a model for Sat-
urn’s interior by performing a calculation with the concentric
MacLaurin spheroid (CMS) method (36, 37) to find a self-con-
sistent shape and gravitational field for the planet. The sim-
ulation suite includes models with the four uniform rotation
periods for Saturn’s interior (24-27) observations. A range of
interior distributions of helium were adopted, with a gradual
gradient at a depth consistent with the phase diagram (32),
and the planet-wide mass fraction of helium matching the
solar fraction (38). A wide range of Y,, was considered,
bounded by the solar helium fraction Y = 0.274 and the lowest
prediction Y = 0.055 from infrared measurements of Saturn’s
atmosphere by Voyager (39). The range in entropy of the deep
interior (Sy.:) is between the value in the outer envelope S,
= 6.84 and the maximum value consistent with the predicted
hydrogen-helium phase separation conditions S ~ 7.20. Val-
ues of Z,,; up to 5 times solar fraction and fractional core ra-
dii up to 0.3 were considered. In each model, the core mass
and deep heavy element fraction (Z,.) were tuned to match
the observed J», and an iterative approach was used to iden-
tify the narrower range of model parameters matching the
observed J.

The resulting gravity harmonics are compared in Table 2
with the Cassini observations. While a subset of the uniform
rotation models is found to simultaneously match the ob-
served J, and J,, the magnitude of the observed values for Js,
Js, and Jy are much larger than predicted by the uniform ro-
tation models (Fig. 1 and SM6). Even considering the wide
range of physical parameters and interior structures consid-
ered, the tight correlation between J, and the higher order
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harmonics Js-J50 precludes any possibility of finding a model
that simultaneously matches all the observed harmonics.
This result is unlike the gravity measurements of Jupiter
from the Juno spacecraft. In this case, static models can be
constructed, for which all even harmonics differ by less than
0.1 x 107° from the measurements (8), while Table 2 shows
that the deviations for Saturn are much larger.

To test the robustness of this result, we added additional
flexibility to the interior density distribution. Starting from a
reasonable physical model, we introduced arbitrary density
jumps of up to £4% at four points in pressure that were cho-
sen at random. We fit the models to the observed J, value but
report the full range of the higher J,; value without minimiz-
ing the discrepancy from the observations. These additional
density modifications increased the range of all Jy value in
our ensemble of models (Table 2), but a sizable discrepancy
from the observed Js, and J;, values remained. Figure 1, fig.
S6, and Table 2 show the large and systematic deviations be-
tween the observations and models that assume uniform ro-
tation. This demonstrates that specific assumptions
regarding the EOS, and conditions of helium rain cannot ex-
plain the inability of the models to match the higher order
harmonics.

The inability to reproduce the unusually large values of J;,
Js, and Jyp leads us to conclude that models with uniform ro-
tation are ruled out by the gravity data. Instead, the observa-
tions require us to introduce differential rotation (DR) (2)
into our models for Saturn’s interior. We study its effects with
two different techniques. First, we introduce DR on cylinders
into the CMS method, which allows us to construct consistent
interior models but requires constant rotation rate on cylin-
ders that penetrate all the way through the planet. Second,
we use the thermal wind method (3) to derive the difference
in the gravity signature between a uniformly and a differen-
tially rotating body. The latter approach has the advantage
that the DR profiles can have a finite depth and are not re-
quired to be north-south symmetric.

Differential rotation on cylinders with the CM'S method
In the CMS with DR approach we simultaneously optimize
interior parameters and DR profiles, o(l) where o is angular
frequency and [ is the cylindrical radius from the axis of ro-
tation. We derive a centrifugal potential,

Q(I)=Ioldl’l’co(l')2, that we introduce into the CMS

method (2, 40, 41). Since this approach is based on potential
theory, o(l) can only depend on / and may not decay with
depth along the cylinders. The benefit of the combined
CMS+DR approach is that it represents a fully self-consistent
velocity profile, interior density distribution and gravita-
tional field, rather than treating the winds as a correction to
a model with uniform rotation.
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We find that the assumption of DR can account for the
unusually large magnitude of coefficients Js-J5. By assuming
Saturn’s equatorial region rotates approximately 4% faster
than the deep interior, agreement between models and data
for all coefficients J,-J;» can be achieved (Table 2). This as-
sumption is also compatible with the equatorial part of the
wind profile obtained from optical observations (42), show-
ing strong eastward flow near the equator. We thus favored
models that were in general agreement with the observed
winds when we subsequently constructed an ensemble of in-
terior models. For the planet’s deep interior, we assumed the
same four different rotation periods as above (24-27).

Starting from parameters set chosen at random, we per-
formed ~10* independent model optimizations with the sim-
plex algorithm. The 11 best models were used as starting
points for subsequent Markov chain Monte Carlo (MCMC)
calculations to explore the allowed parameter space more
carefully. Models that matched the observed gravitational
moments J>-J;p are compared in Figs. 2 and 3. Figure 2 shows
the rotational velocity profiles as a function of / and compares
these to the corresponding north-south averaged surface
winds derived from optical tracking of clouds (42, 43).

From the best-fitting MCMC models we selected quanti-
ties to elucidate the allowed region of parameter space (Fig.
3). Models that assume core masses between 15.0 and 18.2
Earth masses best match the gravity measurements (Fig. 3A).
This range of core masses is broadly consistent with predic-
tions of earlier models (44-47) built on previous gravity
measurements and different assumptions for the equation of
state or structure of the deep interior. The predicted core
masses increase if a smaller core radius is assumed because
the H-He mixture surrounding the core is exposed to higher
pressures and becomes denser. The core masses also increase
when a longer rotation period is assumed. As the total planet
mass is constrained, the core mass anticorrelates with the
fraction of heavy elements in the envelope (Z,.). In compar-
ison to the core (which we assume here consists entirely of
elements heavier than helium), the mass of heavy elements
in the envelope is relatively small, with a permitted range of
1.3 to 4.8 Earth masses. By contrast, analogous interior mod-
els of Jupiter predict a core mass slightly lower than Saturn’s,
but with greater heavy element enrichment in the deep enve-
lope (8). Figure 3B shows the correlation between Yi+Zpe:
and entropy of the metallic region, S,... An increase in en-
tropy implies a higher temperature and a lower density. This
density reduction can then be compensated by higher frac-
tions of helium and heavy elements.

The helium fraction in the metallic layer and in the mo-
lecular layer are linearly related (Fig. 3C), as we require all
models to have an overall solar helium abundance in the en-
velope. All models assumed that some helium rain has oc-
curred, depleting the molecular layer and enriching the
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metallic layer in helium. We find that almost no helium se-
questration is predicted for models that assume the longer
rotation periods of 10h45m45s or 10h47mO06s. This effectively
removes one degree of freedom for the interior models and
further constrains the range of other model parameters. For
example, when we performed MCMC simulations with varia-
ble core radii for a period of 10h47m06s, no models with core
radius larger than 0.21 and core masses larger than 17.2 Earth
masses were obtained. Figure 3D shows that the heavy ele-
ment fraction in the molecular envelope may vary between 1
and 3.5 times the solar value. The heavy Z fraction is anticor-
related with the helium fraction, which implies that there is
only limited capacity for elements heavier than hydrogen.
Longer rotation periods imply there is a greater capacity for
such elements.

All models that match the even gravity harmonics, J>-J;,
show a rapid decrease in angular velocity from /=1.0 to /[~0.90
(Fig. 2). For all rotation periods under consideration, our
CMS+DR models also require a minimum region near /~0.83
where the fluid rotates slower than in the deep interior. This
radius corresponds to a depth of ~10,000 km from the surface
at the equator. By construction, the DR profiles converge to
the assumed rotation rate for small /. The CMS+DR models
are unable to reproduce the wind profile for small / (high lat-
itudes) because we assume DR on cylinders.

Differential rotation with finite depth flows

An alternative approach, the thermal-wind method (3), can
incorporate wind profiles with a finite depth. In this ap-
proach, the flow is not limited to full cylindrical symmetry
and the flows are not required to be equal in the northern
and southern hemispheres. This allows the model to account
for both the even and odd gravity harmonics; the latter reflect
a north-south asymmetry in the gravity field (4). It has been
shown that for the barotropic case (flows limited to cylindri-
cal symmetry), the thermal-wind and the CMS method with
DR produce consistent results (41, 48). We apply the thermal-
wind method using an adjoint inverse model (49), where the
measured gravity harmonics in Table 1 are used to identify
the flow structure that best fits the data. Although it has these
advantages, the thermal-wind method can only account for
the dynamical part of the gravity spectrum (due to the flows),
and therefore relies on having prior knowledge of a reference
interior model for the even gravity harmonics. The predicted
gravity values hence depend on the reference model (Table
2).

For Jupiter, the extension of the cloud-level flow into the
interior results in a gravity spectrum that matches the obser-
vations (6) and the background density profile. The case of
Saturn is more complicated. We find that regardless of the
vertical structure of the zonal flow, with the background den-
sity profiles corresponding to the 11 models discussed in the
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previous section, extending the observed cloud-level flow (43)
into the interior results in dynamical gravity harmonics (AJ,,)
that are at least a factor of two too small. For example, the
gravity signature of the observed surface winds extended
along cylinders to large depths gives roughly AJs=-1.5x10"6
and AJ;p=1x107° (4, 50). The measured Jg and Jy, are -14.6x1076
and 4.7x107°, respectively, while the uniform rotation contri-
bution is at most -9x107% and 1x107% (Table 2). This implies
that the observed cloud-level flow cannot account for the dif-
ference between the measurements and the uniform rotation
contribution regardless of how it extends into the interior. As
seen in Fig. 2, the only way to match the data is to alter the
latitudinal profile of the zonal wind, by assuming that, due to
other processes, the bulk of the sub-cloud level flow does not
resemble that observed at cloud-level.

Therefore, in order to match the Cassini gravity measure-
ments, another degree of freedom is added to the thermal-
wind gravity inversion, whereby the meridional profile of the
flow is allowed to vary from the observed winds in addition
to the flow depth. We then optimize for the depth and merid-
ional structure of the zonal flow so that the calculated gravity
harmonics match the measured values. To compare the re-
sults to those of the hemispherically symmetric CMS method,
and because unlike Jupiter (6) the odd harmonics are small
and contribute little to the flow structure, we use only the
even gravity harmonics, focusing on those which are most
strongly affected by the flows, namely Jz and J;. Due to the
uncertainty resulting from the uniform rotation reference
model, and the non-uniqueness of the problem, there is little
merit in optimizing for the vertical profile of the flow, as can
be done for Jupiter (6), so the vertical decay is approximated
by a radial hyperbolic tangent profile with a width of 500 km,
and then optimized for its depth.

The reconstructed meridional profile of the zonal flow at
the planet’s surface is shown in Fig. 4A, achieved with a ver-
tical profile depth of 9363 + 357km. With these parameters,
we were able to match the measured values of Jg and Jy, once
the uniform rotation contribution in Table 2 is subtracted.
Both gravity harmonics are within the uncertainties of the
measured values (Table 3). The AJ we optimize for are calcu-
lated from the difference between the measurements and the
11 preferred models run without DR and using the Voyager
rotation period. Although the reconstructed zonal wind pro-
file varies from the observed one, it stills retains its main
characteristics (Fig. 4A). The uncertainty of the wind depth is
obtained from the variance in the 11 solutions of the internal
models, the variance in the internal models and thermal-
wind calculation for different rotation rates between 10h32m
and 10h47m, and using different internal models, by statisti-
cally varying the depth, and finally searching for solutions
that satisfy the condition that both harmonics are within the
uncertainties. In all cases the reported depth is the inflection
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point of the hyperbolic tangent vertical profile. The exact me-
ridional structure of the zonal winds is not uniquely deter-
mined, meaning that other profiles can give results within
the measurement uncertainties.

Regardless of the exact meridional profile, all vertical flow
profiles are constrained to contain a very deep flow of about
9000 km. This depth, corresponding to 15% of Saturn’s ra-
dius, matches the predictions from magnetohydrodynamic
theories, suggesting that the flow should extend down to the
levels of magnetic dissipation (51, 52). It has been suggested
that a higher order expansion to the vorticity balance, beyond
a thermal wind, is necessary to reproduce the dynamical
gravity harmonics (53). To compare those solutions [known
as the thermal-gravity equation, (53)] we calculate the gravity
harmonics using the thermal-gravity equation for a similar
wind profile. The comparison (Table 3) shows that the solu-
tions from both methods are within the observational uncer-
tainties, confirming that the thermal wind solution is the
leading order vorticity balance (48). The thermal-gravity so-
lution was obtained by solving the full integro-differential
equation on a sphere (54).

The CMS solutions with DR on full cylinders show a flow
signature only for distances from the axis of rotation / = 0.6
(Fig. 2). Using the thermal-wind inversion model, we can ex-
amine the nature of the optimized flow obtained under a sim-
ilar restriction. In Fig. 4B we show that taking the same
approach with the thermal-wind model, restricting the flow
to be equatorward only for [ = 0.6 (latitudes < 60°), gives sim-
ilar results. The reconstructed flow in this case is not as close
to the observed flow as in the unrestricted case (Fig. 4A), but
still gives results within 1o of the deviation uncertainty (Table
3). We find a large flow depth of 8832 + 295 km also in this
solution. The deviations between the two flow models in Fig.
4 illustrate the non-uniqueness in the resulting flows when
gravity harmonics AJs and AJ; are modeled. However, all our
thermal-wind flow solutions show strong westward flow near
latitude 35°, which is in agreement with the westward flow-
ing region calculated with the CMS model in Fig. 2. These
results were calculated for a rotation period of 10h39m22s;
because the high-degree harmonics are weakly affected by the
rotation rate (55), we expect consistent results if a different
period is assumed.

We find therefore that with the thermal wind approach,
extending the exact observed flows into the interior in a sim-
ple manner does not lead to an exact match of measured grav-
ity values. However, flow profiles that are similar in general
character to the observed ones (Fig. 4) yield solutions within
the deviation uncertainty when extended to a depth of ~9000
km, indicating that the flows are very deep and likely extend
down to the levels of magnetic dissipation.

The agreement between the CMS and thermal wind solu-
tions, based on two substantially different approaches,
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indicate that the interpretation of the Cassini gravity data is
robust. Regardless of the exact interior model or vertical de-
cay profile chosen, the flows must extend deep below the sur-
face, to about 15% of the planet’s radius.

Mass and age of Saturn’s rings

We now consider the mass of the main rings (i.e., the A, B and
Crings) and how this quantity can constrain theoretical mod-
els for the age and origin of the rings. (The masses of the dif-
fuse D, F, G and E rings are expected to be negligible.) Prior
to the Voyager flybys in 1980/81, it was known that the cross-
section-weighted average ring particle radius was at least 10
cm, as required to account for the rings’ high radar reflectiv-
ity (66). Voyager results provided estimates of the rings’ mass,
based on local surface mass densities determined from the
wavelengths of thirteen density waves in the A and B rings
and an optical depth profile derived from a stellar occultation
(57). The estimated total ring mass was 2.8x10* kg, or 0.75
Mimas masses. However, it was subsequently argued that
substantially more mass might be hidden in the opaque parts
of the B ring (58).

Cassini observations of density waves in the rings have led
to additional local surface density estimates of the A ring
(20), C ring (29), and the B ring (19). The B ring density is
higher than the others, with a mean value of ~600 kg-m™2, but
not as much higher as its large optical depth would suggest.
Combining these estimates, we find a likely total ring mass of
GM = 1.01 km?-s72 or 0.40 Mimas masses. However, the pres-
ence of self-gravity wakes in the A and B ring has led to sug-
gestions that substantial amounts of material may be present
but does not contribute to density wave estimates. Numerical
simulations of these structures (58) suggest wake surface
densities as high as 5000 kg-m~2 and an upper limit to the
total ring mass of 9.7x10% kg, or ~2.5 Mimas masses.

Our estimate of GM = 0.58 + 0.48 km?-s™2 for the B ring,
when combined with the previously-determined GM prod-
ucts of the A (0.38 km?-s72) and C (0.06 km?-s72) rings, leads
to a total ring GM of 1.02 + 0.43 km?-s7, equivalent to 0.41 =
0.13 Mimas masses (table S2). This estimate is somewhat
smaller than the Voyager value, but consistent with those in-
ferred from Cassini observations of density waves.

The ring mass has implications for the age of the rings
(59). Traditional age estimates of Saturn’s ring-satellite sys-
tem fall into three categories: dynamical estimates based on
the rate of recession of the small satellites from the rings due
to gravitational torques, and the back-reaction on the A ring
(10, 60); structural evolution timescales based on the evolu-
tion of unconfined edges such as the inner edges of the A and
B rings (1I); and compositional timescales based on the as-
sumption that the rings were formed as pure water ice and
have subsequently been steadily darkened by the infall of in-
terplanetary debris (9). Most of these timescale estimates

(Page numbers not final at time of first release) 7

6102 ‘G Areniga- uo /610" Bewasuslos aoualos//:dny woly papeojumod


http://www.sciencemag.org/
http://science.sciencemag.org/

depend, directly or indirectly, on the mass of the rings; both
dynamical and compositional considerations suggest that
low-mass rings are likely to be young and both approaches
yield evolutionary ages ~10® yrs for the A and B rings, assum-
ing the Voyager measurements of ring masses and interplan-
etary impact fluxes (59). Low-mass rings therefore pose a
challenge for models in which the ring system is assumed to
have formed in the early Solar System.

The Cassini results have sharpened these arguments.
Analysis of the main rings’ non-icy fraction derived from their
passive microwave emission, using the pre-Cassini interplan-
etary flux estimates and a minimum-mass B ring, led to esti-
mates of the ages of the A and B rings of 80-150 Myr and 30-
100 Myr, respectively (61). Our revised mass estimate for the
B ring would increase the latter estimate by ~25%. Cassini
dust measurements have also provided a refined estimate of
the interplanetary dust flux at the rings (62) indicating that
the interplanetary dust impact flux on the rings is higher by
almost a factor of 10, compared to the Voyager estimates, due
to improved understanding of the gravitational focusing by
Saturn. These new dust fluxes are would reduce the age esti-
mates for the A and B rings.

As the rings evolve viscously, they may spread radially be-
yond the Roche limit and therefore gradually lose mass to
form new generations of small satellites, which would then
move rapidly away from the rings (63). In this scenario, the
rings would have been more massive in the past, with pro-
portionally longer evolutionary timescales. Current models of
viscous evolution (64) predict that such a ring would ap-
proach an asymptotic mass of ~1.5x10° kg or 0.40 Mimas
masses after 5 Gyr, close to our estimate of 0.41 + 0.13 Mimas
masses. Taken at face value, and subject to the limitations of
the simulations (which ignore the gravitational torques from
the newly-formed moons), this suggests that the rings may be
older and formed with more mass than they have today. How-
ever, the simulations also show that a massive, primordial
ring initially loses mass very quickly before settling into a
long period of progressively slower evolution (64). An old
high-mass ring would thus quickly evolve to a mass not much
greater than that measured today, and would therefore still
be subjected to rapid ballistic and compositional evolution.

On balance, we favor a scenario whereby the present rings
of Saturn are relatively young, at least compared to the planet
itself, although they may have evolved substantially in the
past 107-10® years and were perhaps once more massive than
they are today. Our data do not indicate how the ring system
formed within such a recent period. Models of that process
invoke the chance capture and tidal disruption of a comet or
Centaur (65, 66). Alternatively, rings may arise from the cat-
astrophic disruption of an earlier population of mid-sized icy
satellites ~100 Myr ago (67), although whether the resulting
debris can migrate into the ring region before it re-accretes
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into new satellites is uncertain (68). Regardless of how the
rings formed, the ring mass we derived from Cassini gravity
data indicates a recent origin for Saturn’s ring system, which
we consider a fitting way to end Cassini’s mission.
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Fig. 1. Zonal gravity harmonic
coefficients J.-Jiz. The dashed line
shows the uncertainties from Table 1.
Positive values are marked as solid
circles, negative values as empty circles.
Theoretical predictions for uniform
rotation (Table 2) are plotted with red
diamonds (solid for positive values,
empty for negative values) and diverge
from the measurements at degrees > 8
(see also fig. S6 for a comparison with
Jupiter).

Fig. 2. Differential rotation profiles for
CMS models. CMS profiles are
compared with north-south symmetrized
wind profiles from optical observations
(42) (black) and (43) (grey). Our Monte
Carlo averages for models with three
different rotation periods, P, and core
radius of r. = 0.2 are plotted.

(Page numbers not final at time of first release) 11

6102 ‘G Areniga- uo /610" Bewasuslos aoualos//:dny woly papeojumod


http://www.sciencemag.org/
http://science.sciencemag.org/

OP = 10h39m22s, rc=0.200
= P = 10h32mdds, rc=0.200

¢ P = 10h45m45s, rc=0.200
s P = 10h47m06s, rc=0.200

e o L L O L

S

w

Heavy elements in
N
3
3
S
m

envelop (Earth masses)

fll\l

Solar envelope

4xsolar envelope

3xsolar envelope

° P =10h39m22s, rc=0.188
P = 10h39m22s, rc=0.231

I‘\ T

0.36(b)

o

[Il\ltll\‘tll\‘\l\\

J 111 | I | ‘ |- —

et

1 i 1 =]

15 16 17

Core mass (Earth masses)

18

0.31 1 \

0.30

g
s£0.29

0.28

Ymor=Ymet=Ysolar

III[W\I\IIII\}I\II

v

(C)_E 0.05

0.04

Zmoi

0.03

0.02

\Il\ll\ll[\\\ll\lllnl

0.24 0.2
Ymol

Zmo1=Zsolar

-

JIIL

Zmor=3%XZsolar

JII\lIJIl{\JJIl\II

—
| Ysofanzslofar
1 ! I

0.01-L—
6 0.20

0.24 0.26
Ymoi

—— Observed
— Reconstructed

40 60 80

- - Differential Rotation

——Observed
— Reconstructed

First release: 17 January 2019

Latitude (°)

WWW.sciencemag.org

40 60 80

Fig. 3. Composition of
parameters from six sets of
interior models including
differential rotation. The assumed
rotation periods and core radii are
indicated by the color and symbol,
as specified in the legend. (A) The
distribution of heavy element mass
between the core and envelope. (B)
The variation of the mass fraction
of helium and hydrogen plus heavy
elements with entropy in the
metallic envelope. (C) The variation
of helium mass fraction in the
molecular and metallic envelopes.
(D) The tradeoff between heavy
element and helium mass fractions
in the molecular envelope. In
panels (B) and (C) solar values (69)
are shown with a yellow star.

Fig. 4. Comparison of observed
and reconstructed wind profiles.
(A and B) Observed zonal winds
relative to the Voyager rotationrate
10h39m32s (43) and meridional
profiles of the zonal wind,
optimized with the thermal wind
method, for a full pole-to-pole wind
profile (A), and a wind profile
truncated at latitude 60° (B). In
both cases, the flows must to
extend to a depth of ~9000 km for
the computed gravity signal to be
consistent with observations for Jg
and Jio. The dashed blue line is one
of the CMS models shown in Fig. 2
projected into geocentric latitude
at the planet’s surface, and the red
shading is the calculation
uncertainty on the optimized
meridional profile of the zonal wind.
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Table 1. Measured gravity harmonic coefficients of Saturn (un-normalized; reference radius 60330 km) and
total ring mass (in units of Mimas' mass). The J> value includes a constant tidal term owing to the average tidal
perturbation from the satellites. The associated uncertainties are recommended values to be used for analysis and
interpretation. For the zonal harmonics they correspond to 3 times the formal uncertainties. The solution for the
total ring mass (A+B+C) is stable independently of the adopted dynamical model (table S2) and the uncertainty
reported is the 1o formal uncertainty. See table S2 for our total ring mass estimates for several models of the
unknown accelerations.

Value Uncertainty

Js (x10%) 16290.573 0.028
Js (x109) 0.059 0.023
Jy (x10°) -935.314 0.037
Js (x109) -0.224 0.054
Js (x10°) 86.340 0.087
J7 (x109) 0.108 0.122
Js (x10°) -14.624 0.205
Jo (x10°) 0.369 0.260
Jio (x10°) 4.672 0.420
Jir (x10°) -0.317 0.458
Jr2 (x10°) -0.997 0.672
Ring mass (My) 0.41 0.13

Table 2. Comparison of observed and calculated gravitational harmonics (un-normalized; reference radius
60330 km). Where two values are given they denote the minimum and maximum values from the suite of models.
The physical models in column 3 match the observed J> and J, in Table 1, over a parameter space considering ranges
of Smet, Ymoin Zmol, e and rotation periods from 10h32m44s to 10h47m0O6s. For the same span of rotation periods,
column 4 reports a wider range from models that match only J> and allow for density modifications assuming r. =
0.2. For Je-Jio, the discrepancy between measurements and uniform rotation models is large for all models that
assume uniform rotation. Column 5 shows a representative model with DR on cylinders and a deep rotation period
of 10h39m22s that matches measurements from J> to Jio.

Uniform rotation model

Physical models with . . . Physical model with
Measurements :niform rotation with modified density difi"erential rotation
profiles
Jo 16290.573 + 0.028 16290.57 16290.57 16290.573
Js -935.314 + 0.037 -935.31 -990.12 -902.93 -935.312
Js 86.340 = 0.087 80.74 81.76 75.69 90.42 86.343
Js -14.624 + 0.205 -8.96 -8.70 -10.26 -7.97 -14.616
Jio 4.672 + 0.420 1.08 1.13 0.97 1.33 4.677
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Table 3. Contribution to the higher gravity harmonics AJs and AJi resulting from differential rotation and
thermal-wind optimization. The deviation (Column 1) is the difference between the measured Js and Jio (Table 1)
and the average of the computed values from the 11 CMS models with uniform rotation (Table 2). Two optimizations
are shown: one without latitudinal truncation of the zonal flow, resulting in the reconstructed zonal wind profile shown
in Fig. 4A and with a flow depth of 9363 km (Column 2), and the second with the flows truncated at latitude 60° (Fig.
4B) and a flow depth of 8832 km (Column 3). Columns 4 and 5 show the deviations calculated with the thermal-
gravity equation (48) for similar wind profiles. The solutions from thermal wind are closer to the measurement
because the optimization was done using the thermal wind method, but the thermal-gravity solutions also match the
observations within 10%.

. Thermal-wind . Thermal-gravity
Deviation Th(;l(')l;:latli-(::;md solution truncated at Thel::lfll;iil:‘nty solution truncated
latitude 60° atlatitude 60°
AJg -5.600 = 0.205 -5.624 -5.533 -5.758 -5.759
AJyp 3.528 + 0.659 3.570 3.660 3.974 4.037
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