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Saturn’s internal rotation period is unknown, though it must be less

than 10h 39m 22s from magnetic field plus kilometric radiation data.

By using Cassini gravitational data, along with Pioneer and Voyager

radio occultation and wind data, we obtain a rotation period of 10h

32m 35s ± 13 s. This more rapid spin implies slower equatorial wind

speeds on Saturn than previously assumed, and the winds at higher

latitudes flow both east and west, as on Jupiter. Our related Saturn

interior model has a molecular to metallic hydrogen transition about

halfway to the planet’s center.

Because of its rapid rotation, Saturn is the most oblate planet in the solar system.

The flattening of the planet can be seen even through a small telescope. However, the
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planet’s internal rotation rate is not reflected in the measured periodicities in magnetic

field data and Saturn kilometric radiation (SKR) data (1). Periodic signals coherent in

period, amplitude and phase over several months, including the Cassini rotation period of

10h 47m 6s (2), do not reflect the rotation of the deep interior, but rather are based on a

slippage of Saturn’s magnetosphere relative to the interior, possibly due to a centrifugally

driven instability in Saturn’s plasma disk (1,3). Here, for purposes of obtaining a reference

geoid and interior density distribution, both dependent on Saturn’s deep rotation rate,

we analyze the available gravitational data (4) and radio occultation and wind data (5)

with an approach free of any tight a-priori constraints on Saturn’s rotation period.

The gravitational data reflect Saturn’s interior density distribution and internal ro-

tation rate, while the radio occultation and wind data reflect dynamical effects on the

shape of a surface of constant pressure, the 100 mbar isosurface in Saturn’s atmosphere.

By finding a mean geoid, a static surface of equal gravity potential energy, that both

matches the gravitational data and minimizes the wind-induced dynamic heights of the

100 mbar isosurface with respect to the mean or reference geoid, we average out the dy-

namical effects on the atmosphere and obtain a static oblate Saturn model. We claim

that this model, which minimizes the energy needed to drive the atmospheric winds, is a

good approximation to the true physical state of Saturn below its atmosphere. The more

rapid spin we find to be associated with the reference geoid affects atmospheric dynamics.

The eastern wind speeds on the equator are reduced, corresponding to a reduction in the

equatorial bulge from 122 km to 10 km.

The history of the figures of celestial bodies in uniform rotation is a rich one and of

considerable interest in itself (e.g., see Chapter 1 in both (6) and (7)). An important

result from Newtonian mechanics, which is sufficient for the description of the shape of

planetary bodies and stars, is that the external gravitational potential function V for
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a giant planet responding only to rotational forces can be expressed in a series of even

Legendre polynomials P2n as (8)

V =
GMS

r

[

1 −
∞
∑

n=1

(

RS

r

)2n

J2nP2n (sin φ)

]

, (1)

where MS is the total mass of Saturn, G is the gravitational constant, RS is an adopted

reference radius for the gravitational field, 60,330 km for Saturn, a radius that approx-

imates its equatorial radius, the numerical coefficients J2n describe the departure of the

gravitational field from spherical symmetry, and P2n are the Legendre polynomials of de-

gree 2n. The equations of motion for a spacecraft, such as the Cassini spacecraft orbiting

Saturn, are obtained by applying the vector gradient operator to a truncated series for V

to obtain the cartesian vector equations ~̈r = ∇V, where ~r is the vector {x,y,z} referenced

to the planet’s center of mass and dots represent the time derivative. The spherical co-

ordinates are the radial distance r and the latitude φ, which can be expressed in terms

of equatorial Cartesian coordinates by r =
√

x2 + y2 + z2 and sin φ = z/r. The equations

actually integrated to obtain the position and velocity of the spacecraft are more compli-

cated than this (9), in particular they involve perturbations by other bodies (satellites,

Sun and planets), the precession of Saturn’s pole in inertial space, and relativistic terms

of order c−2, where c is the speed of light, but ~̈r = ∇V represents the main orbital problem

for spacecraft motion. The spacecraft mass is so small with respect to other bodies that it

can be ignored. It has no measurable effect on the motions of other bodies in the system.

The mass constant GMS and the gravitational coefficients J2n in the equation above

are inferred from the Cassini radio Doppler data (supporting online text). The Doppler

velocity is closely approximated by the velocity of the spacecraft projected on the line of

sight between Earth and Saturn (the more exact relationship is given in (9) in terms of the

actual data delivered by NASA’s Deep Space Network, the DSN), and the velocity of the
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spacecraft is obtained by numerical integration of the equations of motion. The inversion

of the DSN Doppler data to obtain the gravitational data is a standard nonlinear least

squares problem, where the Doppler data are expressed as a function of the spacecraft

initial state (position and velocity ~r and ~̇r at an arbitrary epoch) and the gravitational

parameters (GMS, J2n). This constitutes the fitting model. Prior to the Cassini mission,

the best determination of the zonal harmonic coefficients J2n was obtained by analyzing

the radio Doppler data from a Pioneer 11 flyby in 1979, a Voyager 1 flyby in 1980, and a

Voyager 2 flyby in 1981 (10), along with dynamical data on Saturn’s rings (11).

We obtain the radio occultation data at the 100 mbar pressure level in Saturn’s at-

mosphere from Pioneer and Voyager measurements (5). The recovered radii for the 100

mbar isosurface can be fit with a new Cassini reference geoid with best-fit values of the

reference period and equatorial radius (supporting online text). Because the 100 mbar

isosurface agrees with the occultation radii, except for one outlier near 71.2◦ south lati-

tude, we ignore the occultation radii in the fit. However, they are useful as a check on

the calculations.

The heights of the 100 mbar isosurface are plotted before any fitting in Fig. 1 for

three periods of rotation. Because Gurnett et al. (1) conclude that any rotation period of

the body of Saturn, unperturbed by winds, must be less than the Voyager period, these

three periods are representative of an interval of upper and lower bounds on the rotation

period. One of the most puzzling features of the plot is why the polar radius at the north

and south poles should differ by ∼ 10 km. It is hard to understand how a planet as

massive as Saturn could maintain an offset between its center of figure and center of mass

of fractional magnitude ∼ 10−4.

We adopt the curve labeled PI in Fig. 1 as the best representation of Saturn’s 100 mbar

isosurface because it minimizes the height excursions of this surface with respect to the
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mean geoid (Fig. S1). The period of rotation is 10h 32m 35s ± 13 s. We suggest that this

rotation period, which is consistent with the upper bound from all previous data, is the

period of rotation of Saturn’s deep interior. The reference geoid is symmetric about the

equator and corresponds to a uniform period; it yields minimum (in an rms sense over all

latitudes) dynamic heights of the 100 mbar isosurface, and it corresponds to an external

gravitational field that agrees with the field determined by the Cassini radio Doppler

data. In Table 1, we compare the “best fit” reference geoid for both the older Voyager

gravitational field (10) and the more recent Cassini gravitational field (4). The statistical

errors in the first five fitted parameters of Table 2 are considerably smaller for the Cassini

reference geoid. This shows the advantage of including the Cassini data in the analysis.

The Voyager results could have been obtained over 20 years ago. In fact, it was pointed

out at the time of the Voyager wind analysis (12) that a more rapid Saturnian rotation

rate would result in lower wind velocities with respect to the solid-body rotation, but

there was no reason then to question the rotation period inferred from SKR and magnetic

field data. Now we know that the solid-body rotation is unknown (1), but that it most

likely falls within a period interval of about six minutes. For this reason we calculate

interior models for the four periods and the four corresponding reference geoids of Table

2.

The idea behind the interior calculations for a reference geoid is to integrate the

equations of hydrostatic equilibrium, with the boundary conditions that pressure and

density are zero at the surface (supporting online text). We represent the fractional

density by a sixth-degree polynomial in fractional mean radius β. The first degree term

is set to zero so that the derivative of the density goes to zero at the center (β = 0).

This simple model does not directly account for the molecular to metallic phase change of

hydrogen in the interior, or the variation with depth in the concentration of elements like
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helium He that are thought to occur (15). It is consistent with the Zharkov-Trubitsyn

method of gravity sounding (16,17). The sixth degree polynomial is continuous, unlike a

density distribution with discontinuities at phase transitions, or with a core of different

composition than the envelope. The polynomial smooths out any real discontinuities in

the density distribution. In the sense that it fits all the currently available data on the

shape and gravitational field of Saturn, it can serve as a useful approximation to more

detailed models that include the physics of the equation of state EOS. We match the sixth

degree polynomial to the measured gravitational coefficients J2, J4, and J6 by the third

order theory of level surfaces (16).

The results are shown in Table 2 for four rotation periods from a lower bound of 10h

32m 35s, the period corresponding to PI in Fig. 1, consistent with our best-fit reference

geoid, to an upper bound of 10h 41m 35s, somewhat less than the previously adopted

rotation period for Saturn. We rule out any periods shorter than PI, since that would

result in the interior of Saturn rotating more rapidly than the surface winds suggest.

Density and pressure for the reference geoid PI are plotted parametrically in Fig. 2 and

are shown separately versus depth in Fig. 3 and Fig. 4, respectively. A pressure of 3

Mbar occurs at about β = 0.48, consistent with a transition from molecular to metallic

hydrogen at this depth. The parametric plot of Fig. 2 is in good agreement with a physical

EOS derived from experiments with deuterium under high pressures (18).

We have shown that Saturn’s mass, radius, and gravitational coefficients J2, J4, and

J6 can be fit by a simple model of the planet’s interior based on a sixth degree polynomial

(supporting online text). The polynomial probably underestimates the mass of a core of

different chemical composition from the envelope, especially with a likely density jump at

the core-envelope boundary. Current models of Saturn’s interior have cores with masses

between about ten and twenty Earth masses (15, 18–22). In some of these previous
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models (15,22) even the larger core estimates are lower bounds since core mass trades off

against helium and heavy element separation and concentration at depth in the models.

Recent models of Saturn’s interior divide the planet into multiple regions consisting of at

least a molecular hydrogen-helium outer envelope surrounding a metallic hydrogen layer

and a rock-ice core at the center. These models are characterized by many parameters and

they are beset by uncertainties in the equation of state of hydrogen and the phase diagram

of hydrogen-helium mixtures (23). The simple polynomial model of this paper suffices

to fit the gravitational coefficients. The ability of a simple polynomial model to fit the

gravitational data diminishes the necessity for inhomogeneity in the interior composition

of Saturn, although phase separation of helium seems to be necessary to explain the

planet’s heat flux and evolution (22). Core accretion theory (24, 25) of the planet’s

formation requires a critical core mass of about 10 Earth masses for rapid accretion of its

gaseous hydrogen-helium envelope.

References and Notes

1. D. A. Gurnett, A. M. Persoon, W. S. Kurth, J. B. Groene, T. F. Averkamp, M. K.

Dougherty, D. J. Southwood, Science 316, 442 (2007).

2. G. Giampieri, M. K. Dougherty, E. J. Smith, C. T. Russell, Nature 441, 62 (2006).

3. P. Goldreich, A. J. Farmer, J. Geophys. Res. 112, A05225 (2007).

4. R. A. Jacobson et al., Astron. Jour. 132, 2520 (2006).

5. G. F. Lindal, D. N. Sweetnam, V. R. Eshleman, Astron. Jour. 90, 1136 (1985).

6. J.-L. Tassoul, Theory of Rotating Stars, Princeton, 1978.

7. S. Chandrasekhar, Ellipsoidal Figures of Equilibrium, Dover, 1987.

7



8. W. M. Kaula, An Introduction to Planetary Physics: The Terrestrial Planets, Wiley,

1968.

9. T. D. Moyer, Formulation for Observed and Computed Values of Deep Space Network

Data Types for Navigation (JPL Deep-Space Communications and Navigation Series),

Wiley-Interscience, 2003.

10. J. K. Campbell, J. D. Anderson, Astron. Jour. 97, 1485 (1989).

11. P. D. Nicholson, C. Porco, Jour. Geophys. Res. 93, 209 (1988).

12. B. A. Smith et al., Science 215, 504 (1982).

13. M. D. Desch, M. L. Kaiser, Geophys. Res. Lett. 8, 253 (1981).

14. A. P. Ingersoll, D. Pollard, Icarus 52, 62 (1982).

15. T. Guillot, The Interiors of Giant Planets: Models and Outstanding Questions, An-

nual Review of Earth and Planetary Sciences 33, 493-530 (2005).

16. V. N. Zharkov, V. P. Trubitsyn, Physics of Planetary Interiors, W. B. Hubbard, ed.,

Pachart Press, 1974.

17. J. D. Anderson, W. B. Hubbard, W. L. Slattery, Astrophys. Jour. 193, L149 (1974).

18. D. Saumon, T. Guillot, Astrophys. Jour. 609, 1170(2004).

19. T. Guillot, Science 286, 72(1999).

20. T. V. Gudkova, V. N. Zharkov, Astronomy Letters-a Journal of Astronomy and Space

Astrophysics 29, 674(2003).

21. D. Saumon, T. Guillot, Astrophysics and Space Science 298, 135(2005).

8



22. J. J. Fortney, W. B. Hubbard, Icarus 164, 228(2003).

23. J. J. Fortney, Science 305, 1414(2004).

24. J. J. Lissauer, Space Science Reviews 116, 11(2005).

25. J. B. Pollack, et al.,Icarus 124, 62(1996).

26. J.D.A. acknowledges support by the Cassini Project, Jet Propulsion Laboratory, Cal-

ifornia Institute of Technology, under a contract with NASA. G.S. acknowledges sup-

port by grants from NASA through the Planetary Geology and Geophysics and the

Planetary Atmospheres programs.

Supporting Online Material

www.science.org

SOM Text

Fig. S1

References

9



Table 1: Best-fit parameters for both the a-priori Voyager and Cassini gravitational data.
The gravitational coefficients J2, J4, and J6 are constrained by their a-priori mean values
and associated covariance matrix from respective Voyager (10) and Cassini (4) Doppler
fits. This effectively produces a reference geoid that fits the gravitational data and min-
imizes the rms dynamic heights of the Voyager 100 mbar isosurface (5). The period P
and equatorial radius a are statistically consistent for Voyager and Cassini. Further, there
is no significant improvement in the Cassini gravity field. However, the Voyager gravity
field is improved by minimizing the heights of the 100 mbar isosurface. In particular, the
coefficient J6 is brought more in line with the Cassini fit. The gravitational coefficients J2

through J10 are given in units of 10−6. The a-priori constraints on J8 and J10 are adopted
as reasonable values that condition the fits.

Parameter Voyager a-priori Voyager Fit Cassini a-priori Cassini Fit

P None 10h 32m 55s ± 30 s None 10h 32m 35s ± 13 s

a (km) None 60352.0 ± 6.8 None 60356.2 ± 2.6

J2 16298 ± 10 16298 ± 10 16290.71 ± 0.27 16290.73 ± 0.26

J4 -915 ± 40 -906 ± 37 -935.8 ± 2.8 -935.5 ± 2.5

J6 103 ± 50 79 ± 23 84.1 ± 9.6 85.3 ± 8.5

J8 -10 ± 3 -10 ± 3 -10 ± 3 -10 ± 3

J10 2 ± 1 2 ± 1 2 ± 1 2 ± 1

10



Table 2: Geodetic and interior parameters for four rotation periods that span the in-
terval of possible Saturn rotation periods. The rotation is expressed in terms of the
angular velocity ω = 2π/P and either the equatorial radius a by the smallness parameter
q = ω2a3/GMS or the mean radius R by m = ω2R3/GMS. The mean density ρ0 is the
density of a sphere with volume equal to the volume of Saturn’s reference geoid (4/3) π R3.
The pressure p0 is a characteristic internal pressure given by p0 = GMSρ0/R. The cen-
tral density ρc, and the central pressure pc are calculated by integrating the equations of
hydrostatic equilibrium and mass continuity, with the adopted polynomial density distri-
bution. The second column in the table for a rotation period of 10h 32m 35s represents
our recommended interior model for Saturn.

Period 10h 32m 35s 10h 35m 35s 10h 38m 35s 10h 41m 35s

a (km) 60357.3 60305.7 60254.8 60204.9

R (km) 58256.3 58224.3 58192.8 58161.9

q 0.158904 0.157002 0.155136 0.153307

m 0.142879 0.141300 0.139748 0.138224

ρ0 (kg m−3) 686.244 687.378 688.494 689.591

p0 (Mbar) 4.46819 4.47804 4.48774 4.49728

J2 (10−6) 16276.0 16303.8 16331.4 16358.5

J4 (10−6) -934.1 -937.3 -940.5 -943.6

J6 (10−6) 83.9 84.3 84.7 85.2

ρc (kg m−3) 3080.07 3022.82 2965.97 2909.74

pc (Mbar) 9.11744 8.88905 8.66533 8.44742
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Fig. 1. Altitudes of the 100 mbar isobaric surface above a reference geoid with three

different periods of 10h 32m 35s (PI), 10h 35m 35s (PII) and 10h 38m 35s (PIII), all shorter

than the Voyager period of 10h 39m 22.4s (13), and hence consistent with recent findings

on the variable rotation period of the inner region of Saturn’s plasma disk (1). The filled

circles represent radii obtained by radio occultation measurements with the Pioneer 11,

Voyager 1, and Voyager 2 spacecraft (5). The polar radius is fixed at 54,438 km, consistent

with the mean polar radius of 54,438 ± 10 km that best fits the five radio occultation

radii (5). The solid curve represents a 100 mbar isosurface in geostrophic balance based

on zonal-wind data obtained from the Voyager imaging system (5, 12, 14). The Cassini

external gravity field (4), the polar radius, and the rotation period are sufficient to define

a reference geoid unperturbed by zonal winds, the vertical zero line. Note that over the

six-minute period interval of the figure, the altitude of the equatorial bulge, in excess of

the underlying reference geoid, is approximately linear in the rotation period.

Fig. 2. A pressure p and density ρ EOS inferred from a sixth degree polynomial interior

model that fits the Cassini gravitational data (4) and rotates at a rate that minimizes

wind perturbations (5), not at the slower rate previously assumed for Saturn (1). The

vertical line is at a pressure of 3 Mbar, representative of the region where the transition

from molecular to metallic liquid hydrogen occurs (18).

Fig. 3. The density ρ in Fig. 2 plotted against fractional mean radius β.

Fig. 4. The pressure p in Fig. 2 plotted against fractional mean radius β.
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