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Saturn’s Curiously Corrugated C Ring
M. M. Hedman,1* J. A. Burns,1,2 M. W. Evans,1 M. S. Tiscareno,1 C. C. Porco3

In August 2009 the Sun illuminated Saturn’s rings from almost exactly edge-on, revealing a
subtle corrugation that extends across the entire C ring. This corrugation’s amplitude is 2 to
20 meters and its wavelength is 30 to 80 kilometers. Radial trends in the corrugation’s
wavelength indicate that this structure—like a similar corrugation previously identified in the D
ring—results from differential nodal regression within a ring that became tilted relative to Saturn’s
equator plane in 1983. We suggest that this initial tilt arose because interplanetary debris
struck the rings. The corrugation’s radial extent implies that the impacting material was a dispersed
cloud of debris instead of a single object, and the corrugation’s amplitude indicates that the
debris’ total mass was ~1011 to 1013 kilograms.

The Cassini spacecraft obtained numer-
ous images of Saturn’s rings within a few
months of Saturn’s equinox in August

2009, when the Sun illuminated the rings from
almost exactly edge-on. Many of these obser-
vations were designed to investigate ring fea-
tures that would be highlighted by this unusual
lighting geometry, such as shadows cast by em-
bedded moonlets or inclined ringlets. Among

the most surprising structures revealed by these
images was a series of regularly spaced bright
and dark bands extending throughout the entire
C ring (Fig. 1). Because this periodic banding
was not seen in earlier Cassini images, it can-
not be ascribed to simple variations in the ring’s
density or optical depth. Instead, these bands
appear to be caused by a vertical corrugation ex-
tending across the entire C ring. Broad-scale cor-
rugations have previously been identified in
Saturn’s D ring (1) and Jupiter’s main ring (2);
both these structures appear to have formed with-
in the last few decades when the relevant ring
suddenly became tilted relative to its planet’s
equatorial plane (1, 3). The C-ring corrugation
seems to have been similarly generated, and

indeed it was probably created by the same
ring-tilting event that produced the D-ring’s
corrugation.

The amplitudes and wavelengths of the C-
ring’s periodic brightness variations have been
measured using Fourier analyses of selected im-
ages (SOM text 1). The amplitudes of the ob-
served brightness variations change with viewing
and illumination geometries as expected for a
vertically corrugated ring (SOM text 2). The
corrugation amplitudes derived with a simple
photometric model range between 2 and 20 m
throughout the C ring (Fig. 2A; SOM text 2 de-
scribes systematic uncertainties associated with
these estimates), and are thus well below the
few-hundred-meter amplitudes of the previously
identified D-ring corrugations (1). Meanwhile, the
corrugation wavenumber systematically decreases
with increasing distance from Saturn throughout
the entire C ring (Fig. 2B), suggesting that the
observed corrugations are part of a single coher-
ent structure. Extrapolating the observed trends
interior to the C ring shows that the predicted
wavenumber is close to the expected wavenum-
ber of the previously observed, larger-amplitude
D-ring corrugation. The latter has been interpreted
as the result of differential nodal regression of an
initially inclined ring (1), which suggests that the
C-ring corrugations could have been produced
by the same process (Fig. 3). Indeed, the radial
trends seen in Fig. 2B are consistent with such a
model.
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14853, USA. 2Department of Mechanical Engineering, Cornell
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Fig. 1. Mosaic of images of
Saturn’s C ring obtained dur-
ing Cassini’s orbit 117, along
with close-ups of selected ra-
dial regions showing the pe-
riodic bright and dark bands
that extend across the entire
C ring. The contrast has been
adjusted in each close-up im-
age to better show the peri-
odic structure. Horizontal bands
within these close-ups are cam-
era artifacts (22).
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A corrugation produced by differential nodal
regression of an initially inclined ring should have
a radial wavenumber given by [SOM text 3 and (1)]

kz ≈

�����
∂Ẇ
∂r

�����dt ð1Þ

where dt is the time that has elapsed since the
ring was an inclined sheet, and Ẇ is the local
nodal regression rate. To first order, Ẇ is de-
termined by Saturn’s quadrupole gravitational
harmonic J2 (4, 5), so Eq. 1 can be approxi-
mated as

kz ≈
21

4
J2

ffiffiffiffiffiffiffiffiffiffi
GMS

r5

r
RS

r

� �2

dt ð2Þ

where G is the gravitational constant, MS is Sat-
urn’s mass, r is the ring radius, and RS is the
assumed Saturn radius used to normalize J2.
Thus, a corrugation produced by differential nodal
regression should have kz ~ r−9/2. Including con-
tributions from all Saturn’s measured higher-
order gravity harmonics (6) yields the solid curves
in Fig. 2, B and C, which differ slightly from the
trend calculated above and match the observed
data to within 3%.

The largest deviations from this model in-
clude a quasi-periodic wavenumber modula-
tion in the middle C ring and a cluster of low
wavenumber values in the outermost C ring (r >
90,000 km, Fig. 2C). These residuals are corre-
lated with the optical depth structure of the ring
(compare Fig. 2, C and E) and can be ascribed
to the C-ring’s finite surface mass density s. The
ring’s gravity modifies the local nodal regres-
sion rates, producing perturbations to the corru-
gation wavenumber:

dkz
kz

¼ pG
2n

−
∂s
∂r

þ 3s
r

� �
dt ð3Þ

where n is the vertical epicyclic frequency (SOM
text 3). If we assume that the ring’s optical depth
t is proportional to its surface mass density s,
then the largest negative residuals in the corru-
gation wavenumber should occur where the op-
tical depth has the most positive slope and vice
versa, as observed. Furthermore, the magnitude
of the measured residuals would require that the
middle C ring has s ~ 3 to 6 g/cm2 (SOM text
4), consistent with previous estimates (7, 8).

If we only consider regions where the predicted
dkz /kz caused by the ring’s self-gravity is less than
0.2% (Fig. 2D and SOM text 5), the wavelength
estimates are fully consistent with predicted trends
based on current estimates of Saturn’s gravity field
(6). We may therefore use Eq. 1 to determine how
long ago the C ring was a simple inclined sheet:
Julian date (JD) 2445598 T 40, or day 263 T 40
of 1983 (9). This is within a year of the inclined
sheet epoch derived from the previously observed
temporal variations in the D-ring’s corrugation
wavelength (1), and the difference between the
two estimates may be attributed to the excess var-
iance in the D-ring wavelength estimates derived
from images taken in different viewing geometries
(1). It is therefore reasonable to conclude that the
corrugations in both the C and D rings were gen-
erated by the same ring-tilting event.

Saturn was near solar conjunction during
the latter half of 1983 and thus could not be
seen clearly from Earth. Archived images there-
fore cannot provide direct information about any
event that might have caused the rings to be-
come tilted relative to Saturn’s gravitational equa-
tor. However, any acceptable scenario must be

Fig. 2. Corrugation parameters versus radius in the rings (distance from Saturn’s spin axis) derived from
three observations taken on three different Cassini orbits around the time of Saturn’s equinox (see SOM text
1 and 2 for analysis procedures): (A) Corrugation amplitude Az, (B) corrugation wavenumber kz, and (C)
scaled corrugation wavenumber k′z = kz/ko × (r/ro)

9/2, where ko = (2p /40) km−1 ro = 80,000 km are constants
chosen to normalize k′z to approximately unity at equinox. In these plots, each data point is computed from a
Fourier analysis of a 500-km-wide ring region, so adjacent data points from the same observation, which are
separated by only 100 km, are not independent. No amplitudes are plotted for the Orbit 116 data because
the extremely low Sun-opening angle during these observations complicates the photometry (see SOM
text 2). (D) Estimates and uncertainties (1 standard deviation) of the rescaled corrugation wavenumber at
JD 2455054 at locations in the ring where the finite mass of the ring can be neglected (SOM text 5). The
solid curves in (B), (C), and (D) are the predicted wavenumber of a vertical corrugation produced by
differential nodal regression of an inclined ring that existed at JD 2445598, assuming the standard model
of Saturn’s gravity field (6) with Jn = 0 for n > 8. In (D), the dashed curve shows a similar prediction,
assuming J8 = 0 instead of J8 = −0.00001. (E) Normal optical depth profile of the C ring measured by the
Voyager Radio Science Subsystem (obtained from the Planetary Data System rings node).
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able to produce a tilt across a wide swath of
the ring in a short period of time compared to
the local orbital precession periods (which range
between 2 weeks and 1 month). Preliminary
calculations suggest that Saturn’s equator is
unlikely to shift appropriately due to either ex-
ternal torques on Saturn or mass redistribution
within the planet (SOM text 6). Furthermore,
recent analyses of Galileo data indicate that
Jupiter’s rings became tilted around the time
comet Shoemaker-Levy 9 struck the planet in
1994 (3). We therefore investigate scenarios in
which the rings became tilted relative to Saturn’s
equator plane due to interplanetary debris im-
pacting the rings in 1983.

The estimated corrugation amplitudes in the
C ring (Fig. 2A) indicate that the entire C ring
was initially tilted relative to Saturn’s equator
plane by an angle dq between 2 × 10−8 and 3 ×
10−7 radians. Assuming a ring surface mass den-
sity of ~5 g/cm2 (see above), the ring’s angular
momentum would need to reorient by dLr ~
1023 kg m2/s to produce this tilt. Although a
reasonably dense (~1 g/cm3) 1-km-wide ob-
ject traveling at typical impact speeds through
the rings (~40 km/s, comparable to the escape
speed from Saturn) would carry sufficient an-
gular momentum to produce the required dLr, it
is unlikely that an intact comet or meteoroid
could have produced a feature as radially exten-
sive as the observed corrugation. A compact ob-
ject ~1 km across passing through the C ring

would only interact with a small patch of the
rings containing <10−3 the mass of the impactor,
so any debris from this collision would follow
essentially the same trajectory as that of the pre-
impact projectile. Thus, most of the incoming
object’s momentum would escape in the debris
from the collision and not be imparted to the
rings, and no large-scale tilt would be estab-
lished. However, if the rings encountered a
diffuse cloud of debris instead of a single solid
object, then material would have rained down
across a range of radii, producing a tilt that could
ultimately form an extensive corrugation. The
incoming debris would also interact with a much
larger area of the rings and a much greater mass
of ring material, so more of the momentum car-
ried by the debris should remain in the ring
instead of departing from the Saturn system.
Such a scenario could even explain the differ-
ences in the corrugation amplitudes between
the C and D rings. Assuming the momenta from
the incoming particles are efficiently trans-
ferred to the rings (SOM text 7), the tilt induced
by a given debris flux should be directly pro-
portional to the ring particles’ aggregate cross
section and inversely proportional to their total
mass. The larger amplitude of the D-ring cor-
rugation could therefore arise simply because
the submillimeter-wide particles in the D ring
(1) have much higher surface-area-to-volume ra-
tios than the centimeter-to-meter–sized C-ring
particles (10).

The viability of this explanation for the ring’s
initial tilt can be evaluated by estimating the total
debris mass required to produce the observed
corrugations. For rings of modest optical depth
like the C ring, the angular momentum deliv-
ered into the rings by a debris cloud of mass mc

can be expressed as

Lc ¼ DFtmcvcr ð4Þ

where vc is the mean impact speed of the in-
coming material, r and t are the orbital radius
and normal optical depth of the ring, and DF is
a dimensionless parameter that depends on the
longitudinal distribution of the impacting mate-
rial. For a homogeneous debris cloud, DF ~ 0.1
for a wide range of plausible approach trajec-
tories and speeds (SOM text 7), and it could be
higher if the cloud has substantial substructure.
Assuming that DF lies between 1 and 0.01, and
further stipulating that Lc ≈ dLr ~ 1023 kg m2/s,
vc ≈ 40 km/s, and t ~ 0.1 (Fig. 2E), we find that
the total mass of the debris cloud would need
to be 1011 to 1013 kg in order to produce the ob-
served C-ring corrugation.

Debris clouds with masses on the order of
1012 kg were produced during the break-up of
Shoemaker-Levy 9 in 1992 (11, 12) and the ma-
jor outburst of comet 17P/Holmes in 2007 (13).
The rate at which Saturn would encounter such
massive clouds is quite uncertain, but consider
the specific scenario where a 1-km-wide comet
nucleus was captured into orbit around Saturn
and broke apart during a close periapse passage
(due to planetary tides or a collision with the rings),
producing ~1012 kg of debris on bound orbits
that crashed into the rings on a later periapse (14).
Although the rate at which captured cometary
debris impacts Saturn has not yet been thoroughly
investigated in numerical simulations, existing
studies indicate that roughly 4% of the comets
that impact Jupiter had previously passed close
enough to the planet to be disrupted (15), the
impact flux at Saturn is about 40% the flux at
Jupiter (16, 17), and the fraction of impactors on
bound orbits is about an order of magnitude less
for Saturn than it is for Jupiter (18–20). Together,
these results indicate that Saturn should encounter
debris clouds derived from comets disrupted by
previous planetary encounters at a rate that is
roughly 0.2% of Jupiter’s impact rate. The 2009
detection of a fresh impact scar at Jupiter sug-
gests that 1-km-wide objects may strike Jupiter
as often as once a decade (21). In this case, the
clouds of orbiting debris created by the disrup-
tion of a 1-km-wide comet should rain down on
Saturn’s rings once every 5000 to 10,000 years.
The probability that debris from a previously
disrupted comet would hit Saturn’s rings in the
last 30 years would then be between roughly
1% and 0.1%, which is not very small. Such
scenarios therefore provide a reasonable expla-
nation for the origin of the observed corrugation
in Saturn’s C ring.

Fig. 3. Cartoon represen-
tation of how differential
nodal regression produces
a vertical corrugation from
an initially inclined ring.
The top image shows a
simple inclined ring (the
central planet is omitted
for clarity), while the lower
two images show the same
ring at two later times,
where the orbital evolution
of the ring particles has
sheared this inclined sheet
into an increasingly tightly
wound spiral corrugation.
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The Impact of Comet Shoemaker-Levy 9
Sends Ripples Through the
Rings of Jupiter
Mark R. Showalter,1* Matthew M. Hedman,2 Joseph A. Burns2

Jupiter’s main ring shows vertical corrugations reminiscent of those recently detected in the
rings of Saturn. The Galileo spacecraft imaged a pair of superimposed ripple patterns in 1996
and again in 2000. These patterns behave as two independent spirals, each winding up at a
rate defined by Jupiter’s gravity field. The dominant pattern originated between July and October
1994, when the entire ring was tilted by about 2 kilometers. We associate this with the
Shoemaker-Levy 9 impacts of July 1994. New Horizons images still show this pattern 13 years
later and suggest that subsequent events may also have tilted the ring. Impacts by comets
or their dust streams are regular occurrences in planetary rings, altering them in ways that
remain detectable decades later.

On 9 November 1996, the Galileo space-
craft imaged a systematic, unexplained
pattern of brightness variations in Jupiter’s

main ring, suggesting vertical ripples in the ring’s
surface (1). More recently, Cassini images have
revealed a similar pattern in Saturn’s rings. The latter
pattern arose from an initially inclined ring, which
was slowly twisted into a spiral by Saturn’s grav-
ity (2, 3). A closer analysis of Galileo data now
confirms that the patterns in the rings of Jupiter
and Saturn obey identical kinematics, except that
Jupiter’s ring contains two ripple patterns, not one.

Galileo viewed the rings from nearly edge-on,
with opening angle B = 0.48° (Fig. 1 and table
S1). The intensity I of an optically thin ring is
proportional to the amount of material along the

line of sight, so it varies as sin(B)–1. For the jo-
vian ring, optical depth t < 10−5 (4, 5), so this
dependence applies. In this limit, the Sun’s open-
ing angle plays no role, because every particle is
illuminated equally.

A nonzero surface slope modifies the effec-
tive local opening angle, naturally leading to
variations in I (6).

Iº1=sinðBÞ½1 – sinðqÞ=sinðBÞZ′ðR,qÞ� ð1Þ

Here, Z(R,q) describes the local height of the ring
above the equatorial plane in polar coordinates
(R,q). The radial component of the local slope is
Z′(R,q) ≡ ∂Z/∂R; we neglect the slope’s much
smaller tangential component (6, 7). Longitudes
are measured from the ansa line passing through
the ring’s tip, where a radial vector is perpendic-
ular to the line of sight.

The dependence of I on sin(q) naturally
predicts the reversals of contrast observed in the
Galileo image. We have applied Eq. 1 to derive

the function Z′(R) at q = 0 (Fig. 1C). Slopes ap-
proach 3% or ~1.5°. However, unlike the pattern
in Saturn’s rings (2, 3), this one is not a pure
sinusoid; a Fourier transform shows two distinct
peaks (Fig. 2A). In a least-squares modeling of
Z′(R), two sinusoids successfully account for the
location of nearly every peak and trough.Matches
to the amplitudes are imperfect, however, sug-
gesting that the ring slope may be modulated by
other factors that we have not yet considered. The
dominant pattern has a wavelength llong = 1920 T
150 km and a vertical amplitude Zlong = 2.4 T 0.7
km; the shorter-wavelength pattern has lshort =
630 T 20 km and Zshort = 0.6 T 0.2 km.

If these sinusoidally varying slopes are anal-
ogous to the corrugations observed at Saturn
(2, 3), then they arose from an initially tilted ring
that slowly twisted into a spiral pattern as a result
of differential nodal regression. The wavelength
of these patterns depends only on the local grav-
itational field and the amount of time T that has
elapsed since the ring became tilted (2, 3). Near
the middle of the main jovian ring, the predicted
wavelength is

l ¼ ∼4200 km=ðT=yearsÞ ð2Þ

The numerical factor is derived from Jupiter’s
gravitational harmonics (8). It varies by ~15%
within the radial limits considered but for prac-
tical purposes can be treated as a constant when
modeling individual profiles (6).

Compared with Saturn’s ~30-km periodicity,
the longer wavelengths at Jupiter would imply
muchmore recent features. For the long-wavelength
pattern, T = 800 T 60 days, indicating that a ring-
tilting event occurred between 1 July and 1Novem-
ber 1994. The shorter wavelength corresponds to
T = 2430 T 80 days, meaning that the feature
originated between early January and early June
1990; the midpoint is 19 March.

Two Galileo images from 21 June 2000 con-
firm that this pattern is evolving in the predicted
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