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Abstract

We present delay–Doppler images of Saturn’s rings based on radar observations made at Arecibo Observatory between 1999 a
a wavelength of 12.6 cm and at ring opening angles of 20.1◦ � |B| � 26.7◦. The average radar cross-section of the A ring is∼77% relative
to that of the B ring, while a stringent upper limit of 3% is placed on the cross-section of the C ring and 9% on that of the Cassini D
These results are consistent with those obtained by Ostro et al. [1982, Icarus 49, 367–381] from radar observations at|B| = 21.4◦, but
provide higher resolution maps of the rings’ reflectivity profile. The average cross-section of the A and B rings, normalized by their p
unblocked area, is found to have decreased from 1.25± 0.31 to 0.74± 0.19 as the rings have opened up, while the circular polarization
has increased from 0.64± 0.06 to 0.77± 0.06. The steep decrease in cross-section is at variance with previous radar measurements
al., 1980, Icarus 41, 381–388], and neither this nor the polarization variations are easily understood within the framework of either
many-particle-thick or monolayer ring models. One possible explanation involves vertical size segregation in the rings, whereby ob
at larger elevation angles which see deeper into the rings preferentially see the larger particles concentrated near the rings’ mid-p
larger particles may be less reflective and/or rougher and thus more depolarizing than the smaller ones. Images from all four ye
strongm = 2 azimuthal asymmetry in the reflectivity of the A ring, with an amplitude of±20% and minima at longitudes of 67± 4◦ and
247± 4◦ from the sub-Earth point. We attribute the asymmetry to the presence of gravitational wakes in the A ring as invoked by C
et al. [1976, Nature 264, 344–345] to explain the similar asymmetry long seen at optical wavelengths. A simple radiative trans
suggests that the enhancement of the azimuthal asymmetry in the radar images compared with that seen at optical wavelengths
forward-scattering behavior of icy ring particles at decimeter wavelengths. A much weaker azimuthal asymmetry with a similar or
may be present in the B ring.

 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Our modern understanding of the physical nature of
particles which comprise the rings of Saturn dates to
early 1970s, when the first, unexpectedly strong radar ec
were obtained at a wavelength of 12.6 cm(Goldstein and
Morris, 1973). Early delay–Doppler observations of Sa
* Corresponding author.
E-mail address:nicholso@astro.cornell.edu(P.D. Nicholson).

0019-1035/$ – see front matter 2005 Elsevier Inc. All rights reserved.
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s

urn’s rings, made at Arecibo in 1976 byOstro et al. (1982),
demonstrated that (i) most if not all of the reflected pow
came from the A and B rings, (ii) the A ring’s reflectiv
ity is ∼90% of the B ring’s, and (iii) the reflectivity o
the C ring is probably�10% that of the B ring. These ob
servations, together with additional CW (continuous wa
radar experiments at 3.5 cm (using the 70 m Deep S
Network antenna at Goldstone, CA) and 12.6 cm (prim

ily at Arecibo) in the late 1970s(Goldstein et al., 1977;
Ostro et al., 1980), demonstrated conclusively that typical
ring particles must be decimeters in size or larger. The very
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high normalized radar cross-section (1.0 � σ̂T � 1.4) cou-
pled with the rings’ very low microwave brightness te
perature (TB ≈ 10 K; Berge and Muhleman, 1973) could
plausibly be reconciled only by centimeter-to-meter-si
chunks of water ice, whose very low absorption coe
cient at a physical temperature of∼90 K leads to a corre
spondingly low microwave emissivity(Pollack et al., 1973
Pettengill and Hagfors, 1974; Pollack, 1975).

A long-standing puzzle in the study of Saturn’s rin
is the issue of the rings’ thickness and vertical structu
Photometric observations made when the Earth crosse
ring plane yield effective global thicknesses of 1.0–1.5
(Sicardy et al., 1982; Nicholson et al., 1996), but this resid-
ual edge-on brightness is now known to be dominated by
F ring (Nicholson et al., 1996; Poulet et al., 2000). A stel-
lar occultation observed by the Voyager 2 photopolarim
instrument provided an upper limit of 200 m on the lo
thickness in the vicinities of several sharp edges in the
B, and C rings(Lane et al., 1982). Analysis of the bistatic
scattering data from the Voyager 1 radio occultation exp
ment led to the conclusion that the C ring may be effectiv
a monolayer, while the meter-size particles in the A ring
confined to a layer approximately 3 particles thick(Zebker
et al., 1985). Zebker and Tyler (1984)inferred a thickness o
less than 10 m in the C ring and∼50 m in the A ring.

These more-or-less direct observational limits are c
sistent with dynamical simulations which suggest that
scale height,H = 10–20 m(Goldreich and Tremaine, 1978
Cuzzi et al., 1979; Salo, 1995), and with ring thicknesse
of 30 m or less inferred from density and bending wa
damping lengths(Esposito et al., 1983b). On the other
hand, most optical photometric models have assumed a
sical, many-particle thick ring (e.g.,Dones et al., 1993
Doyle et al., 1989; Cooke, 1991). Analyses of the rings
radar cross-section and polarization characteristics and
variation with opening angle provide an independent ave
to attack this problem(Cuzzi and Pollack, 1978; Ostro et a
1980).

Cuzzi and Pollack (1978)and Cuzzi et al. (1980)used
both radar and radio emission observations to develop p
ical models of the rings based on classical radiative tra
fer methods and a new model of scattering by large,
regular particles. They considered models with the pa
cles in a monolayer, and distributed over a layer sev
particle diameters thick. Comparisons of these model
dictions with variations of the rings’ radar cross-sect
as a function of opening angle,B, indicated that only the
many-particle-thick model was satisfactory, while the s
ilarity of the radar cross-sections at 3.5 and 12.6 cm s
ported the idea of a broad size distribution extending fr
a few centimeters to several meters(Ostro et al., 1980
Ostro and Pettengill, 1984).

Definitive information on the particle size distributio

was provided by the radio occultation experiment carried out
at 3.5 and 13 cm by the Voyager 1 spacecraft in 1980(Tyler
et al., 1983). Inversion of the forward-scattering cross-
Saturn’s rings 33
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sections of the A and C rings led to size distributions w
upper cutoffs at∼5 m, while the differential opacity dat
were consistent with power-law distributions in the 1
to 1 m range with indices ofq = 2.8–3.4 (Marouf et al.,
1983). Further attempts to constrain the rings’ particle s
distribution based on stellar occultation data at optical wa
lengths have been made byShowalter and Nicholson (1990
andFrench and Nicholson (2000). The latter estimated min
imum and maximum radii in the A and B rings of 30 cm a
20 m, withq ≈ 2.75, but a somewhat steeper distribution
the C ring (q ≈ 3.1) with particle radii in the 1 cm to 10 m
range.

Other unanswered questions remain concerning the
crostructure of the rings and the physical nature of the
particles. One of the most intriguing is the origin of the s
called azimuthal asymmetry exhibited by the A ring at o
tical wavelengths. This quasi-sinusoidal variation in brig
ness with longitude has been observed photographically
ground-based telescopes(Camichel, 1958; Reitsema et a
1976; Thompson et al., 1981), in images taken by the Pio
neer 11(Gehrels and Esposito, 1981)and Voyager spacecra
(Dones et al., 1993), and most recently in Hubble image
(French et al., 2000). In all cases, the ring is fainter in th
first and third quadrants as measured from the observer’
sition in the direction of orbital motion, reaching a minimu
∼20◦ in longitude prior to the particles reaching elongat
(Lumme and Irvine, 1984), and brighter in the second an
fourth quadrants. The effect is strongest in the middle
ring, where it can reach an amplitude of±20% at interme-
diate ring opening angles (B � 12◦) and apparently rotate
to maintain a fixed orientation with respect to the obser
(Dones et al., 1993). Based on the available data, the asy
metry seems to be independent of both wavelength and
phase angle, but decreases in amplitude at lower and h
values ofB.

The most widely-accepted explanation of the azimu
asymmetry involves gravitational ‘wakes’ generated sp
taneously or by individual large ring particles, which a
distorted by Keplerian shear into elongated structures t
ing at angles of∼70◦ from the radial direction(Colombo
et al., 1976; Franklin and Colombo, 1978; Salo, 19
Daisaka and Ida, 1999). Such wakes are indicative of incip
ient gravitational instability near the Roche limit, and a
expected to have characteristic wavelengths of∼75 m in the
A ring (Salo, 1992a; Salo et al., 2004). They are analogou
to the stellar wakes in galactic disks first studied byJulian
and Toomre (1966)and reviewed byToomre and Kalnajs
(1991). If this picture is indeed correct, then the asymme
should be equally visible in radar images of the rings. T
only previous delay–Doppler observations of the rings, m
at Arecibo in 1976 atB = −21.4◦ (Ostro et al., 1982)had
insufficient signal-to-noise ratio to resolve the question
azimuthal variations, though there is a hint of such an as

metry in the data.

Since 1978, Saturn has been too far south for obser-
vations at Arecibo and no additional radar observations
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of the rings have been reported. Only in late 1998
the planet return to a declination where the tracking t
at Arecibo exceeded the round-trip light travel time
∼135 min. In October 1999 we commenced a program
annual delay–Doppler imaging of Saturn using the recen
upgraded Arecibo S-band (ν = 2380 MHz, λ = 12.6 cm)
planetary radar system. Our primary goals were to searc
the azimuthal asymmetry in the A ring, as well as to exa
ine the dependence of the rings’ cross-section and circ
polarization ratio on opening angle. A third goal was to
vestigate the mysterious low Doppler excess (LDE) see
radar observations of the rings in the early 1970s, an ex
of power observed at low Doppler frequencies and|B| � 24◦
at both 3.5 and 12.6 cm byGoldstein et al. (1977). The LDE
did not appear atB = −21.4◦ or at lower inclinations, and
no satisfactory explanation for it has been advanced.

In this paper we report on our first four years of obs
vations, during which the opening angle,|B|, has increased
from 20.1◦ to a (near maximum) value of 26.7◦. Delay–
Doppler images are presented for each year, along with
mated radar cross-sections and polarization ratios for th
and B rings. The azimuthal asymmetry is clearly seen in
years, with an unexpectedly large amplitude. No evidenc
found of the LDE, and no echo was detected from the C r
In Sections2 and 3we describe our observations and t
data analysis necessary to produce calibrated delay–Do
images, respectively. The resulting ring cross-sections
radial reflectivity profiles are presented in Section4, and our
results are discussed in the context of previous work. In S
tion 5 we obtain quantitative estimates of the amplitude
phase of the azimuthal asymmetry. Section6 presents a ra
diative transfer model for the A ring asymmetry, based
the Monte Carlo light scattering model ofSalo et al. (2004).
Our conclusions are summarized in Section7.

2. Observations

The main limitation to radar observations of Saturn
Arecibo was alluded to above: the minimum round-trip lig
travel time to Saturn at opposition is∼134 min, whereas
the maximum available tracking time on a target at the
timal declination near Arecibo’s latitude of+18.2◦ is only
166 min, dictated by the telescope’s maximum zenith
gle of 19.7◦. Only for declinations north of+8.5◦ does the
tracking time exceed the two-way light time. This limits o
servations in the current saturnian year to between Oct
1998 and February 2008. Even in optimal years, the av
able integration time ‘on target’ is at most∼32 min per day.
For our observations the actual receive time per day ran
from 22 to 31 min (seeTable 1for the relevant observationa
parameters).

The remaining limitations are imposed by the geome

of the ring system itself.Fig. 1 illustrates the mapping of
delay–Doppler cells onto the approaching ansa of the rings,
for |B| = 25.8◦ (corresponding to December 2001). Hori-
rus 177 (2005) 32–62

r

r

zontal lines are lines of constant delay, while the curv
lines are contours of constant Doppler shift, as determ
by the Keplerian velocity profile across the rings. The s
ation on the opposite ansa is a mirror image ofFig. 1, but
with negative Doppler shifts; there is no east–west am
guity analogous to the north–south ambiguity which affli
delay–Doppler imaging of rigidly-rotating planets and
teroids. Note that the maximum Doppler shift of∼325 kHz
occurs at the ansa, at the innermost edge of the C ring, w
zero Doppler corresponds both to the subradar longitud
the rings and to its counterpart 180◦ away. An important fea
ture illustrated inFig. 1, and one which severely affects th
interpretation of delay–Doppler images of the rings, is
degeneracy of delay and Doppler cells which occurs∼35◦
on either side of each ansa. At these four symmetrica
placed locations the Doppler contours are locally para
to constant-delay lines and a substantial quasi-radial
of the rings can contribute to the same delay–Doppler
Not only does this degeneracy lead to the four promin
bright spots seen in all our images (cf.Fig. 2), but it prevents
a straightforward inversion of the delay–Doppler maps i
maps of the rings in physical coordinates (eitherx, y or r, θ ).
Away from these four regions, the delay and Doppler c
tours are reasonably orthogonal and permit an unambig
mapping of the rings’ radar reflectivity in radius and lon
tude.

A final complication arises from the ‘overspread’ char
ter of the radar echo from the rings. A typical slowly-rotati
terrestrial radar target (e.g., Mercury or Venus) might h
a delay ‘depth’ of�τ = 2Rplanet/c � 20–40 ms, while the
Doppler width of its radar echo at 2380 MHz is of ord
�ν = 8πRplanetν0/P c � 150 Hz for a synodic rotation pe
riod of P = 100 days. As long as the product�τ�ν is
not much greater than unity, the target may be mappe
multaneously in delay (i.e., range from the observer)
Doppler shift using coherent techniques involving pseu
random phase coding of the continuous-wave (CW) tra
mitted signal(Evans and Hagfors, 1968; Ostro, 1993). But if
this non-aliasing condition is violated, the target is refer
to as ‘overspread’ and such techniques fail.

Saturn’s rings are overspread with a vengeance: the d
depth is�τ = 4RoutercosB/c � 1.72 s at|B| = 20◦, where
Router = 1.37 × 105 km is the outer radius of the A ring
while the Doppler width at the inner edge of the C ri
is �ν = 4ΩRinnerν0 cosB/c = 676 kHz, so that�τ�ν �
1.2×106. In practical terms, this means that successive s
transmitted pulses of CW radiation return spread over alm
700 kHz in frequency and must be separated by at least
to avoid range aliasing problems.

In such a situation, i.e., when�τ�ν � 1, a simpler, in-
coherent technique can be used(Ostro et al., 1982; Campbe
and Hudson, 2002). A delay–Doppler image of the returne

power is generated from each individual transmitted pulse
and then a weighted average is constructed by summing all
the images so obtained. The resolution in time delay is lim-
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Fig. 1. Contours of constant time delay and Doppler shift at S-band across the eastern or approaching side of Saturn’s rings for December 2001.ines
indicate every fourth 70 ms range box, while dotted and dot-dashed lines indicate Doppler contours at 10 and 50 kHz intervals. The planet and itson

the rings are blanked out. The Doppler shifts change sign on the western side of the rings, so there is no east–west ambiguity analogous to the ‘north–south
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ambiguity’ which afflicts solid-body radar imaging, but parallel delay an
in the four bright spots seen inFig. 2.

ited by the pulse length and in the Doppler dimension by
inverse.

2.1. Transmitter operations

To avoid the overspread difficulties, and make effici
use of the limited observing time available each day,
observations employed a frequency stepped (or ‘hoppi
technique (cf.Ostro et al., 1982) with a CW pulse length o
70 ms, increasing the transmitter frequency by 800 kHz
tween successive pulses. In most years, 21 such ‘hops’
used, driving the transmitter over a range of 16 MHz c
tered on a frequency of 2380 MHz. After pausing briefly
the highest frequency, the cycle was repeated with a p
repetition period (PRP) of 2.03 s, comfortably longer th
the delay depth of the rings and leaving∼0.3 s in each cycle
for background measurements.

The transmitter frequency was also continuously adju
to compensate for the varying 2-way Doppler shift betw
Arecibo and Saturn, so that a hypothetical echo from

planet’s center of mass would return exactly at 2380 MHz
modulo the 800 kHz hop offsets. The pulses were transmit-
ted with a left circular polarization (IEEE definition).
ppler bins result in a local radial degeneracy near±35◦ from the ansa, resulting

Over the four years of observations several variations
the above protocol were used in an attempt to maximize
ciency and balance better delay resolution against a hi
transmitter duty cycle. Details are given inTable 1. The
70 ms pulse length, 21 hops, and 2.03 s PRP adopte
2001 and 2003 provide a range resolution of 10,500 km
an effective duty cycle of 69% for a receiver bandwidth
16 MHz. For comparison,Ostro et al. (1982)used a similar
strategy but with a pulse length of 400 ms, 8 hops and a
of 3.2 s, with a corresponding range resolution of 60,000
Their maps were made at an opening angle of 21.4◦. It is the
improvement in the telescope’s gain as a result of the Gr
rian upgrade, coupled with a doubling of transmitter pow
and the advent of wider-bandwidth digital sampling syste
which has permitted us to improve significantly on the e
lier results.

The only problem encountered with this mode of o
servations, which were carried out with the transmitter
telescope under full computer control, was a series of un
dictable transmitter anomalies which led to automatic s

downs and subsequent loss of data. These were apparently
associated with the unusually large variations in klystron
driving frequency. These dropouts limited the data obtained
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Table 1
Summary of observations

1999 2000 2001 2003

UT dates October 24–November 1 November 19–23 December 17–22 Janua
Ring opening angle,B −20.1◦ −23.5◦ −25.8◦ −26.7◦
Two-way light time,τRT (min) 137 135 135 135
Transmit parameters:

Average transmitted power,P (kW) 450 750 800 800
Pulse length (ms) 50a or 100 70 70 70
Frequency steps,Nhops 16 25 25 or 21b 21 or 19c

Hop increment (kHz) 800 800 800 800 or 700c

Pulse repetition period, PRP (s) 2.20 2.03 2.03 2.03
Receive parameters:

CBR bandwidth (MHz) 13a or 10 10 10 10
PFS bandwidth (MHz) – 20 20 or 16b 16
Available time per day (min) 22 29 31 30
Antenna gaind (K/Jy) 6.6 5.8 9.2 8.9
OCTsys

d (K) 31.9 27.2 26.5 28.4
SCTsys

d (K) 29.8 26.4 25.4 23.6
Total OC receive time (min) 103 87 67 58
Total SC receive time (min) 103 91 65 47

a October 24.

b December 19 and 22.
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c January 7 and 8.
d At an average zenith angle of 16.3◦.

on one of five nights in 2000, on two of four nights in 200
and on three of six nights in 2003. Attempts to circumv
the problem by reducing either the number of hops or
total hop bandwidth were unsuccessful. Although no s
problems were encountered in October 1999, one of the
500 kW S-band klystrons was out of service for maintena
and retuning, reducing the total transmitted power by 50

2.2. Signal recording

The return signal was recorded in both the Opposite
cular and Same Circular polarizations (henceforth refe
to as OC and SC, respectively). After passing through in
mediate frequency stages at 750 and 260 MHz, the base
signal with its bandwidth of∼16.8 MHz was low-pass fil-
tered to avoid aliasing, amplified, and sampled using two
dependent receivers: the Caltech Baseband Pulsar Rec
(CBR) operating at 10 MHz, with two channels (OC and S
and 2-bit sampling and a newly built Portable Fast Sam
(PFS) operating at up to 20 MHz with 1 channel (OC on
and at 2 or 4 bits per sample. The exact sampling frequen
were readjusted slightly on each night to allow for the cha
ing two-way light time and so as to maintain a fixed num
of samples per returning PRP (2.03× 107 for the CBR and
3.248× 107 for the PFS operating at 16 MHz). Data we
recorded on DLT tapes (CBR) and hard disk (PFS), with t
ical volumes of 10 and 16 Gbyte per night, respectively.

Table 1summarizes our observations in all four yea
including ring opening angle,B, and two-way light time,
transmitter setup (average power, pulse length, numbe

frequency hops, and PRP time) and receive parameters
(bandwidth, receive time per day and the total non-redundant
integration time in each polarization for each observing run).
d

r

Between the 2000 and 2001 runs, the telescope’s prim
reflector surface was reset, resulting in a substantial
provement in telescope gain for the last two years. This m
than offset the shorter total integration time achieved in th
years, and the 2001 observations yielded the highest si
to-noise ratio images to date.

In October 1999, observations of the rings were made
five alternate days, interleaved with observations of Ti
No significant problems were encountered with either tra
mission or reception. Sixteen frequency hops were u
with a PRP of 2.20 s. Data were taken with the CBR r
ning at 13 MHz on October 24 and on subsequent nigh
10 MHz; the PFS was still under development and used
for tests. On the first night a pulse length of 50 ms was u
but with a resulting transmitter duty cycle of only 36%. O
subsequent nights this was increased to 100 ms and the
sampling rate reduced to 10 MHz (=12 hops) to avoid po
tential aliasing problems; the duty cycle was 55%.

In November 2000 we observed for five consecu
nights with a uniform setup of 25 frequency hops, a P
of 2.03 s and both klystrons in operation. Both the P
and CBR were used for data recording, the latter samp
at 10 MHz and the former at its maximum design rate
20 MHz. Problems with the PFS resulted in a loss of us
data on November 19, 21, and 23, while a transmitter
ure on November 19 limited useful observing time to 9 m
The CBR also failed on November 23. Overall, three go
nights of data were obtained with the CBR and two with
PFS.
In 2001 we observed Saturn for four nights over Decem-
ber 17–22, with the nights of December 20 and 21 devoted
to Titan. The initial transmitter setup was as in the previous
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Fig. 2. Delay–Doppler images constructed from data obtained in (a) O
ber 1999, (b) November 2000, (c) December 2001, and (d) January 2
Both OC and SC polarizations were combined to maximize the sign
noise ratio. Note the four bright regions in each image where the delay
Doppler cells are parallel and where the A and B rings appear to cross
one another.
year, but persistent problems with ghost images in the PFS
data and a transmitter shutdown on December 18 led us to
reduce the number of frequency hops to 21 and the PFS sam
Saturn’s rings 37

pling rate to 16 MHz for the last two nights. Unfortunate
both the transmitter and the CBR failed on December 19,
good data were obtained from both receivers only on Dec
ber 22. Good CBR data were also obtained on Decembe
Despite these woes, the overall SNR of the images obta
from this run is the highest of all four years, due to the i
proved telescope gain.

In 2003, observations were attempted on January 3–8
ing the same transmitter setup as finally adopted in 2
(i.e., 21 frequency hops, a PRP of 2.03 s, and recordin
10 MHz (CBR) and 16 MHz (PFS)). Useful observations
Saturn on January 4–6 were prevented by background
chrotron radiation from the nearby Crab Nebula (M1).
the remaining three nights, 12 min were lost to a transm
ter failure on January 3 and almost 20 min were simila
lost on January 8. On January 7 a full 30 min of data w
successfully recorded with both receivers.

3. Delay–Doppler images

3.1. Data processing

Successive 0.5 ms segments of data were Fourier tr
formed to produce power spectra at a resolution ofδν =
2 kHz, which were incoherently co-added over a period
δτ = 10 ms to produce 203 spectra per PRP, and saved i
nary files of eitherNcyc = 30 PRPs for the CBR data or 2
50, or 100 PRPs for the PFS data. In subsequent pro
ing (‘dehopping’) we time-shifted each successive spec
interval of 800 kHz (400 points) by 7 delay bins (70 m
so as to align the echoes in time across all frequencies
then summed theNcyc PRPs within each file of data. Eac
summed spectrum,S(ν, τ ), was then corrected for and no
malized by the average background noise spectrum,B(ν),
measured during the intervals of∼0.3 s between successiv
ring echoes:

(1)s(ν, τ ) = S(ν, τ )/B(ν) − 1,

where−8 � ν � 8 MHz and−1.015� τ � 1.015 s. Next,
theNhops= 20 separate frequency hops1 within the 16 MHz
PFS bandwidth (orNhops= 12 within 10 MHz bandwidth
of the CBR) were stacked and averaged to produce a s
400× 203 pixel delay–Doppler image from each file of da
and for each polarization:

(2)I (ν, τ ) = (NcycNhopsδτδνNback)
1/2

Nhops(Nback+ 1)1/2

Nhops∑
1

s(ν, τ ),

where −400 � ν � 400 kHz and−1.015 � τ � 1.015 s.
With this normalization, the RMS background noise in ea
image is unity(Ostro et al., 1992). Nback is the number of
spectra coadded to estimateB(ν), typically 14 or 28.
- 1 For simplicity, we quote numerical values for the 2001 and 2003 data.
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Table 2
Daily log of observations

Date P CBRa PFSb

(UT) (kW) Nhops Ncyc Nfiles Nhops Ncyc Nfiles

1999 October 24 470 16 30 19 – – –
1999 October 26 480 12 30 18 – – –
1999 October 28 450 12 30 19 – – –
1999 October 30 440 12 30 18 – – –
1999 November 1 445 12 30 20 – – –
2000 November 19 850 12 30 9 – – –
2000 November 20 890 12 30 29 24 25 31
2000 November 21 860 12 30 23 – – –
2000 November 22 860 12 30 29 24 25 35
2001 December 17 900 12 30 30 – – –
2001 December 18 820 12 30 4 – – –
2001 December 19 880 – – – 20 50 1
2001 December 22 830 12 30 30 20 50 18
2003 January 3 890 12 30 17 20 100 5
2003 January 7 750 12 30 29 18 100 9
2003 January 8 760 – – – 18 100 3

Note. Nhopsis the number of frequency hops within the receiver bandwi
Ncyc is the number of PRPs summed in each file of data, andNfiles is the
number of files of data included from each night in the final images.

a OC and SC polarizations.
b OC polarization only.

Up to 30 such ‘snapshots’ of CBR data were obtain
on each night (at 60.9 s per file), and between 9 and
snapshots of PFS data (at 50.75, 101.5, or 203.0 s per
Table 2provides a daily log of observations, including t
average transmitter power and the number of files of ‘go
data obtained with each receiver on each night, along
the corresponding values ofNhopsandNcyc. Images exhibit-
ing ‘ghosts’ or other obvious artifacts are excluded fr
Table 2, and from the co-added images used in our su
quent analysis.

After visual inspection of the individual images, the O
and SC images were separately weighted and co-add
produce a pair of master OC and SC images for each
serving run. The weighting scheme, based again onOstro
et al. (1992), utilized existing calibration data for the tel
scope gain (g) and system temperature (Tsys) as functions of
zenith angle and azimuth (Phil Perillat, private commun
tion). These calibrations were revised and improved afte
primary antenna surface was reset in 2001. In terms o
single-snapshot images for thekth night, Ijk , the co-added
image for one night is given by:

(3)Ik(ν, τ ) = 1

Wk

Nfiles∑
j=1

wjkIjk(ν, τ ),

where the individual snapshot weights are

(4)wjk = gtgrPk

Tsys
(NcycNhops)

1/2

and the total nightly weight is( )

(5)Wk =

Nfiles∑
j=1

w2
jk

1/2

.
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.

o

The transmit and receive gains,gt and gr as well asTsys
were evaluated for each snapshot, due to the rapid vari
in these quantities close to the telescope’s zenith limit,
the average radiated power,Pk was recorded only once fo
each night (seeTable 2).

Combining data from several nights and from both P
and CBR receivers for the OC polarization we obtained
final images for each run:

(6)I (ν, τ ) = 1

W

∑
k

WkIk(ν, τ ),

where the associated total weight is given by

(7)W =
(∑

k

W2
k

)1/2

=
(∑

k

∑
j

w2
jk

)1/2

.

Five such images were created for each run: separate
(OC) and CBR (OC and SC) images, a combined OC
age,2 and an unpolarized image

(8)Itot(ν, τ ) = WOCIOC + WSCISC

(W2
OC + W2

SC)1/2
.

With the normalization of the individual snapshots,Ijk ,
given in Eqs.(1) and (2), the RMS noise level is unity(Ostro
et al., 1992), and the signal from the rings is expressed as
SNR per pixel (δτ × δν). The weighting scheme preserv
this aspect of the images. If, for example, all individu
weightswjk were equal then we haveW = N

1/2
snapw where

Nsnapis the total number of snapshots combined and

I (ν, τ ) = N
−1/2
snap w−1

∑
k

∑
j

wIjk(ν, τ )

(9)= N
1/2
snap〈Ijk〉.

The combined image is increased in SNR by a facto
N

1/2
snap, as expected. Note also that the absolute value o

weights cancels out in the final expression forI , but is pre-
served inW to be used in the absolute calibration below.

As a check on the analysis, the mean and RMS noise
els in the final images were evaluated in two regions:
interior to the rings and one outside them. In all cases,
RMS noise was between 0.99 and 1.01, while the mean ‘
signal was�0.02. Table 3lists the combined OC and S
weights,WOC, andWSC, for each run. These weights, whi
arbitrary in absolute value, provide a useful way to comp
the quality and quantity of data obtained on each night
from run to run. The relatively low weights for the 1999 da
reflect the lower transmitted power and shorter receive t
per day, as well as the smaller number of hops per cycle
the CBR data. (Note that the SC and OC weights are
identical, even when only CBR data are used, due to s
variations inTsys with polarization and the occasional b
snapshot excluded from the analysis.)
2 In forming the combined OC image, we used either the PFS or CBR data
for each night, based on which had the larger weightWk . In most cases, the
PFS data were used.
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Table 3
Image weightsa

1999 2000 2001 2003

WOC–CBR 0.981 1.851 3.849 2.862
WSC–CBR 1.084 1.951 4.039 3.447
WOC–PFS – 2.096 3.418 3.916
WOC-combined 0.981 2.362 4.491 3.916
WT-combined 1.462 3.063 6.041 5.217

a In units of 105.

3.2. Ring images

The combined OC+ SC image from each of our four ob
serving runs is shown inFig. 2. As no appreciable differenc
between the OC, SC and combined images is discernib
the eye, we do not show the individual SC and OC imag
Time delay increases from bottom to top in each panel,
Doppler frequency increases from left to right. (Note t
this puts the eastern or approaching side of the rings on
right side of the images and Saturn’s south pole at the
opposite the usual convention for optical images.) The
side of the rings was completely blocked by Saturn in 1
and 2000, but the A ring became partially visible in 2001
Fig. 1) and completely so in 2003.

At our frequency resolution of 2 kHz, the effective r
dial resolution at the ring ansae ranges from 1100 km in
C ring to 2200 km in the A ring. In the delay dimension, t
pixel size ofδτ = 10 ms corresponds to∼1650 km in the
ring plane, although the real radial resolution at the subra
point—as set by the transmitter pulse length of 70 ms—
∼11,500 km.3 With a width of 4500 km, the Cassini Divi
sion separating the A and B rings is clearly resolved at
ansae in all four years. It is also visible at the subradar p
in 2000–2003.

Prominent in the image from each year are four bri
features atν = ±220 kHz,τ = ±400 ms and elongated pa
allel to the rings. These reflect the local delay–Doppler
generacy illustrated inFig. 1 and noted in Section2. At
these points a single delay–Doppler cell, or pixel, can
tend across much of the A or B ring, collecting an unu
ally large fraction of the signal reflected from the ring
Towards the ring ansae from these points the B ring
pears outside the A ring in the images, due to its gre
Keplerian orbital velocity, whereas along the line of sig
towards Saturn’s center the B ring appears in its custom
position interior to the A ring. The bright points can thus
thought of as the ‘cross-over’ points between A and B ri
in delay–Doppler images, an impression reinforced by
best images. They fall at∼35◦ either side of the ring ansa
or at longitudes with respect to the subradar point of±55◦
and±125◦.

Noteworthy by its absence in the images is the inne
C ring, which is predicted to appear at a Doppler shift
3 In 1999, with a pulse length of 100 ms, the subradar point resolution
was 16,000 km.
Saturn’s rings 39

290–325 kHz at the ansae for|B| = 26◦ (cf. Fig. 1). This
is seen more clearly inFig. 3, which displays smoothe
Doppler profiles from December 2001 centered at zero d
and running across both ring ansae. The calculated m
imum frequencies at the boundaries of the A, B, and
rings are shown as dotted lines; no signal is apparent f
the C ring. The inner edge of the B ring at 290 kHz a
pears almost as sharp as the outer edge of the A rin
237 kHz. This is consistent with the results ofOstro et al.
(1982), who also failed to detect any signal from the C rin
Echoes from the equatorial limbs of Saturn would appea
ν = ±4πRSν0 cosB/cPS = ±141 kHz inFig. 3, but are also
not seen.

We have searched for any evidence of the puzzling
Doppler excess (LDE) reported from radar spectra obta
in the early 1970s(Goldstein et al., 1977). This might
have been expected to reappear in our data from 2001
2003, when|B| once again exceeded 24◦, but no signal
unattributable to the A or B ring is evident in any of o
images. Echoes at low Doppler shifts might be expecte
arise either from near the subradar point on the plane
self or from ring material far outside the main rings. O
images show no evidence for any echo from the subr
point on Saturn, which would appear nearν = 0 andτ =
−2RS/c = −402 ms. This is illustrated best by the del
profiles through the planet, centered at zero Doppler s
shown inFig. 4. Only the expected signals from the front
the A and B rings and the back of the A ring are detec
above the RMS noise level.

A possibility remains that the LDE might have its sour
in ring material well outside the main rings, such as the n
row G ring at 2.8RS or the broad E ring at 3–8RS (Cuzzi
et al., 1984), although the latter is believed to be compos
primarily of micron-sized ice dust. The peak Doppler sh
from any such material would fall well within the±400 kHz
spectral range of our images (νmax = 214 kHz for the G
ring andνmax = 207 kHz for the E ring), but the time de
lay with respect to Saturn’s center of mass would fall
or beyond our window of±1.015 s. As a result, any ech
from the E ring would appear aliased in delay and supe
posed on the main rings, while any signal from the G r
would appear at|τ | � 1.1 s and be partially suppressed
our background removal procedure, which uses the d
bins at|τ | � 0.86 s to define the instrumental plus sky ba
ground via Eq.(1).

4. Ring cross-sections and radial profile

In this section we calculate the average radar cr
sections of the rings for each year, examine what the r
images can tell us about the radial profile of ring reflec

ity, and compare our results with those reported previously.
A discussion of azimuthal variations in radar reflectivity is
deferred to Section5.
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Fig. 3. Doppler spectra at zero delay, constructed from horizontal slices across the December 2001 images at the ring ansae. Predicted Doppler frncies for
echoes from the edges of the A, B, and C rings are shown by vertical dashed lines. Dot-dashed lines show the maximum Doppler shift for echoes
itself. The spectra are averaged overτ = ±150 ms and smoothed to 10 kHz resolution. Ordinates are in units of signal to noise ratio. The three pane
the PFS (OC polarization only) and CBR (OC and SC) data separately.

Fig. 4. Delay profiles at zero Doppler shift, constructed from vertical slices across the December 2001 images. Predicted delays for echoes fromges of

the A, B, and C rings, both in front of and behind the planet, are shown by vertical dashed lines. A dot-dashed line shows the delay for a hypothetical echo

from the subradar point on Saturn itself; as expected, no such echo is seen in any of the radar images. Note the echo from the unblocked portion of the A ring
beyond Saturn. Profiles are averaged overν = ±30 kHz and smoothed over the transmitted pulse length of 70 ms. Ordinates are in units of signal to noise
ratio. The three panels show the PFS (OC polarization only) and CBR (OC and SC) data separately.
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4.1. Calibration

Although the total SNR images,I (ν, τ ) are convenien
for many purposes, we also wish to compute the normal
total power radar cross-section,σ̂T , and polarization ratio
µC, of the rings from these data for comparison with pre
ous results. This is complicated somewhat by the freque
hopping procedure and the discrete pulses used for ran
but the key information is contained in the image weigh
W , listed inTable 3. We start with the Radar equation(Evans
and Hagfors, 1968)

(10)SNR= PGtGrλ
2σ t1/2

4π(4πD2)2kTsys(�ν)1/2
,

whereP is the transmitted power,Gt , andGr are the (di-
mensionless) telescope gains at the zenith angles of t
mission and reception,λ is the transmitter wavelength,σ is
the radar cross-section of the target, defined as the
jected area of an isotropically-reflecting metallic sph
which gives the same echo strength,t is the integration time
D is the Earth–Saturn distance,Tsys is the receiver’s sys
tem temperature, and�ν is now the frequency bandwidt
recorded. Substituting the round-trip light timeτRT = 2D/c

and rewritingG = (8πkg/λ2) × 1026, we obtain

(11)SNR= 5.48× 106 grgtPσ t1/2

τ4
RTTsys(�ν)1/2

.

Here,P is in kW, σ is in km2, t andτRT are in s andλ =
12.6 cm. The gain,g is now expressed in the convention
radio astronomy units of K/Jy. The radar cross-section p
pixel in the images is thus

(12)σpix = 1.83× 10−7τ4
RTTsys(�ν)1/2

grgtP t1/2
I (ν, τ ).

Using the overall image weight,

(13)W � N
1/2
snap

gtgrP

Tsys
(NcycNhops)

1/2,

this can be conveniently expressed as

(14)σpix = 1.83× 10−7 τ4
RT(δν)1/2

ηW(δτ)1/2
I (ν, τ ),

where we have set the integration time per pixel,t =
NsnapNcycNhopsδτ and the bandwidth per pixel equal to t
frequency resolution of the images,δν. The factorη = 7 ac-
counts for the over-sampling in time delay in our images
compared with the transmitter pulse length of 70 ms.4

4 Equivalently, as the transmitter illuminated the rings at each disc

hop frequency for seven times longer than the integration time per pixel in
the final images, the effective transmitted power in the radar equation must
be increased by a factor ofη.
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4.2. Average cross-sections

To obtain the average normalized radar cross-sectio
the rings in either polarization we simply sum all pixe
in the appropriate image and divide by the projected,
blocked area of the rings,Arings:

(15)σ̂ = 1

Arings

∑
σpix(ν, τ ).

In computingArings we include only the unblocked par
of the A and B rings, since no signal was detected in
images from the C ring. The calculated areas are liste
Table 4, along withσ̂ for both OC and SC polarizations an
the circular polarization ratio,µC = σ̂SC/σ̂OC. For conve-
nience we also list the total power normalized cross-sec
σ̂T = σ̂SC + σ̂OC—also referred to as the ‘radar albedo’
and the equivalent geometric albedo,p = 1

4σ̂T (Ostro et al.,
1982).5 Our results indicate that the average radar albed
the rings has decreased by 41% as the opening angle h
creased from 20.1◦ to 26.7◦, while the polarization ratio ha
increased by 20%.Fig. 5 shows our estimates of̂σOC, σ̂SC,
σ̂T , andµC plotted as functions of ring opening angle,|B|.

The uncertainties in our cross-sections are dominate
systematic calibration uncertainties, and not by the SNR
the images. These include errors in the average transm
power for each night,Pk , as well as in the system temper
ture and telescope gains, all of which enter via Eqs.(4) and
(14). Values forTsys, gt , andgr are calculated as function
of zenith and azimuth angle using polynomial expressi
fitted to calibration data obtained periodically at the obse
tory, with Tsys adjusted to fit direct measurements obtain
on adjacent days during radar observations of Titan or
Galilean satellites. The uncertainty in system tempera
during our runs is estimated at±2.5 K for all years, com-
parable to the contribution from Saturn itself when it is c
tered in the beam (2.75 K). The uncertainty in telescope
is conservatively estimated at±10%. The transmitter powe
at the center frequency of 2380 MHz was monitored
recorded at the start of each night’s operations (seeTable 2).
Allowing for independent variations in average transmi
power, system temperature and telescope gain, the sys
atic uncertainty in the normalized cross-sections inTable 4
is estimated at±25%. However, most of these systema
uncertainties cancel out in the calculation ofµC, so that this
quantity should be more reliably determined; the error b
in Table 4andFig. 5 instead reflect the statistical variatio
in µC between multiple snapshots on a single night.

We do not know why the OC cross-sections derived fr
the PFS and CBR data differ from each other by as muc

5 The geometric albedo is the same quantity as the optical reflec
usually denotedI/F , whereI is the measured surface brightness of a bo
at zero phase angle andπF is the flux of incident sunlight at the sam

wavelength. The factor of 1/4 arises as the ratio of the reflectance of a
smooth metallic sphere to that of a flat Lambert surface oriented normal to
the incident beam.
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Table 4
Average normalized ring cross-sections

1999 2000 2001 2003

Ring opening angle,B −20.1◦ −23.5◦ −25.8◦ −26.7◦
Ring areaa (km2) 8.70× 109 10.41× 109 11.83× 109 12.10× 109

σ̂OC–PFS – 0.44 0.39 0.37
σ̂OC–CBR 0.76 0.55 0.43 0.42
σ̂SC–CBR 0.49 0.41 0.32 0.32
µC 0.64±0.06 0.75± 0.06 0.75± 0.06 0.77± 0.06
σ̂T 1.25±0.31 0.96± 0.24 0.76± 0.19 0.74± 0.19
p 0.31±0.08 0.24± 0.06 0.19± 0.05 0.18± 0.05

Note. The last three rows are calculated using the CBR data only.
a Projected, unblocked area of the A and B rings.
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Fig. 5. Variation of the average normalized cross-sections,σ̂OC, σ̂SC, andσ̂T

|B| between 1999 and 2003. Numerical values are given inTable 4. Uncerta

20% (cf. Table 4). The klystrons’ power output was foun
to drop off significantly near the extremes of their 25 M
bandwidths. This may be partially responsible for the s
tematically lower OC cross-sections obtained from the P
data as compared to the CBR results. By integrating the m
sured transmitter power profiles in 2000 and 2001, we fo
the difference between the average and center-frequ
power levels to be 3% over the 10 MHz bandwidth of
CBR, 5% over the 16 MHz PFS bandwidth in Decem
2001 and January 2003, and 8% over the 20 MHz PFS b
width used in November 2000. In addition to these trans
ter power variations, potential contributors include differ
amplifier gain settings for the 2-bit sampling schemes
ployed and differing baseband filters, though none of th
seem capable of introducing differences as large as 2
A further small reduction in signal-to-noise ratio for the P
data in 2000 may be traceable to aliasing of noise from
side the nominal passband. In subsequent years this
lem was eliminated with tunable filters. Because only
CBR data sampled both OC and SC polarizations, we h
restricted the results for total power cross-sections and
larization ratios inTable 4—as well as inTable 5—to those
obtained from the CBR data, but for most of the azimut

asymmetry fits described in Section5, we have combined the
PFS and CBR data in order to maximize the signal-to-noise
ratio.
d polarization ratio,µC for Saturn’s A and B rings with ring opening angl
in all cross-sections are estimated at±25%.

-

-

.

-

4.3. Radial profiles of ring reflectivity

In addition to the average cross-sections listed inTa-
ble 4, we wish to use the radar images to determine b
the radial and azimuthal variations in ring reflectivity. B
because of the limited signal-to-noise ratio of the imag
and particularly because of the local delay–Doppler deg
eracy illustrated inFig. 1, we have adopted a forward mode
fitting approach rather than attempting to invert the obse
tions directly. Details of the least-squares fitting algorit
are given inAppendix A, along with various tests we pe
formed to assure its fidelity. In this section we consider
azimuthally-averaged radial profile of radar reflectivity, d
ferring the question of azimuthal variations to Section5.

In our initial series of fits, we adopted a simple thre
component ring model, with the C ring’s inner edge se
74,500 km, the C–B ring boundary at 92,000 km, the ou
B ring edge at 117,500, and the A ring spanning the ra
122,000–136,800 km. The Cassini Division, between th
and B rings, was assumed to be empty. The fitted param
were the relative A, B, and C ring reflectivities for the O
SC, and combined images, listed inTable 5. To avoid prob-
lems due to the systematic differences in OC cross-sec

between the PFS and CBR data (cf.Table 4), only the CBR
data were used for these fits. We find that the ratio of A ring
to B ring reflectivity has declined modestly from 0.85±0.05
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Table 5
Individual ring parameters

Parameter 1999 2000 2001 2003

Ring opening angle,B −20.1◦ −23.5◦ −25.8◦ −26.7◦
A ring areaa (km2) 3.78× 109 4.58× 109 5.28× 109 5.41× 109

B ring areaa (km2) 4.92× 109 5.83× 109 6.54× 109 6.69× 109

µC (A ring) 0.63± 0.05 0.73± 0.05 0.72± 0.02 0.81± 0.03
µC (B ring) 0.70± 0.04 0.75± 0.03 0.79± 0.02 0.80± 0.02
OC polarization:

σ̂ (A ring)/σ̂ (B ring) 0.89± 0.04 0.78± 0.03 0.77± 0.02 0.71± 0.02
σ̂ (C ring)/σ̂ (B ring) −0.01± 0.05 −0.03± 0.04 −0.05± 0.02 −0.05± 0.03
σ̂OC (A ring) 0.71 0.47 0.37 0.34
σ̂OC (B ring) 0.80 0.61 0.48 0.48

SC polarization:
σ̂ (A ring)/σ̂ (B ring) 0.80± 0.05 0.77± 0.04 0.69± 0.02 0.71± 0.02
σ̂ (C ring)/σ̂ (B ring) −0.02± 0.07 −0.08± 0.05 −0.09± 0.03 −0.06± 0.03
σ̂SC (A ring) 0.43 0.35 0.26 0.26
σ̂SC (B ring) 0.53 0.46 0.38 0.37

OC+ SC polarizations:
σ̂ (A ring)/σ̂ (B ring) 0.85± 0.04 0.78± 0.02 0.74± 0.01 0.71± 0.02
σ̂ (C ring)/σ̂ (B ring) −0.01± 0.04 −0.05± 0.03 −0.06± 0.02 −0.06± 0.02
σ̂T (A ring) 1.14 0.82 0.63 0.60
σ̂T (B ring) 1.34 1.06 0.86 0.85

Note. Results from 3-component least-squares fits to the CBR data. Fit uncertainties listed are 3 times the formal errors. Uncertainties in normass-
sections are dominated by systematic errors and estimated at 25%.

a Projected, unblocked area of each ring.

Fig. 6. Results from 3-parameter least-squares fits to the radar images inFig. 2. Variations of the ratio of A to B ring reflectivities, individual normalized rin

ains
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e

cross-sections,̂σOC, σ̂SC, andσ̂T , and polarization ratios,µC are plotted ag
in all cross-sections are estimated at±25%. Some points are shifted horiz

at |B| = 20.1◦ to 0.71±0.02 at|B| = 26.7◦. As noted above
the C ring is not convincingly detected in any of the radar
ages. The 3-ringlet models yield 3σ upper limits to the ratio
of C ring to B ring reflectivity which range from 0.04 in 199

to 0.02 in 2001 and 2003.

Combining the average normalized ring cross-sections
derived from the delay–Doppler images inTable 4with the
t ring opening angle,|B|. Numerical values are given inTable 5. Uncertainties
lly to avoid overlap of the error bars.

A/B ring ratios from the 3-ringlet models and the relat
unblocked areas of the two rings, we derive the individua
and B ring normalized cross-sections also listed inTable 5
and plotted vs|B| in Fig. 6. These results indicate that th

radar albedos of both A and B rings have decreased as the
ring opening angle has increased, by 47 and 37%, respec-
tively. Significant decreases are seen for both OC and SC
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polarizations, although the effect is more pronounced for
OC data.

The 3-ringlet models also allow us to estimate the po
ization ratios for the A and B rings separately. From the fit
reflectivities,rSC andrOC for each year we obtain

(16)µC = rSCWOC

rOCWSC
,

where the factors involving image weights arise fro
Eq. (14) above. The estimated values for each year
also given inTable 5 and are plotted vs|B| in Fig. 6.
The polarization ratios for both A and B rings appear
have increased steadily as the ring opening angle ha
creased, by 29 and 14%, respectively. This is in gen
agreement with the average increase of 20% found by s
ming the entire images inTable 4. There does not appea
to be a statistically significant difference betweenµC for
the A and B rings, though on average the B ring values
∼5% higher.

In order to exploit the full radial resolution of the rad
images, we next subdivided the A and B rings into three c
centric segments each. The ringlet boundaries were b
on optical depth profiles derived from the Voyager 2 P
stellar occultation experiment(Esposito et al., 1983a), as
well as similar results obtained from the 28 Sgr occu
tion (Nicholson et al., 2000). The B ring was subdivided
into a relatively low optical depth inner region (exten
ing out to 104,000 km), a high optical depth central
gion, and a slightly lower optical depth outer region (beyo
110,000 km). The A ring subdivisions were at 125,000
ward of which the optical depth rises towards the Cas
Division) and at the Encke Gap (133,500 km). Includin
uniform C ring and the Cassini Division, each model fit h
8 free parameters. Given the very similar polarization
tios found for the A and B rings in the 3-parameter fits,
restricted these fits to the combined OC+ SC images and
included both CBR and PFS data.

Table 6summarizes the quantitative results of our 8-rin
let model fits, with quoted errors equal to 3 times the f
mal errors from the least squares fits. To set meanin
limits on the C ring’s radar cross-section we prefer the
sults from these fits, which do a better job of matching
adjacent inner B ring than do the 3-ringlet fits. When co
bined with the average B ring albedos inTable 5, the model
fits for 2000 to 2003 provide 3σ upper limits onσ̂T of
0.01–0.03 for the C ring and 0.04–0.09 for the Cassini D
sion.

The results of the 8-ringlet fits are presented graphic
in Fig. 7, superimposed on slices across the delay–Dop
images for each year at the east and west ansae (similar
Doppler spectra inFig. 3). This involved mapping Dopple
shift into radius and taking into account the projection
fects associated with the 300 ms delay width of each s

The fitted radar reflectivities of the 8 concentric ring regions
are shown as thick horizontal bars, scaled to unity for the
most reflective ring segment, and also as dashed curves afte
rus 177 (2005) 32–62
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e

smoothing to simulate the effective radial resolution of
Doppler slices. In each case, the smoothed 8-ringlet m
gives a quite satisfactory match to the radial profiles der
directly from the Doppler spectra.

We note that the relative ringlet reflectivities are gen
ally quite stable from year to year, the largest variati
being seen in the inner A ring. We have also verified t
the correlation coefficients between the individual ringlet
flectivities are quite low—typically�0.1 and in all cases
below 0.65—indicating that we are reliably retrieving
dial variations in radar cross-section. Theχ2 statistics for
the 8-ringlet models range from 2 to 6% lower than thos
the corresponding 3-ringlet fits, with the improvement be
most noticeable for the higher-quality data from 2001 a
2003.

Also shown inFig. 7 are radial profiles of the projecte
filling factor of the rings,

(17)F(r) = 1− e−τ(r)/sin|B|,

whereτ(r) is the normal optical depth profile of the rings o
tained from the Voyager 2 PPS stellar occultation experim
(seeNicholson et al., 2000), smoothed to 250 km resolu
tion. If the ring’s radar reflectivity is dominated by singl
scattering in a many-particle-thick layer of large particl
then this expression should approximate the reflectivity p
file of the rings at exactly zero phase. But in regions wh
interparticle scattering is important, it underestimates the
pendence of reflectivity on optical depth.6

In fact, with a few notable exceptions, the qualitat
agreement between the radar reflectivity profile and Eq.(17)
is surprisingly good. The major difference occurs in
C ring, where the radar reflectivity is much smaller than p
dicted by the PPS data. As discussed further in Section4.4.4,
this may reflect either compositional differences or a lar
population of subcentimeter-sized particles in the C r
compared to that in the A and B rings. The enhanced c
trast with the A and B rings could also be due, in part
a greater degree of multiple scattering in the more opa
regions of the rings. Similar comments apply to the con
tently low radar reflectivity of the Cassini Division, a regi
which bears many other similarities to the C ring(Cuzzi et
al., 1984).

The second-largest difference occurs in the inner B r
where the radar reflectivity is significantly lower than mig
have been anticipated and is in fact comparable to that o
middle A ring. This is surprising, inasmuch as the opti
depth of the inner B ring (∼1.0) is substantially higher tha

6 Further caution is warranted here, as the PPS measurements were
in the ultraviolet. However, as shown inTable 1and Fig. 23 ofNicholson
et al. (2000), the optical depth of the rings hardly varies at all between
UV and the near-IR, and is only slightly lower at centimeter waveleng
The Voyager 1 radio occultation (RSS) data at 3.6 cm and 13 cm w
r

lengths might provide a better comparison with the radar reflectivities, but
the RSS data are unfortunately saturated throughout the B ring and in the
inner A ring(Tyler et al., 1983).
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Table 6
Relative ringlet reflectivities

Parameter 1999 2000 2001 2003

Ring opening angle,B −20.1◦ −23.5◦ −25.8◦ −26.7◦
C ring 0.03± 0.04 0.00± 0.03 0.00± 0.01 −0.01± 0.02
Inner B ring 0.70± 0.08 0.67± 0.05 0.65± 0.03 0.66± 0.03
Middle B ring 1.00 1.00 1.00 1.00
Outer B ring 0.99± 0.12 0.91± 0.07 0.91± 0.04 0.89± 0.04
Cassini Division 0.06± 0.13 0.00± 0.08 0.00± 0.05 0.06± 0.05
Inner A ring 0.71± 0.20 0.63± 0.13 0.68± 0.07 0.58± 0.08
Middle A ring 0.71± 0.09 0.67± 0.06 0.62± 0.03 0.61± 0.03
Outer A ring 0.77± 0.14 0.52± 0.08 0.51± 0.05 0.51± 0.05

Note. Results from 8-component least-squares fits to the combined OC+ SC polarization images, using CBR and PFS data. Uncertainties listed are 3
the formal errors.

Fig. 7. Relative reflectivities for an 8-ringlet model fitted to the combined OC+ SC radar images (heavy horizontal bars) superimposed on Doppler pr

for east (thick line) and west (thin line) ansae. Also shown is a profile of ring filling factorF(r) derived from the Voyager PPS occultation data (see text for
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details). Dashed lines show the 8-component models after smoothing

that of the middle A ring (∼0.5), and suggests a previousl
unsuspected difference in particle properties and/or
thickness between these two regions.

Both Voyager PPS and 28 Sgr data indicate a local m
imum in optical depth in the innermost A ring at all wav
lengths (cf. Fig. 13 inNicholson et al., 2000), but this re-
gion does not show a consistently higher radar reflectiv
In the 2000 and 2003 images the radar albedo is actu
lower here than in the remainder of the A ring, while

1999 it is the same and in 2001 it is slightly higher. We
do not regard any of these differences as statistically signif-
icant.
Gaussian of FWHM 10,000 km.

Finally, we note that, in three out of four years, the ra
images show a 15–20% decrease in reflectivity outside
Encke Gap, although the optical depths on either side o
gap are quite similar, or show a slight increase (cf. Fig. 1
Nicholson et al., 2000). Dones et al. (1993)have noted tha
the optical phase function of this region differs significan
from that of the rest of the A ring, and ascribe the differen
indirectly to the effects of the large number of density wa
in this region. They suggest either that the particles in

outer A ring have unusually smooth surfaces or that the ring
itself is thicker, with both effects being due to an enhanced
collision rate associated with wave damping.
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Fig. 8. Variation of average normalized ring cross-sections,σ̂OC, σ̂SC, and σ̂T , and polarization ratio,µC with ring opening angle,|B| for Saturn’s rings
based on all available radar data. Results from the present work are indicated by filled circles; open circles show measurements between 1972y

Goldstein and Morris (1973), Goldstein et al. (1977), and Ostro et al. (1980), who also reported 5σ upper limits at|B| = 5.6◦ from 1979. Asterisks denote
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1974 measurements from Goldstone at 3.5 cm; all other measuremen
σ̂T from Eq.(19) for the A ring (τ = 0.5) and B ring (τ = 1.5), respectively

4.4. Discussion

4.4.1. Comparison with previous measurements
In Fig. 8we compare our average cross-sections and

larization ratios with previous radar measurements, as t
lated byOstro et al. (1980). Cuzzi and Pollack (1978)made
predictions of the dependence ofσ̂T on opening angle fo
both monolayers and many-particle-thick rings; they fou
a normalized cross-section which is either constant or v
slowly increasing as|B| increases for many-particle-thic
rings with broad particle size distributions. On the oth
hand, monolayer models dominated by large (meter-si
particles—made of either metal or a low-loss material w
strong internal scattering—showed a steep decrease in
albedo for|B| � 12◦ (see their Fig. 15).Ostro et al. (1980)
concluded that the available radar data ruled out the m
layer models, and favored the “thick ring” models inste
but we note that this conclusion depended heavily on t
own non-detection of any echo atB = −5.6◦ and on com-
bining the single 3.5-cm datum at 24.5◦ (Goldstein et al.,
1977)with 12.6-cm data at smaller opening angles.

Our estimated radar albedos are generally similar to th
derived from CW observations in the 1970s, but the new
show a strong decrease inσ̂OC andσ̂T between 20◦ and 27◦
for both the A and B rings which appears to be more c

sistent with the monolayer models. However, we note that
the combined data set does not indicate such a trend, and i
instead more consistent with a normalized total (OC+ SC)
re made at 12.6 cm. Dot-dashed and dashed curves show toy monola
o shown is an empirical linear fit to the polarization ratios.

r

cross-section which is independent ofB, or perhaps shows
broad maximum around|B| � 15◦.

There are two previously published estimates of the rin
circular polarization ratio at 12.6 cm—µC = 0.40± 0.05 at
B = −11.7◦ and 0.57± 0.12 atB = −18.2◦ (Ostro et al.,
1980)—as well as a single measurement at 3.5 cm andB =
−24.4◦ of µC = 1.0±0.25 byGoldstein et al. (1977). In the
1980s, these limited data led to an unresolved debate
whether the surprisingly-large value at 3.5 cm was du
the shorter wavelength (ring particles may be expecte
look rougher as the wavelength approaches the size of
surface irregularities) or to the larger ring opening angle (
Ostro et al., 1980; Cuzzi et al., 1984).

As shown inFig. 8, our own estimates are quite cons
tent with the previous data, and clearly confirm the incre
in µC with increasing|B|. All the 12.6 cm values fit a
simple linear trend, withµC � 1.85 sin|B|. This fit is also
marginally compatible with the lone 3.5-cm datum, wh
suggests that the polarization ratio depends primarily on
opening angle and may even be independent of wavele
though the latter conclusion clearly rests on rather tenu
ground.

4.4.2. Toy models
Previous models for the ring’s radar reflectivity have u
s
ally employed one of two simple but extreme views of
the rings’ vertical structure. The ‘classical,’ or thick-ring,
model is based on the concept of a cloud-like distribution
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of small scatterers separated by distances which are
compared with their sizes. In this case, all shadows
hind ring particles are assumed to be filled in by diffract
and the reflected intensity is given by formulae derived
Chandrasekhar (1960). The singly-scattered component
the intensity reflected back near zero phase angle is g
by:

(I/F )SS = p
sin|B ′|

sin|B ′| + sin|B|
(
1− e−τ(1/sin|B|+1/sin|B ′|))

(18)→ p

2

(
1− e−2τ/sin|B|) for B = B ′,

where p = 1
4�P(0) is the geometric albedo of a sing

ring particle,B ′ is the elevation of the source of illum
nation above the ring plane,τ is the ring’s normal optica
depth at the wavelength of interest,� is the average particl
single-scattering albedo andP(α) the particle phase func
tion, normalized to an average value of unity over 4π sr.
When applied at optical wavelengths, this expression m
be corrected for mutual shadowing, which can lead to
opposition brightening of up to a factor of 2 (e.g.,Irvine,
1966). However, it is unclear whether this applies to t
radar case where the particles have sizes comparable
wavelength of interest. The key comparison is between
length of the shadow cone,a2/λ, and the mean spacing b
tween particles,D−1/3a, whereD is the volume filling fac-
tor of the rings anda is the particle radius. For 10-cm-size
particles atλ = 12.6-cm shadowing is probably unimporta
even in densely-packed rings, whereas for meter-sized p
cles some amount of shadowing will occur unlessD � 0.01
(seeHapke, 1990; Cuzzi and Pollack, 1978). For the A ring,
whereτ � 0.5, expression(18)predicts a very mild decreas
in σ̂T of ∼10% as the opening angle increases from zer
27◦, while for the B ring, where the averageτ � 1.5 at ultra-
violet to near-infrared wavelengths(Nicholson et al., 2000),
little if any variation of σ̂T with |B| is expected over th
range accessible to Earth-based observers.7 As noted above
when multiple scattering between particles is included
thick-ring models ofCuzzi and Pollack (1978)actually pre-
dict a slight increase in̂σT with ring opening angle.

The other extreme model is that of a monolayer, wh
shadowing becomes unimportant except at very low op
ing angles but where the close-packing of particles can
be neglected.Cuzzi and Pollack (1978)assumed that for
monolayerI/F ∼ |sinB|−1, which applies only in the no
shadowing limit. However, the very steep rise ofI/F with
decreasing|B| implied by this formula does not hold at sma
opening angles (sin|B| < τ/3), where particles begin to hid
one another. This is confirmed by Monte Carlo simulatio
of photon scattering bySalo and Karjalainen (2003)and by
the analytic calculations ofISS shown in Fig. 2 ofHämeen-
Anttila and Vaaraniemi (1975). In fact, the reflectivity of a
7 The optical depth of the B ring was too high to measure in the Voyager
radio occultation experiment, but is certainly in excess of unity at 13 cm
(Tyler et al., 1983).
Saturn’s rings 47

e

monolayer is better approximated by the projected fill
factor of the ring (cf. Eq.(17) above), multiplied by the sin
gle particle albedo:

(19)(I/F )SS= p
(
1− e−τ/sin|B|).

Even this formula8 overestimates theI/F at very small
opening angles for a monolayer of Lambert spheres, w
the limb-darkening of individual ring particles becomes i
portant. For large tilt angles or low optical dept
(sin|B| > τ ) Eq. (19) agrees with the assumption byCuzzi
and Pollack (1978). For a singly-scattering monolayer,σ̂T

for the A ring is expected to decrease by∼30% between
|B| = 10◦ and 27◦, while the B ring is again expected
show little if any variation with|B| (seeFig. 8). Multiple
scattering for a monolayer increases with opening angle
it does for a classical ring, which will again tend to count
act the decrease inI/F due to single scattering. Howeve
the fraction of multiply-scattered signal is much less th
that for a many-particle-thick layer, at least for the backs
tering particles studied bySalo and Karjalainen (2003).

Thus neither the classical many-particle-thick nor
monolayer model appears able to reproduce the very s
(∼40%) decrease in̂σT with |B| = 20◦–27◦ seen for both
A and B rings in the new radar data. However, contrary
the conclusions ofCuzzi and Pollack (1978)andOstro et al.
(1980), the combined data set, which shows no unamb
ous trend withB, cannot rule out either model. In Section6
we present some new calculations for the predicted re
tivity of both classical and monolayer ring models, based
a phase function for microwave scattering by irregular p
ticles. We find that these two very different physical mod
predict remarkably similar variations of radar albedo w
ring opening angle. A similar conclusion was reached
Froidevaux (1981).

A more complex possibility which might account for
decrease in albedo with increasing opening angle is tha
effective particle size may be a function of viewing ang
Dynamical simulations show that the larger particles ten
be concentrated near the rings’ mid-plane, surrounded
‘haze’ of smaller particles (Salo, 1992b; see also Figs. 2 an
9 in Salo and Karjalainen, 2003). As a result, observations
low opening angles see primarily the smaller particles, w
at larger|B| we see deeper into the ring and sense the la
particles as well. According toCuzzi and Pollack (1978),
see their Fig. 8, the reflectivity of ice particles at 12.6 cm
a decreasing function of particle size fora > 10 cm, which
could lead to a central layer of large, darker particles emb

8 This formula is also identical with that for a multilayer if the ma
imum opposition brightening at exact opposition is taken into acco
which may be seen from the standard derivation of Eq.(18) in terms of
incident and escape probability cylinders (seeHapke, 1986), applied to

zero phase angle.Salo and Karjalainen (2003)give a formulaEmax =
2/(1 + exp(−τ/sin|B|) for the maximum opposition enhancement: mul-
tiplication of Eq.(18) by this factor leads to Eq.(19).
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ded within a thicker layer of small, brighter ones. We sh
return to this concept below.

4.4.3. Polarization ratio and multiple scattering
The substantial depolarized (i.e., SC) echo received f

the rings is indicative of a strong multiply-scattered com
nent to the reflected signal. Our measured values ofµC =
0.64–0.77 are much larger than those typical of rocky s
faces (∼0.1), though smaller than the ratios of∼1.5 seen
for the icy satellites Europa and Ganymede(Campbell et al.,
1978; Ostro et al., 1992; Black et al., 2001)and 1.25 for
the polar ice deposits on Mercury(Harmon et al., 2001).
This multiple scattering could arise either within the lar
icy ring particles themselves (much as it does in the sub
face of Europa), or in scattering between nearby partic
or both. As the fraction of multiple scattering due to
terparticle scattering is expected to increase strongly
optical depth, the similarity ofµC for the A and B rings in
Fig. 6suggests that scattering inside the particles may d
inate.

But why then shouldµC increase strongly with|B| as
seen inFig. 8? If we make the usual simple assumption t
the interparticle multiply-scattered echo is completely
polarized (i.e.,µC = 1), while the singly-scattered echo
characterized by an unknown single-particle polarization
tio µ∗ (cf. Cuzzi and Pollack, 1978; Ostro et al., 1980), then
we have

(20)µC = µ∗ + 1
2(1+ µ∗)f

1+ 1
2(1+ µ∗)f

,

wheref = IMS/ISS. The observed increase inµC might be
explained either by an increase inf as the ring opening an
gle increases or by an increase in the effective value ofµ∗,
as illustrated inFig. 9. The top panel shows the variation
µC with f for various assumed values ofµ∗, while the bot-
tom panel shows the variation ofµ∗ necessary to account fo
the observed values ofµC and a range of 0< f < 1.

From this figure we see that, for a fixed value of t
single-particle polarization ratio, say 0.30, the observed
crease inµC with |B| between 12◦ and 27◦ requires approx
imately a tenfold increase in the multiple-scattering ratiof .
Even forµ∗ = 0.0,f must increase from∼1.3 to∼7. While
the Cuzzi and Pollack (1978)thick-ring models imply a
modest increase in interparticle scattering as the rings o
up, these results appear to be insufficient to account fo
strong variation inµC shown by the radar data(Ostro et al.,
1980). At first glance, a monolayer ring would seem to of
even less opportunity for interparticle scattering(Cuzzi and
Pollack, 1978; Ostro et al., 1980), but our own simulations o
scattering by a monolayer model described in Section6 be-
low indicate that a substantial amount of multiple scatter
is possible, at least for forward-scattering particles. Ho

ever, the variation inf shown by this model also appears
to be insufficient to account for the observed rapid increase
in µC with sin|B|.
rus 177 (2005) 32–62

Fig. 9. (Top) Variation of the polarization ratio,µC with the multiple to sin-
gle scattering ratio,f for assumed values of the single-particle polarizat
ratio, µ∗ between 0.0 and 0.6, following Eq.(20). Squares correspond t
the observed values ofµC from Fig. 8and an assumed value ofµ∗ = 0.30.
(Bottom) Variation of the single-particle polarization ratio,µ∗ with ring
opening angle,|B| required to account for the observed polarization ra
in Fig. 8for values off between 0 and 1. Crosses correspond to the pa
ular values off derived from the Monte Carlo light-scattering calculatio
in Fig. 15below for the irregular particle phase function and a dynam
optical depth of 0.5.

If interparticle scattering in either a classical or mon
layer ring is unable to explain the rising depolarization w
increasing opening angle, then we must appeal to an
crease inµ∗, the single-particle polarization ratio, with|B|.
As discussed in Section4.4.2 above, this might arise in
an inhomogeneous ring with larger particles concentra
towards the mid-plane. One might imagine that the m
deeply buried large particles are lumpier in shape—perh
somewhat akin to grape clusters—and thus able to d
larize in a single scattering event more effectively than
the centimeter-size particles occupying the ring ‘halo.’ T
lower panel inFig. 9shows that the increase inµ∗ required
by the observations is approximately a factor of 3, depe
ing on the multiple-scattering fraction and its own variat
with |B|.
4.4.4. C ring and Cassini Division
Both our radar observations and those ofOstro et al.

(1980)failed to detect any echo from the C ring, while the
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Cassini Division also was not detected in our 8-ringlet le
squares models (cf.Table 6).

S-band radar experiments are largely ‘blind’ to partic
smaller than∼λ/3 � 4 cm. Evidence for particle size varia
tions has been summarized byFrench and Nicholson (2000,
based on both radio and stellar occultation data. In the C
the best-fitting power-law index isq � 3.1, as compared
with 2.75–2.9 in the A and B rings, while the diffracte
signal in ground-based stellar occultation data suggests
amin may be as large as 30 cm in the B and inner A rin
while amin � 1 cm in the C ring and Cassini Division. Bo
the steeper size distribution and smaller minimum size
increase the optical depth at UV-infrared wavelengths r
tive to that at 12.6 cm, although it remains to be seen whe
these differences in the particle size distribution are su
cient to account for the very low radar cross-sections
served.

A second and perhaps more promising possibility is co
positional differences. It has long been known that the
ticles in the C ring and Cassini Division are both dar
and less red in color at visual wavelengths than thos
the A and B rings(Cuzzi et al., 1984; Estrada and Cuz
1996). Typical single-scattering albedos derived from Vo
ager imaging photometry are∼0.25 in the C ring(Cooke,
1991)vs 0.4–0.6 in the A and B rings(Doyle et al., 1989;
Dones et al., 1993). These variations, it has been sugges
reflect variations in the contamination of the rings’ origin
composition of almost pure water ice by infalling meteor
material (Cuzzi and Estrada, 1998). Near-infrared spectr
also suggest the presence of small amounts of silicate a
organic material in the C ring(Poulet et al., 2003), either
of which could increase the microwave opacity and thus
crease the radar reflectivity compared with that of pure w
ice.
A third possibility is that the reflectivities of the A and B

Fig. 10. (Top) Delay–Doppler images constructed from OC and SC data obta
it in either frequency or delay and then subtracting it from the original image
is stronger from the far quadrant on the receding (negative Doppler) ansa a
Saturn’s rings 49
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5. Azimuthal asymmetries in the rings

5.1. Observations

A subtle feature of the radar images inFig. 2is a quadru-
pole asymmetry in the ring reflectivity, which is most read
seen in the peak brightness of the four ‘cross-over’ regio
In each image, the brightness is greater in the nearside
proaching (lower right) and farside receding (upper le
quadrants than it is in the intervening quadrants. This as
metry becomes apparent when an image from any of
four years is transposed, either in delay or in Doppler,
subtracted from itself, as shown inFig. 10. The asymmetry
appears in both OC and SC images (not shown here), as
as in the combined data. Delay profiles through the reg
of peak reflectivity for each year are shown inFig. 11, av-
eraged over 40 kHz and smoothed to 70 ms in delay.
amplitude of the quadrupole asymmetry is similar in b
polarizations, but there is a strong suggestion that it has
creased as the ring opening angle has increased. Mea
as the ratio of nearside and farside peaks in such a plot
asymmetry decreased from∼1.22 in October 1999 to∼1.10
in January 2003.

The mechanism whereby elongated gravitational wa
in the rings may give rise to an asymmetry in the ra
reflectivity is thought to be essentially the same as
proposed at optical wavelengths. In numerical simulati
(e.g.,Salo, 1995; Daisaka and Ida, 1999) the wakes in the
A ring have a vertical thickness (perpendicular to the r
plane) of∼20 m, comparable to the average thickness of
ring (Esposito et al., 1983b). The horizontal wavelengths a
comparable to the critical wavelength for axisymmetric
stabilities(Toomre, 1964)
2 ( )3

rings are significantly enhanced by multiple scattering rela-
tive to that of the C ring.

(21)λcr = 4π GΣ

κ2
= 70 m

r

105 km

Σ

100 g cm−2
,

ined in December 2001. (Bottom) The combined OC+SC image after transposing
. Note the consistent quadrant asymmetry in the difference images: the radar echo
nd from the near quadrant on the approaching (positive Doppler) ansa.
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Fig. 11. Delay profiles through the four bright features in each image inFig. 2, showing how the near/far brightness asymmetry consistently changes sign
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between east (approaching) and west (receding) ansae. Profiles are
Ordinates are in units of signal to noise ratio. There is a modest decre

where r is the ring radius,Σ is the surface mass densi
andκ � Ω is the local epicyclic frequency of ring partic
orbits. In the middle A ring, we haveΣ � 45 g cm−2 and
λcr � 75 m. At ring opening angles of|B| � 15◦ the wakes
will thus appear to overlap when viewed transversely,
the ring will appear solidly filled with scatterers. When t
wakes are viewed on-axis, however, the radar beam will ‘
the low density regions between them and the average c
section of the rings will be lower. Since the wakes trail at
average angle of∼21◦ relative to the azimuthal direction in

Keplerian ring(Julian and Toomre, 1966), they are seen on-
axis ∼21◦ in longitude preceding elongation, in agreement
with the observed sense of the radar quadrupole asymme
raged over the frequency range 200� |ν| � 240 kHz and smoothed over 70 m
amplitude of the asymmetry between 1999 and 2003.

-

try.9 This is illustrated by the cartoon inFig. 12, from Salo
et al. (2004). As the opening angle increases above∼15◦, the
gaps between the wakes should become increasingly vi
and the amplitude of the asymmetry is predicted to decre
Conversely, at very low opening angles the ring will app
more opaque at all longitudes and the asymmetry sh

9 The pitch angle of wakes is actually somewhat variable. Both wa
due to an embedded mass, as displayed byJulian and Toomre (1966), and
the autocorrelation plots from the simulations bySalo et al. (2004)show
-

pitch angles which decrease outwards from 25–30◦ to an asymptotic value
of ∼15◦. The value of 21◦ adopted here is an effective pitch angle averaged
over the wake.
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Fig. 12. Cartoon illustrating how an azimuthal asymmetry in ring refl
tivity can arise from elongated wakes trailing at an angle of 21◦. Near
longitudes of 69◦ and 249◦ from the sub-Earth point, the observer se
the wakes end-on as well as the lower-density intervening regions. Bu
cause the vertical thickness of the wakes of∼20 m is comparable to thei
spacing of∼75 m, the wakes largely appear to overlap at longitudes
159◦ and 339◦, resulting in a higher average cross-section. FromSalo et al.
(2004).

again decrease. Models bySalo and Karjalainen (1999)and
Salo et al. (2004)predict that the maximum asymmetry w
occur at|B| � 12◦, as observed at optical wavelengths.

Unfortunately, a singularity in the transformation fro
delay–Doppler coordinates to spatial coordinates in the
plane associated with the degeneracy illustrated inFig. 1
prevents converting the images inFig. 2 directly into pro-
files of reflectivity vs ring longitude.10 It is thus not possible
to produce a plot of the radar quadrupole asymmetry a
ogous to those which illustrate the well-known azimut
asymmetry seen in the A ring at optical wavelengths. Mo
over, this degeneracy mixes echoes from the A and B r
at just those longitudes where the brightness asymmet
most pronounced (cf.Fig. 1), making it difficult to see from
the images in which ring the asymmetry resides. As in
case of radial albedo variations, our approach is instead
a model incorporating the anticipated brightness variat
to the radar images.

5.2. Model fits

To estimate the azimuthal asymmetry of the radar r
brightness, we included additional components in our mu
ple-ringlet model based on numerical light scattering c
culations for N-body representations of gravitational wak
as described bySalo et al. (2004). The azimuthal variation
in ring brightness was computed at zero phase angle
for values of|B| appropriate to the radar observations,
ing a Monte Carlo ray tracing scheme based on geom
optics and incorporating multiple-scattering(Salo and Kar-
jalainen, 2003). We assumed for simplicity a photometr
‘reference model’ employing a Lambert sphere phase fu
tion with � = 1.0, but permitted the amplitude of the mod
asymmetry to vary in order to achieve the best fit to
10 An attempt at creating such a profile was made, after heavy oversam-
pling of the radar images, but with disappointing results.
Saturn’s rings 51

radar data. Additional models with more realistic microwa
phase functions are discussed in Section6.

We allowed for independent asymmetries in both A a
B rings (although the effect seems to be confined largel
the A ring at optical wavelengths), as well as uniform ba
ground reflectivities for the A, B and C rings, as befo
The fitted azimuthal asymmetry amplitude was parame
ized via the quantity

(22)β = Imax− Imin

Imax+ Imin
.

For the reference model, which was computed with para
ters appropriate to the middle A ring, the asymmetry am
tude decreases monotonically fromβ = 0.13 for |B| = 20◦
to 0.10 at 26◦. These values are in quite good agreement w
the maximum asymmetry observed in the A ring in HST i
ages taken during this period (French et al., in preparatio

When fitted to the radar images obtained between 2
and 2003,11 this model yields substantial asymmetry a
plitudes for the A ring, but much smaller and somew
variable amplitudes for the B ring, as shown inTable 7.
The A ring asymmetry decreases monotonically fromβ =
0.21 ± 0.03 in 2000 to 0.16 ± 0.02 in 2003—which is a
least 50% greater than the reference model predicts at
times—while that of the B ring ranges from a high of∼0.08
in 2000 to a low of∼0.03 in 2001.

A limitation of the above fits is that they assume that
azimuthal reflectivity profile has its minima at the longitud
given by the gravitational wake model, i.e., atθ � 69◦ and
249◦.12 A more robust test of the model is to allow the asy
metry pattern to rotate freely in longitude and to find
orientation that gives the best fit to the data. In practice,
implemented this test in two ways. First, we constructed s
arate asymmetry models for the A ring in which the mo
profile was rotated in steps of 15◦ of orbital longitude. We
fitted each of these separately, with the results show
Fig. 13. In the left panel, the amplitude of the asymmetry
plotted as a function of the longitude of the minimum brig
ness of the model,θmin. The right panel shows the RM
residuals for each fit, scaled to unity for the best fit so t
all three years’ results can be compared in the same fig
The smooth curves are spline fits to the discrete fit result
each case, the best fit is obtained forθmin � 70◦, as expected
for gravitational wakes.

In order to obtain a quantitative estimate of the unc
tainty in the phase, in our final series of fits we includ
two m = 2 asymmetry components for the A ring, pha
shifted by 45◦ relative to one other in longitude. (Althoug
the parts of the rings blocked by the planet spoil the an
pated orthogonality of these two components, the correla

11 Possible telescope pointing errors in 1999 introduced a significant E
brightness asymmetry into these images which makes it difficult to get

able fits for the azimuthal asymmetry for this year.
12 The ring longitude,θ is measured in a prograde direction from the sub-
Earth point.
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Table 7
Azimuthal asymmetry parametersa

Parameter 2000 2001 2003

Ring opening angle,B −23.5◦ −25.8◦ −26.7◦
Reference simulation: A ring

β 0.113 0.103 0.103
θmin 67.6 67.0 67.0

A and B ring asymmetriesb

β (A ring) 0.212± 0.033 0.172± 0.020 0.156± 0.021
β (B ring) 0.079± 0.022 0.027± 0.013 0.044± 0.013

A ring asymmetry only
A ring CBR data: OC polarization:

β 0.19± 0.04 0.19± 0.03 0.18± 0.03
θmin 70± 12◦ 75± 9◦ 61± 11◦

A ring CBR data: SC polarization:
β 0.25± 0.05 0.25± 0.03 0.19± 0.03
θmin 73± 12◦ 69± 8◦ 66± 10◦

A ring CBR data: OC+ SC polarizations:
β 0.22± 0.03 0.21± 0.02 0.19± 0.02
θmin 71± 9◦ 72± 7◦ 64± 8◦

A ring: combined data set, OC+ SC polarizations:
β 0.24± 0.03 0.18± 0.02 0.18± 0.02
θmin 71± 8◦ 66± 6◦ 63± 7◦

Note. Except as noted, all fits are to the combined PFS and CBR data, including both polarizations. Fit uncertainties listed are 3 times the formal e
a The asymmetry amplitude is defined asβ = (Imax− Imin)/(Imax+ Imin). θmin is the longitude of minimum reflectivity, measured from the observe
the prograde direction.
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coefficient between them is still quite low.) For these fits
B ring was assumed to be azimuthally uniform in order
reduce the number of free parameters, and we performe
to the SC and OC CBR images separately, as well as to
total CBR images and to the combined data set. The fi
amplitudes,β and phases,θmin are given inTable 7.

Dones et al. (1993)found that the amplitude of the a
imuthal asymmetry in Voyager images was strongly pea
in the middle A ring, at a radius of∼130,000 km. An at-
tempt was thus made to further localize the azimuthal as
metry in the radar images by adding separate asymm
components for each of the six A and B ringlets in
8-component ring model described in Section4.3 above.
However, large negative correlations between the amplitu
in adjacent ringlets made it impossible to draw any rob
conclusions from these fits and we do not show any of th
results here.

Finally, we note that the fitted asymmetry amplitudes
quite sensitive to the antenna beam profile. This arises
cause the beam FWHM is only∼3 times the major diamete
of the ring system, combined with the fact that the longitu
of minimum brightness are within 20◦ of the ring ansae
Model fits which neglect the beam profile yield even lar
A ring asymmetries of 0.21� β � 0.26.

We may summarize the results inFig. 13andTable 7as
follows.
1. The average A ring asymmetry amplitude in the radar
images is a factor of 1.5–2 times higher than the refer-
ence wake model predicts at optical wavelengths, using
a conservative Lambert-sphere particle phase func
or what is seen in contemporaneous HST images.

2. The average observed longitude of minimum brightn
θmin = 67± 4◦ agrees very well with the wake mode
even though this model was not optimized in any w
to fit the radar data. The numerical wake model pred
thatθmin = 67–68◦ in 2000–2003.

3. The amplitude of the asymmetry was appreciably lo
in 2001 and 2003 at|B| � 26◦ than it was in 2000, when
|B| = 23.5◦, also in qualitative agreement with the wa
model.

4. The asymmetry is clearly present in both SC and
images, but is∼20% stronger in the SC images fro
2000 and 2001 (cf.Table 7).

5. There is a much smaller but statistically-significant
least 6σ ) asymmetry in the B ring.

The relatively small fitted amplitude of the azimuthal asy
metry in the B ring raises the possibility that this may
due to contamination from the A ring, especially as the
rings partially overlap in the delay–Doppler images. Ho
ever,Table 8shows that the correlation coefficient betwe
the A and B ring amplitudes is a modest−0.27. Moreover,
a similar asymmetry has been seen at a low level in
contemporaneous HST data (French et al., in preparat
where it is seen to be largely confined to the lower opt
depth inner B ring. These results are supported by a few

merical wake models which have been calculated for the B
ring (r = 100,000 km), which suggest a likely amplitude of
0.02–0.04 at|B| = 20◦, similar to that seen in the 2001 and
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Fig. 13. Variation of the fitted asymmetry amplitude,β (left panel) and RMS fit residuals (right panel) with the assumed longitude of minimum A
brightnessθmin. Separate curves show fits to the OC+ SC images from 2000, 2001, and 2003. The amplitude has decreased from 0.24± 0.03 in November

◦ ◦
2000 to 0.18± 0.02 in January 2003, while the best-fit values ofθmin varied from 71 to 63 (seeTable 7). The large square and cross show the amplitude
ation

om-

edic
b-

on
d by

ng

e-

her
es.
t in
ing
most

m-

has
n if
i-
e
it is
l-
ve
and

ely
rti-
flec-
gly

-
ered
ulti-
pth

wake
rn
ave
dia-
and phase at optical wavelengths as predicted by simulations of gravit

Table 8
Correlation coefficients

Parameter σ̂ (C ring) σ̂ (B ring) σ̂ (A ring) β (A ring) β (B ring)

2000
σ̂ (C ring) 1.00 −0.30 −0.01 0.02 0.05
σ̂ (B ring) 1.00 −0.26 −0.01 0.21
σ̂ (A ring) 1.00 0.09 −0.09
β(A ring) 1.00 −0.27
β(B ring) 1.00

2001
σ̂ (C ring) 1.00 −0.31 −0.01 0.02 0.04
σ̂ (B ring) 1.00 −0.25 −0.00 0.22
σ̂ (A ring) 1.00 0.06 −0.08
β (A ring) 1.00 −0.27
β (B ring) 1.00

2003
σ̂ (C ring) 1.00 −0.31 −0.01 0.02 0.04
σ̂ (B ring) 1.00 −0.25 −0.00 0.20
σ̂ (A ring) 1.00 0.06 −0.07
β (A ring) 1.00 −0.27
β (B ring) 1.00

Note. Correlation coefficients for 5-component least-squares fits to the c
bined OS+ SC images, using both CBR and PFS data.

2003 radar images. However, these calculations also pr
a similar asymmetry in the outer B ring, which is not o
served in the HST images.

5.3. Discussion

Other evidence for the influence of gravitational wakes
microwave scattering in Saturn’s rings has been presente
Molnar et al. (1999)andDunn et al. (2004), who observed
an azimuthal gradient in the optical depth of the A ri

where it was seen silhouetted against the planet, consisten
with the varying projected orientations of wakes in this ring.
As expected, no such variation was seen in the C ring.Van
al wakes(Salo et al., 2004).

t

der Tak et al. (1999)also ascribed an east–west asymm
try between the ring ansae observed atB ∼ −20◦ to emis-
sion from Saturn being more readily reflected from, rat
than transmitted through, high optical depth trailing wak
However, this particular EW asymmetry was stronges
the C and B rings and weak or non-existent in the A r
where gravitational wakes are expected to be developed
strongly.

A clue to the origin of the unexpectedly large radar asy
metry is provided by the rings’ polarization ratio,µC, with
its implication that a significant fraction of the radar echo
been multiply-scattered. This is likely to remain true eve
part of the increase inµC with opening angle is due to var
ations inµ∗, as suggested inFig. 9. The observation that th
asymmetry is larger in the SC polarization images than
for the OC polarization (cf.Table 7) also suggests that mu
tiple scattering may play a significant role. At microwa
frequencies, water ice particles are largely transparent
moderately forward-scattering (Cuzzi and Pollack, 1978; see
their Fig. 13). More of the reflected radar signal is thus lik
to arise from multiple scattering between nearby ring pa
cles than is the case at optical wavelengths, where the re
tivity of the rings near zero phase angle is overwhelmin
dominated by single scattering(Dones et al., 1993). (At
optical wavelengths (x = 2πa/λ � 1) centimeter-to-meter
sized ring particles behave as small, opaque, frost-cov
satellites which are highly back-scattering.) Because m
ple scattering is a much stronger function of optical de
than is single scattering—scaling roughly as∼τ2—it is ex-
pected to accentuate the difference between the denser
and more tenuous ‘interwake’ regions. This could in tu
result in an enhanced azimuthal asymmetry at microw
wavelengths. In the next section, we develop a simple ra

ttive transfer model for the A ring based on these ideas which
may be capable of accounting for the observed radar asym-
metry amplitude.
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Fig. 14. A series of Henyey–Greenstein phase functions,P(α), parameterized by the asymmetry parameterg = −〈cosα〉 = −0.50, −0.25, 0.01, 0.25, 0.50
and 0.75, compared with an average ring particle phase function at a wavelength of 12.6 cm (denoted by squares) computed using a compos

tering/irregular particle model for pure water ice particles with aq = 3 power-law size distribution between radii of 1 and 100 cm. The particles’ complex
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refractive indexn = 1.78+ 6 × 10−6i and the shape parameterx0 = 8 (Cu
curve shows the phase function for a Lambert sphere (g = −0.44), as used

6. A radiative transfer model for the A ring

Although a full study of the scattering properties of t
rings at microwave frequencies is beyond the scope of
paper, and should incorporate recent thermal emission
scattering observations as well as radar data, we have
formed some limited calculations using the same dynam
simulations of wakes in the A ring bySalo et al. (2004)
used for the asymmetry model fits in Section5. In the con-
text of the toy models discussed in Section4.4.2above, this
model may be thought of as a near-monolayer, inasm
as the full thickness of the ring of 10 m is only∼3 times
the particle diameter. It is, however, a fully 3-dimensio
simulation which incorporates both particle self-gravity a
collisions. The dynamical optical depth of the ring is 0
and the mean surface mass density is 50 g cm−2, both ap-
propriate to Saturn’s middle A ring.13 As in Section5, the
distribution of radiation scattered from the ring is calcula
using the Monte Carlo light-scattering code described
Salo and Karjalainen (2003), but here we use a more realis
phase function for microwave scattering by irregular wa
ice particles. Our goal is primarily to account for the lar
amplitude of the azimuthal asymmetry seen in the radar d

The semi-empirical phase function we employ was
veloped originally byCuzzi and Pollack (1978)and mod-
ified and used extensively by later authors(Dones et al.,

13 The dynamical optical depth,τdyn is defined as the total geometr

area of ring particles per unit surface area of the rings, as seen at norma
incidence, or

∫ ∞
0 πa2n(a)da, wheren(a) is the differential particle size

distribution.
nd Pollack, 1978). For the irregular particle model,g = +0.53. The dotted
mpute our reference wake asymmetry model.

-

.

1993; Showalter et al., 1992; Showalter and Cuzzi, 19.
It is a composite of Mie scattering and irregular parti
phase functions, computed for our observing wavelengt
12.6 cm and for a power-law particle size distribution
tween radii of 1 and 100 cm, typical of those obtained
Marouf et al. (1983)andFrench and Nicholson (2000). It is
compared inFig. 14with the Lambert sphere phase functi
used for the least-squares models in Section5 and a suite of
Henyey–Greenstein phase functions, such as are comm
used in optical light scattering models of the rings. N
that the semi-empirical phase function exhibits both w
back-scattering and strong forward-scattering lobes, the
ter due to a combination of transmission and diffracti
An overall measure of the directionality of a phase fu
tion is provided by the anisotropy parameterg, the average
of the cosine of the scattering angle. For our semi-empir
modelg = +0.53, whereas for a Lambert sphereg = −0.44
and for the highly back-scattering Callisto phase funct
g = −0.55. The Henyey–Greenstein models inFig. 14span
this range.

Observations of passive radio ‘emission’ from Satur
rings (actually, scattered thermal radiation from Satu
confirm that the ring particles are indeed forward scat
ing (Grossman et al., 1989; de Pater and Dickel, 19
Van der Tak et al., 1999; Dunn et al., 2002), as demonstrate
by front-to-back asymmetries in the brightness of the C
B rings especially.Dunn et al. (2002)successfully modele
these asymmetries atB = +2.7◦ and−5◦ using a composite
lMie scattering model for centimeter-to-meter-sized ice par-
ticles with an admixture of isotropic scattering to simulate
the influence of particle roughness at shorter wavelengths.
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Fig. 15. Predicted variations in (a) azimuthal asymmetry amplitude,β , (b) average reflectivity,I/F , and (c) multiple to single scattering ratio vs ring open
angle at zero phase angle for the A ring, based on the particle phase functions shown inFig. 14. The underlying dynamical simulation is that ofSalo et al. (2004),
with a particle radius of 1.67 m and a particle density of 0.45 g cm−3. Solid lines correspond to Henyey–Greenstein phase functions with−0.5 < g < 0.5 and
a dynamical optical depth,τdyn = 0.5. Dashed and dotted lines are calculated using the irregular particle phase function and dynamical optical dep
and 0.8, respectively. Note that the peak asymmetry occurs for|B| � 12◦ regardless of phase function, while the average reflectivity decreases with incre

elevation angle. Open and filled circles show the observed radar asymmetries for the A ring (fromTable 7) and the average geometric albedos,p = σ̂T /4 (from
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Table 4), using the same symbols as inFig. 8. Panel (d) shows the range i
0.8.

They attributed the apparent lack of forward scattering
the A ring to near-field effects between the particles.

The Monte Carlo model permits the different orders
photon scatterings to be tabulated separately, and th
sults confirm our expectation above that multiple-scatte
will enhance the azimuthal asymmetry. For a wide ra
of values for the parameterg, we find that the amplitude
of the asymmetry in the doubly- and triply-scattered s
nal are approximately twice that in the singly-scattered
nal (see also Fig. 14 inSalo et al., 2004). For quadru-
ple scattering, the asymmetry is roughly three times la
than that for single scattering. In order to explore the r
of the phase function in determining the azimuthal asy
metry amplitude, we carried out a series of runs ba
on the same dynamical simulation using both the se
empirical irregular particle phase function as well as the
of Henyey–Greenstein phase functions with anisotropy
rameter−0.5 � g � 0.5 shown inFig. 14. The resulting

variations in azimuthal asymmetry,β, average reflectivity,
I/F , and multiple scattering ratio,f , with ring opening an-
gle are shown inFig. 15.
tometric optical depth with ring longitude due to the wakes, forτdyn = 0.5 and

-

As expected, the asymmetry amplitude increases mon
ically as g increases (i.e., as forward scattering becom
increasingly important), due to the increased fraction of m
tiple scattering. For|B| = 26◦ and g = −0.5 (similar to
Callisto or a Lambert sphere)β = 0.104, whereas forg = 0
(isotropic scatterers)β = 0.155 and forg = +0.5 we find
β = 0.193, comparable to the observed value inTable 7.
The corresponding ratios of multiple to single-scattering
0.08, 0.6, and 1.8, respectively. The irregular particle mo
has both back-scattering and forward-scattering lobes w
act to reduce the fraction of multiple scattering at zero ph
angle in comparison with a single-lobed Henyey–Greens
function with a similar value ofg. As a result, its asym
metry amplitude at|B| = 26◦ is only 0.127, even though
g = +0.53 for this phase function. This is significantly le
than the observed value of∼0.18, but we note that this i
simply one particular model which has not been ‘tuned
fit the data. An extension of the particle size distribution

a maximum radius of 10 m, for example, will strengthen
the forward-scattering lobe and should increase the asym-
metry amplitude. Or an increase in the surface mass density
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Fig. 16. (Top) Predicted variations in total reflectivity,I/F vs ring opening angle,B at zero phase angle for many-particle-thick and monolayer rings, comp
using the irregular particle phase function shown inFig. 14for dynamical optical depths of 0.25, 0.5, 1.0, and 2.0. These models have no self-gravity an
do not exhibit wakes such as those inFig. 15. The difference betweenD = 0 andD = 0.02 multilayer models is that in the former model the numerica
calculated single-scattering contribution has been replaced by the analytical formula, Eq.(18), in order to remove the shadow-hiding opposition effect. Sha

hiding is present in theD = 0.02 multilayer, as well as in the monolayer model: the single-scattering intensity for theD = 0.02 multilayer in fact is very close
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to Eq. (19). The singly-scattered contributions for the same models ar
single scattering ratios. The latter would be much smaller for a ring co

in the ring will result in stronger wakes. This is illustrat
in Fig. 15by a second model computed withτdyn = 0.8, for
which we findβ = 0.20 at|B| = 26◦.

Although the models inFig. 15 were intended primar
ily to explore the source of the azimuthal asymmetry in
A ring, it may be of some interest to compare their p
dicted reflectivities and multiple scattering ratios with t
radar albedos and polarization ratios. As shown in the
ond panel inFig. 15, the simulation with the semi-empirica
phase function does quite a good job of reproducing the v
ation ofI/F with B shown by the combined radar data s
though not the very steep decrease in albedo seen in 1
2003. Contrary to the thick-ring models ofCuzzi and Pol-
lack (1978), and despite a substantial fraction of multip
scattered flux forg > 0, all models inFig. 15show a modes
decline in reflectivity with increasing tilt angle. This is a

parently due to the increasing visibility of the gaps between
wakes as the opening angle increases, which also leads t
these models’ relatively low values of photometric optical
wn separately in the middle panels, while the lower panels show the
ed of backscattering particles.

–

depth,τphot= 0.2–0.4, as shown in the fourth panel.14 Since
the rarefied gaps and wakes are also responsible for the
asymmetry amplitude of the models, it seems that the dec
of reflectivity withB is always accompanied by a substan
asymmetry amplitude (see alsoSalo and Karjalainen, 2003).
For the B ring similar models suggest a much smallerβ,
and a correspondingly weaker decline of reflectivity. Si
A and B rings make comparable contributions to the to
observed cross-section, the overall decline suggested b
photometric models is even weaker than that seen inFig. 15.

The Monte Carlo model does not handle polarization
plicitly, and thus cannot predictµC, but we expectµC to
increase with the fraction of multiple-scattering, as show
Fig. 9 above. The large values off and the substantial in
crease inf with B required to match the observed values
o14 τphot(B) is defined by setting the fraction of light transmitted through
the model ring at incidence angleB equal to exp(−τphot/sinB).
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µC were illustrated in this figure for an arbitrarily-chos
value of the single-particle polarization ratio,µ∗ = 0.30.
From Fig. 15, however, we see that while the MS/SS ra
can be large for isotropic or forward-scattering particles,
almost independent ofB, which implies a similarly constan
µC for a homogeneous ring, at variance with the obse
tions in Fig. 8. Clearly the very steep increase in MS/S
implied by the observed values ofµC is not compatible with
any of the models inFig. 15if the internal depolarization i
negligible or constant. If, on the other hand,µ∗ is permitted
to vary withB, as shown in the lower panel inFig. 9, then it
may be possible to fit the observed trend inµC.

The Monte Carlo photometric models ofFig. 15 are all
special in the sense that they are based on a single dyn
cal model with strong wakes and a rather lowτphot. In order
to check whether the trends shown here have general
nificance,Fig. 16 compares the predictedI/F vs B for
a wide range of optical depths using our irregular part
phase function. The three models studied are an idea
infinite-thickness multilayer (volume densityD = 0) with
no opposition effect, a finite-thickness multilayer with
opposition effect (D = 0.02, corresponding to a geometr
thickness of 65 particle radii), and a true monolayer.
expected, in each case the MS/SS ratio increases stro
with optical depth, being also larger for the multilayer th
the monolayer models. However, even in the extreme
of an idealized multilayer the increase of MS/SS withB is
much too weak to account for the observed behavior ofµC
without some dependence of the intrinsicµ∗ on B. On the
other hand, the models perhaps cast some light on why
µC ratios for A and B rings can be so similar, even thou
they have very different optical thicknesses. According
Fig. 16, for a fixedB the MS/SS ratio is approximately do
bled for τ = 2 in comparison withτ = 0.5. But according
to Fig. 9, this amounts to only about a 20% increase inµC
for µ∗ � 0.3, and even less for larger values ofµ∗. This is
in fair agreement with theµC values listed inTable 5for the
individual ring components.

FromFig. 16we also see that, in the absence of wakes,
predicted variations inI/F with B for forward-scattering
particles are remarkably similar for multilayer and mon
layer models, contrary to the expectations ofCuzzi and Pol-
lack (1978). Over the range of radar detections inFig. 8
of 12◦ < |B| < 27◦, the albedo is predicted to decrease
∼17% for the A ring while remaining fairly constant for th
B ring.

In summary, the predicted values of bothβ and average
ring reflectivity,I/F shown inFig. 15for a near-monolaye
A ring composed of moderately forward-scattering ice p
ticles in collisional and gravitational equilibrium are re
sonably consistent with the combined set of radar obse
tions, but a detailed match toβ may require either an ex
tended size distribution, a larger dynamical optical depth

both. The minimal variation in multiple scattering fraction
with opening angle exhibited by all the Monte Carlo mod-
els seems to be incompatible with the observed variation of
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µC in Fig. 8, unless we admit the possibility of a verticall
inhomogeneous ring in which the effective value ofµ∗ is
a function of viewing angle. Models of idealized multilay
and monolayer rings show very similar variations of ra
reflectivity with opening angle, but differ in their multiple t
single scattering ratios.

Finally, we note that there are serious limitations to
applicability of the Monte Carlo light-scattering model
microwave observations. Chief among these are its str
geometric optics approach to the light-scattering problem
which neglects the role of diffraction in ‘filling in’ the geo
metric shadows behind individual particles—and its neg
of near-field effects due to the close-packing of meter-
ring particles within a layer perhaps only 10 m thick.

7. Conclusions

We summarize our principal conclusions as follows:

1. Delay–Doppler radar images of Saturn’s rings obtai
in 1999–2003, at a wavelength of 12.6 cm and ring op
ing angles of 20.1◦ � |B| � 26.7◦, clearly resolve the
A and B rings but show no detectable echo from
C ring or Cassini Division. Model fits indicate that th
ratio of A ring to B ring normalized cross-section vari
from 0.85 to 0.71 over this range of inclinations, and
essentially the same for OC and SC polarizations.
normalized cross-section of the lower optical depth
ner B ring is∼2/3 that of the central and outer B rin
and more similar to that of the A ring.

2. The averaged normalized radar cross-section of th
and B rings,σ̂T , has decreased from 1.25 ± 0.31 at
B = −20.1◦ to 0.74± 0.19 atB = −26.7◦, with sim-
ilar fractional changes observed for the A and B rin
These large variations do not appear to be compa
with classical, many-particle-thick models of the ring
or with monolayer models (cf.Cuzzi and Pollack (1978
andFig. 16), and also appear to be at odds with previo
radar observations of the rings(Ostro et al., 1980).

3. The rings’ average circular polarization ratio,µC =
σ̂SC/σ̂OC has increased over the same period fr
0.64 ± 0.06 to 0.77 ± 0.06, continuing the trend ob
served byOstro et al. (1980)for 12◦ � |B| � 18◦. The
observed dependence ofµC on sinB appears to be linea
between 12◦ and 26◦, and is too steep to be explained
an increase in interparticle scattering alone. An inhom
geneous ring with large, irregular particles concentra
towards the mid-plane and surrounded by a haze
smaller, smoother particles may be capable of acco
ing for the polarization results, due to its elevation an
dependent scattering properties.

4. Using multiple-ringlet model fits to the radar images,

are able to set conservative (3σ ) upper limits on the nor-
malized cross-sections of the C ring and Cassini Divi-
sion of σ̂T � 0.03 andσ̂T � 0.09, respectively, at|B| =
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23◦–26◦, substantially improving on the upper limit o
the C ring set byOstro et al. (1982). These very low
cross-sections may reflect a substantially larger f
tion of smaller (subcentimeter-size) particles in th
regions, compositional differences relative to the
A and B rings, or a greatly reduced level of multip
scattering.

5. A strongm = 2 azimuthal asymmetry is observed
the radar images, concentrated in the A ring, with
amplitude,β � 0.20 for |B| � 23◦. This asymmetry is
approximately twice the amplitude of that seen sim
taneously in reflected light at visible wavelengths,
has the same orientation with respect to the obse
leading to the conclusion that, like the latter, it also is
tributable to the presence of strong gravitational wa
in this part of the rings.

6. A much smaller azimuthal asymmetry may be pres
in the B ring, at∼1/4 of the level seen in the A ring bu
with a similar orientation. A similar weak asymmetry
the inner B ring has recently been reported by (Fre
et al., in preparation) in HST images.

7. Monte Carlo radiative transfer models, based on dyn
ical simulations of the rings and geometric optics, s
gest that the large amplitude of the radar asymmetr
the A ring may be due to the forward-scattering char
teristic of cold, decimeter-to-meter-size, irregular wa
ice particles, which leads to significant multiple scatt
ing even at zero phase angle, and thus to enhanced
trast between wake and interwake regions. A reason
fit to the observed asymmetry is obtained for a Heny
Greenstein single particle phase function with a sing
scattering albedo,� = 1.0 and anisotropy paramete
g � +0.25, or for our irregular particle phase fun
tion, provided that the maximum particle size and
the dynamical optical depth are increased somew
Such near-monolayer dynamical models predict a
tal cross-section which decreases slowly with increas
|B|, due to the increasing visibility of the low optic
depth ‘gaps’ between the wakes.

8. Radiative transfer models for idealized multilayer a
monolayer rings, using the same irregular particle ph
function, predict very similar variations in radar albe
with ring opening angle, contrary to the results ofCuzzi
and Pollack (1978)but in agreement with those o
Froidevaux (1981).

9. We find no evidence in our data for a reappearanc
the Low Doppler Excess reported byGoldstein et al.
(1977)in radar spectra of the rings from the early 197
at opening angles exceeding∼24◦.

Although no simple radiative transfer model has
been identified which simultaneously fits the observed ra
cross-section of the rings, their polarization ratio, and

observed variations with ring opening angle, as well as the
unexpectedly large azimuthal asymmetry amplitude, promis-
ing results have been obtained using the Monte Carlo ra-
rus 177 (2005) 32–62

-

diative transfer model developed bySalo and Karjalainen
(2003)combined with a moderately forward-scattering p
ticle phase function. The latter is compatible with calcu
tions for irregular water ice particles with power-law si
distributions in the centimeter-to-meter size range. It app
that a dynamical near-monolayer may provide an equ
good fit to the observed variations ofσ̂T and µC with B

as does a classical, many-particle-thick ring such has ge
ally been favored by previous investigators (e.g.,Cuzzi and
Pollack, 1978; Ostro et al., 1980). However, no serious a
tempt has yet been made to optimize the parameters of s
model, or to include an inhomogeneous distribution of s
terers. Furthermore, the Monte Carlo code was develo
to model optical data whereλ � a, an assumption which i
clearly violated at radar wavelengths.

Future monostatic radar observations at Arecibo co
go down toB = −14.5◦ in 2007 and−8◦ in 2008, albeit
with limited tracking time, and could greatly help to na
row the range of possible ring models. We note that b
optical observations and the Monte Carlo models of li
scattering by gravitational wakes show thatβ is likely to
reach its maximum value at|B| = 12◦. Bistatic radar ob-
servations between Arecibo and Greenbank could yield
ring cross-sections at even lower opening angles, but pr
bly insufficient SNR for delay–Doppler images. Addition
observations ofµC at 3.5 cm by the Goldstone Solar Syste
radar, especially at lower inclinations, would also be m
helpful.

During this same time period, we can also look forward
a wealth of observations of the Saturn system by the Ca
spacecraft, including 3-frequency radio occultations by
rings (at 1.3, 3.5, and 12.6 cm) and high-resolution spa
mapping of the scattered radiation from the planet at 2 cm
two linear polarizations by the Radar experiment.
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Appendix A. Modeling radar delay–Doppler images of
Saturn’s rings

We constructed a variety of models of the radial and
imuthal structure of Saturn’s main rings in order to estim
their radar reflectivity. These were reprojected into del
Doppler images, and the model parameters were adjuste
a least squares procedure to give the best match to the
delay–Doppler observations. To develop and test our
cedures, we used high-resolution Hubble Space Teles
(HST) images of the rings as model radar targets. Cont
poraneous Wide Field and Planetary Camera 2 (WFP
images taken near zero solar phase angle were availab
comparison with each of the radar data sets, obtaine
part of a long-term program to observe Saturn’s rings o
a range of ring opening angles (French et al., 2000, 2003).

In the most general case, this reprojection technique
ables us to predict the delay–Doppler brightness corresp
ing to a model (or actual) ring image of arbitrary complex
Because of the finite delay–Doppler resolution and SNR
the observations, we usually restricted our attention to m
idealized models. In the simplest case, we represented
ring system as a set of three concentric, circular ringlet
uniform reflectivity, demarcated by the boundaries of
classical A, B, and C rings. We projected this ring mo
from radius and longitude coordinates(r, θ) into the sky
plane, using the appropriate ring tilt angleB, and for con-
venience we adopted an angular resolution of one-third
Planetary Camera pixel (∼0.015′′), corresponding to a spa
tial resolution at Saturn of∼100 km. (This is 10–20 time
higher than the effective resolution of the delay–Doppler
ages.) This served as the model target for the radar bea

The model accounts for the (possibly offset) ante
beam profile by multiplying the sky plane image by a 2-
mensional Gaussian of FWHM= 2.10′ at λ = 12.6 cm for
the 2001 and 2003 observations, and 2.56′ for the 1999 and
2000 campaigns, before the surface of the primary refle
was reset. The Gaussian beam profile was squared to ac
for both transmit and receive losses. In 1999, we suspe
a problem with the telescope pointing on one night wh
we confirmed by performing separate fits to the positive
negative Doppler halves of the images. These fits show
15% difference between the reflectivities of the east and w
ansa, which did not reappear in subsequent years.

In 2001, an extensive set of pointing calibrations w
undertaken by the Observatory staff, which found an R
pointing error at S-band of∼10′′, subtending∼60,000 km at
Saturn. As an independent check of the pointing, and to
termine the effect of possible pointing errors on our mo
fits, we separately fitted the 2000, 2001, and 2003 de
Doppler images to a grid of three-ringlet models in wh
the beam was offset from the nominal pointing in the E–
and N–S directions by up to±120,000 km. (In practice, the

pointing errors for the transmitted and received signals are
independent, and are likely to be different from each other,
but in these tests, we assumed that they were the same.) Th
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best fitting model for the 2000 data had a pointing offse
22,000 km E and 27,000 km N relative to Saturn’s cen
or about 6′′, consistent with the independently determin
RMS pointing error for the antenna. For 2001 and 2003,
estimated pointing errors from the fits were 5′′ and 3′′, re-
spectively. In all cases, the ring model parameters diffe
by much less than our quoted uncertainties for the stan
fits, which assumed that there was no pointing error.

Obscuration of the rings by the planet was accounted
by computing a mask given by the projected elliptical sh
of the planet at the time of the observations, assuming
equatorial radius of 60,268 km at the 1 bar level and
oblateness of 0.09796(Lindal et al., 1985). The unobscured
projected area of each ring region was also computed f
the model for use in calculating the normalized radar cro
sections inTable 4.

The Doppler frequencyν and time delayτ of each pixel
in the sky plane image was computed from its radiusr and
longitudeθ as follows. Orbital motion was assumed to
circular, with the mean motionΩ of each pixel in the sky
plane model image given to orderJ4 in terms of Saturn’s
gravitational harmonics by(Nicholson and Porco, 1988):

(A.1)Ω2 = GM

r3

[
1+ 3

2
J2

(
Req

r

)2

− 15

8
J4

(
Req

r

)4]
,

whereGM = 3.7931272× 107 km3 s−2, Req = 60,330 km,
J2 = 1.6297×10−2, andJ4 = −9.10×10−4 (Campbell and
Anderson, 1989).

The radial component of the orbital velocity is then

(A.2)vrad= Ωr sinθ cosB

and the corresponding Doppler shift is

(A.3)ν = −2ν0vrad/c,

while the delay is simply

(A.4)τ = −2r cosθ cosB/c,

whereθ is ring longitude, measured in a prograde direct
from the sub-Earth point,ν0 = 2380 MHz, andc is the speed
of light.

A separate delay–Doppler model image was created
each individual ringlet in the sky plane image, at the sa
resolution inν (2000 kHz) andτ (10 ms) as the processe
radar images. The contribution of reflecting area from e
unobscured pixel in the sky-plane image was added to
appropriate delay–Doppler pixel. To simulate the finite pu
length of the transmitted signal, the delay–Doppler mo
was convolved in the time domain by a trapezoidal kerne
the appropriate duration (seeTable 1). We performed a serie
of tests to confirm that any errors in registration of the mo
and observations were less than half a resolution eleme
ν andτ .
e

At this stage, the simple concentric ring model had been
mapped into(ν, τ ) space and was directly comparable to the
radar image. Using a non-linear least-squares algorithm, the
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Fig. 17. A synthetic delay–Doppler image derived by reprojecting a pair of overlapping HST Planetary Camera images (upper left), compare
corresponding radar image constructed from OC and SC data obtained in December 2001 (middle left panel). The HST image has been smoothe
and delay to match the resolution of the radar image. The upper right panel shows a radar image of the B ring alone, obtained by subtracting a sualed
HST image of the A ring based on a 2-parameter fit. The middle right panel shows a radar image of the A ring, obtained by subtracting a suitably-s
image of the B ring based on the same 2-parameter fit. At lower left is shown the residual image after subtracting the entire HST model, scaled o

of a 1-parameter fit, from the radar image. Note the negative residuals in the regions dominated by the C ring. The lower right panel shows the residual image
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after subtracting best-fitting individually-scaled A and B ring images.

individual ringlet ‘reflectivities’ were then adjusted so th
the composite model delay–Doppler image, obtained by
adding the individual ringlet images, gave the best ma
to the data. The mean background signal was assum
be zero, rather than being fitted, because the preproce
of the radar data described in Section3 produced a zero
background to high precision. In practice, the delay–Dop
images for the ringlet models were computed in advance
stored on disk. With this computationally intensive task
hind us, a series of fits to the OC, SC, and combined C
and PFS datasets could be performed quite quickly.

We tested the algorithm extensively. In one test,
formed a composite image of Saturn’s rings from sepa
WFPC2 images of the E and W ansae, mapped the obse
ring brightness into(ν, τ ) space as described above, a
fitted this simulated radar image using a model with ei
uniform ringlets. We then compared the relative reflect

ties for the model ringlets with the actual radial reflectivity
profile of the rings extracted from the HST data. The agree-
ment was excellent.
g

d

As an illustration of the ability of the model to distinguis
the separate reflectivities of the A and B rings, in spite of
degeneracy in the delay–Doppler image,Fig. 17shows the
combined OC+SC radar image obtained in December 20
together with a delay–Doppler image constructed from H
data taken at the same ring opening angle. The reflectiv
of the A and B rings in the HST image were then separa
scaled to give the best match to the radar data. By subt
ing the A ring model from the data, the radar signal from
B ring remains, and vice versa. Note that the four brightn
peaks in the images due to the delay–Doppler mapping
generacy are still present in the individual rings, but m
subdued in comparison with the original radar image wh
the A and B rings appear to cross over in these regions
discussion ofFig. 1above). The final panel inFig. 17shows
the residuals after subtracting both A and B ring mod
from the data.
To estimate the azimuthal asymmetry in the rings’ radar
brightness, we included additional components in the ringlet
model based on Monte Carlo light scattering calculations for
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N-body representations of gravitational wakes. In princip
one could generalize the models described above by inc
ing, for any desired radial ring region, separate sine
cosine Fourier components of a periodic azimuthal brig
ness variation with wavenumberm = 1,2,3 . . . , and fit for
their amplitudes and phases. But the lower delay res
tion of the images compared with their Doppler resoluti
which introduces a radial resolution which is longitud
dependent, and the strong concentrations of radar br
ness due to the delay–Doppler degeneracy in the vicinit
the predicted brightness minima argue against such an
constrained ab initio approach to measuring the brightn
asymmetry.

We have instead chosen to model the asymmetry
ing previous N-body simulations of particle wakes bySalo
(1995)andSalo et al. (2004). These simulations employe
a local patch model with periodic boundary conditio
and colliding, self-gravitating particles. All calculations a
based on the same dynamical realization of the rings, a
scribed bySalo et al. (2004)and illustrated in their Fig. 2
using∼5000 identical particles of radius 1.67 m and dens
0.45 g cm−3, a ring radius of 130×103 km, a dynamical op-
tical depth of 0.5 (appropriate to the middle A ring) and
coefficient of restitution measured for cold ice byBridges
et al. (1984). The size of the simulation region correspon
to 4λcr × 4λcr, whereλcr is the critical wavelength from
Eq. (21) above; this should represent a sufficiently la
region to give approximately correct orientations and a
plitudes of the wakes.

The azimuthal variation in ring brightness was compu
at zero phase angle and for values of|B| appropriate to
the HST and radar observations, using a Monte Carlo
tracing scheme based on geometric optics and incorp
ing multiple-scattering (seeSalo and Karjalainen (2003)for
a complete description). This radiative transfer code u
30,000 photons at each longitude and the results are
aged over 40 snapshots from the dynamical simulation
the models fitted to the Voyager and HST data (Salo et al.,
2004; French et al., in preparation), either a Lambert sph
phase function or a power-law phase function approxim
ing that of Callisto (seeDones et al., 1993) was used, with a
single scattering albedo� � 0.5. In our fits to the radar dat
we assumed for simplicity a ‘reference model’ employin
Lambert sphere phase function with� = 1.0, but permitted
the amplitude of the model asymmetry to vary in order
achieve the best fit.

As a test of our implementation of the asymmetry mod
we fitted the projected HST delay–Doppler image inFig. 17
to a 3-ringlet model with an A-ring asymmetry, and fou
good agreement with direct azimuthal scans of the HST d
We are thus confident that the large asymmetry amplitu
found for the radar images in Section5.2, as compared with

those seen in contemporaneous HST images, are real an
not artifacts due to any geometric peculiarities intrinsic to
delay–Doppler images of the rings.
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