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Abstract

We present delay—Doppler images of Saturn’s rings based on radar observations made at Arecibo Observatory between 1999 and 2003,
a wavelength of 12.6 cm and at ring opening angles of2€ | B| < 26.7°. The average radar cross-section of the A ring %% 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 Division.
These results are consistent with those obtained by Ostro et al. [1982, Icarus 49, 367-381] from radar obseryAtien24°, but
provide higher resolution maps of the rings’ reflectivity profile. The average cross-section of the A and B rings, normalized by their projected
unblocked area, is found to have decreased fr&26+ 0.31 to Q74+ 0.19 as the rings have opened up, while the circular polarization ratio
has increased from®4+ 0.06 to Q77+ 0.06. The steep decrease in cross-section is at variance with previous radar measurements [Ostro et
al., 1980, Icarus 41, 381-388], and neither this nor the polarization variations are easily understood within the framework of either classical,
many-particle-thick or monolayer ring models. One possible explanation involves vertical size segregation in the rings, whereby observation:
at larger elevation angles which see deeper into the rings preferentially see the larger particles concentrated near the rings’ mid-plane. The
larger particles may be less reflective and/or rougher and thus more depolarizing than the smaller ones. Images from all four years show
strongm = 2 azimuthal asymmetry in the reflectivity of the A ring, with an amplitude:@0% and minima at longitudes of 674° 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 Colombo
et al. [1976, Nature 264, 344—-345] to explain the similar asymmetry long seen at optical wavelengths. A simple radiative transfer model
suggests that the enhancement of the azimuthal asymmetry in the radar images compared with that seen at optical wavelengths is due to
forward-scattering behavior of icy ring particles at decimeter wavelengths. A much weaker azimuthal asymmetry with a similar orientation
may be present in the B ring.
0 2005 Elsevier Inc. All rights reserved.

1. Introduction urn’s rings, made at Arecibo in 1976 IQstro et al. (1982)
demonstrated that (i) most if not all of the reflected power
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 of
5.fhe C ring is probably10% that of the B ring. These ob-
servations, together with additional CW (continuous wave)
radar experiments at 3.5 cm (using the 70 m Deep Space
Network antenna at Goldstone, CA) and 12.6 cm (primar-
ily at Arecibo) in the late 1970¢Goldstein et al., 1977;
" Corresponding author. Ostro et al., 1980Q)demonstrated conclusively that typical
E-mail addressnicholso@astro.cornell.ed@.D. Nicholson). ring particles must be decimeters in size or larger. The very

Our modern understanding of the physical nature of the
particles which comprise the rings of Saturn dates to the
early 1970s, when the first, unexpectedly strong radar echoe
were obtained at a wavelength of 12.6 ¢@oldstein and
Morris, 1973) Early delay—Doppler observations of Sat-
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high normalized radar cross-sectionQX 67 < 1.4) cou- sections of the A and C rings led to size distributions with
pled with the rings’ very low microwave brightness tem- upper cutoffs at~5 m, while the differential opacity data
perature {3 ~ 10 K; Berge and Muhleman, 19Y%ould were consistent with power-law distributions in the 1 cm
plausibly be reconciled only by centimeter-to-meter-sized to 1 m range with indices of = 2.8-34 (Marouf et al.,
chunks of water ice, whose very low absorption coeffi- 1983) Further attempts to constrain the rings’ particle size
cient at a physical temperature o00 K leads to a corre-  distribution based on stellar occultation data at optical wave-
spondingly low microwave emissivit§Pollack et al., 1973;  lengths have been made Bjowalter and Nicholson (1990)
Pettengill and Hagfors, 1974; Pollack, 1975) andFrench and Nicholson (20000 he latter estimated min-

A long-standing puzzle in the study of Saturn’s rings imum and maximum radii in the A and B rings of 30 cm and
is the issue of the rings’ thickness and vertical structure. 20 m, withg ~ 2.75, but a somewhat steeper distribution in
Photometric observations made when the Earth crosses theéhe C ring ¢ ~ 3.1) with particle radii in the 1 cm to 10 m
ring plane yield effective global thicknesses of 1.0-1.5 km range.

(Sicardy et al., 1982; Nicholson et al., 1996yt this resid- Other unanswered questions remain concerning the mi-
ual edge-on brightness is now known to be dominated by the crostructure of the rings and the physical nature of the ring
F ring (Nicholson et al., 1996; Poulet et al., 2008) stel- particles. One of the most intriguing is the origin of the so-

lar occultation observed by the Voyager 2 photopolarimeter called azimuthal asymmetry exhibited by the A ring at op-
instrument provided an upper limit of 200 m on the local tical wavelengths. This quasi-sinusoidal variation in bright-
thickness in the vicinities of several sharp edges in the A, ness with longitude has been observed photographically with
B, and C ringg(Lane et al., 1982)Analysis of the bistatic = ground-based telescop@Samichel, 1958; Reitsema et al.,
scattering data from the Voyager 1 radio occultation experi- 1976; Thompson et al., 1981ij images taken by the Pio-
ment led to the conclusion that the C ring may be effectively neer 11(Gehrels and Esposito, 1984nd Voyager spacecraft
a monolayer, while the meter-size particles in the A ring are (Dones et al., 1993)and most recently in Hubble images
confined to a layer approximately 3 particles thi@ebker (French et al., 2000)n all cases, the ring is fainter in the
etal., 1985)Zebker and Tyler (1984hferred a thickness of  first and third quadrants as measured from the observer’s po-
less than 10 min the C ring aneéb0 m in the A ring. sition in the direction of orbital motion, reaching a minimum
These more-or-less direct observational limits are con- ~20° in longitude prior to the particles reaching elongation
sistent with dynamical simulations which suggest that the (Lumme and Irvine, 1984)and brighter in the second and
scale heightH = 10-20 m(Goldreich and Tremaine, 1978; fourth quadrants. The effect is strongest in the middle A
Cuzzi et al., 1979; Salo, 1995and with ring thicknesses ring, where it can reach an amplitude ©20% at interme-
of 30 m or less inferred from density and bending wave diate ring opening angles3(~ 12°) and apparently rotates
damping lengthg(Esposito et al., 1983b)On the other  to maintain a fixed orientation with respect to the observer
hand, most optical photometric models have assumed a clas{Dones et al., 1993Based on the available data, the asym-
sical, many-particle thick ring (e.gDones et al.,, 1993; metry seems to be independent of both wavelength and solar
Doyle et al., 1989; Cooke, 1991Analyses of the rings’  phase angle, but decreases in amplitude at lower and higher
radar cross-section and polarization characteristics and theirvalues ofB.
variation with opening angle provide an independent avenue The most widely-accepted explanation of the azimuthal
to attack this probleniCuzzi and Pollack, 1978; Ostro etal., asymmetry involves gravitational ‘wakes’ generated spon-
1980) taneously or by individual large ring particles, which are
Cuzzi and Pollack (1978and Cuzzi et al. (1980used distorted by Keplerian shear into elongated structures trail-
both radar and radio emission observations to develop phys-ing at angles of~70° from the radial directioColombo
ical models of the rings based on classical radiative trans-et al., 1976; Franklin and Colombo, 1978; Salo, 1995;
fer methods and a new model of scattering by large, ir- Daisaka and Ida, 1999%uch wakes are indicative of incip-
regular particles. They considered models with the parti- ient gravitational instability near the Roche limit, and are
cles in a monolayer, and distributed over a layer several expected to have characteristic wavelengths @b m in the
particle diameters thick. Comparisons of these model pre- A ring (Salo, 1992a; Salo et al., 2004)hey are analogous
dictions with variations of the rings’ radar cross-section to the stellar wakes in galactic disks first studiedJojian
as a function of opening angle&, indicated that only the  and Toomre (1966and reviewed byToomre and Kalnajs
many-particle-thick model was satisfactory, while the sim- (1991) If this picture is indeed correct, then the asymmetry
ilarity of the radar cross-sections at 3.5 and 12.6 cm sup- should be equally visible in radar images of the rings. The
ported the idea of a broad size distribution extending from only previous delay—Doppler observations of the rings, made
a few centimeters to several metg@stro et al., 1980; at Arecibo in 1976 atB = —21.4° (Ostro et al., 1982had
Ostro and Pettengill, 1984) insufficient signal-to-noise ratio to resolve the question of
Definitive information on the particle size distribution azimuthal variations, though there is a hint of such an asym-
was provided by the radio occultation experiment carried out metry in the data.
at 3.5 and 13 cm by the Voyager 1 spacecraft in 108@er Since 1978, Saturn has been too far south for obser-
et al.,, 1983) Inversion of the forward-scattering cross- vations at Arecibo and no additional radar observations
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of the rings have been reported. Only in late 1998 did zontal lines are lines of constant delay, while the curving
the planet return to a declination where the tracking time lines are contours of constant Doppler shift, as determined
at Arecibo exceeded the round-trip light travel time of by the Keplerian velocity profile across the rings. The situ-
~135 min. In October 1999 we commenced a program of ation on the opposite ansa is a mirror imageraf. 1, but
annual delay—Doppler imaging of Saturn using the recently- with negative Doppler shifts; there is no east-west ambi-
upgraded Arecibo S-band & 2380 MHz, A = 12.6 cm) guity analogous to the north—south ambiguity which afflicts
planetary radar system. Our primary goals were to search fordelay—Doppler imaging of rigidly-rotating planets and as-
the azimuthal asymmetry in the A ring, as well as to exam- teroids. Note that the maximum Doppler shift-e825 kHz
ine the dependence of the rings’ cross-section and circularoccurs at the ansa, at the innermost edge of the C ring, while
polarization ratio on opening angle. A third goal was to in-  zero Doppler corresponds both to the subradar longitude on
vestigate the mysterious low Doppler excess (LDE) seen in the rings and to its counterpart 188way. An important fea-
radar observations of the rings in the early 1970s, an excesgyre jllustrated inFig. 1, and one which severely affects the
of power observed at low Doppler frequencies abig> 24° interpretation of delay—Doppler images of the rings, is the
at both 3.5 and 12.6 cm lyoldstein et al. (1977)The LDE degeneracy of delay and Doppler cells which oceuBs®
did not appear aB = —21.4° or at lower inclinations, and  on either side of each ansa. At these four symmetrically-
no satisfactory explanation for it has been advanced. placed locations the Doppler contours are locally parallel
In this paper we report on our first four years of obser- (, constant-delay lines and a substantial quasi-radial slice
vations, during which the opening ang|&|, has increased ot the rings can contribute to the same delay-Doppler cell.

from 20.T to a (near maximum) value of 26.7Delay—  Not only does this degeneracy lead to the four prominent
Doppler images are presented for each year, along with eSt"bright spots seen in all our images (Efg. 2), but it prevents

mated radar cross—;ections and polarizgtion ratios for j[he Aa straightforward inversion of the delay—Doppler maps into
and B fiNgs. The azimuthal asymmetry_ls clearly Seenin a_II maps of the rings in physical coordinates (eithey orr, 6).
years, with an unexpectedly large amplitude. No evidence is Away from these four regions, the delay and Doppler con-

ll‘ougd c;fthezLDEé a3nd ng ech(_)bwas det(te)cted f;f’m the Sj: rtlrr:g tours are reasonably orthogonal and permit an unambiguous
N Sectionss and Swe describe our observations and the mapping of the rings’ radar reflectivity in radius and longi-

data analysis necessary to produce calibrated deIay—DoppIeEu de
images, respectively. The resulting ring cross-sections and A final complication arises from the ‘overspread’ charac-

radial reflectivity profiles are presented in Sectipand our ter of the radar echo from the rings. A typical slowly-rotating

results are discussed in the context of previous work. In Sec- . .
tion 5 we obtain quantitative estimates of the amplitude and terrestrial radar target (e.g., Mercury or Venus) might have
a delay ‘depth’ of At = 2Rpjanei/c 2 20-40 ms, while the

phase of the azimuthal asymmetry. Secttopresents a ra- : . .

diative transfer model for the A ring asymmetry, based on IZoplalgr VRY'dth of |It)s rNadlaSroe'_(':h(; at 2380 2/.”_‘2 Lst.Of order

the Monte Carlo light scattering model 8#lo et al. (2004) AV = 87 Rplaneto/ Pc ~ Z for a synodic rotation pe-
riod of P = 100 days. As long as the produgtz Av is

Our conclusions are summarized in Secffon g ,
not much greater than unity, the target may be mapped si-
multaneously in delay (i.e., range from the observer) and
Doppler shift using coherent techniques involving pseudo-
random phase coding of the continuous-wave (CW) trans-
mitted signalEvans and Hagfors, 1968; Ostro, 1998t if
this non-aliasing condition is violated, the target is referred
to as ‘overspread’ and such techniques fail.

2. Observations

The main limitation to radar observations of Saturn at
Arecibo was alluded to above: the minimum round-trip light
travel time to Saturn at opposition {134 min, whereas ) .
the maximum available tracking time on a target at the op- Saturn’s rings are overspread with a vengeance: the delay
timal declination near Arecibo’s latitude gf18.2° is only depth iISAT = 4Routerc0OSB/c >~ 1.72 s at| B| = 20°, where
166 min, dictated by the telescope’s maximum zenith an- Router= 1.37 x 10° km is the outer radius of the A ring,
gle of 19.7. Only for declinations north of-8.5° does the ~ While the Doppler width at the inner edge of the C ring
tracking time exceed the two-way light time. This limits ob- 1S Av = 4£2 Rinnervo COSB/c = 676 kHz, so thatAr Av =~
servations in the current saturnian year to between Octoberl.2x 10°. In practical terms, this means that successive short
1998 and February 2008. Even in optimal years, the avail- transmitted pulses of CW radiation return spread over almost

able integration time ‘on target’ is at mosB2 min per day.

700 kHz in frequency and must be separated by atleast 1.8 s

For our observations the actual receive time per day rangedto avoid range aliasing problems.

from 22 to 31 min (se@able 1for the relevant observational
parameters).

The remaining limitations are imposed by the geometry
of the ring system itselfFig. 1 illustrates the mapping of

In such a situation, i.e., whefar Av > 1, a simpler, in-
coherent technique can be ugéxbtro et al., 1982; Campbell
and Hudson, 2002A delay—Doppler image of the returned
power is generated from each individual transmitted pulse

delay—Doppler cells onto the approaching ansa of the rings,and then a weighted average is constructed by summing all

for |B| = 25.8° (corresponding to December 2001). Hori-

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 20@ds Dashed |

indicate every fourth 70 ms range box, while dotted and dot-dashed lines indicate Doppler contours at 10 and 50 kHz intervals. The planet andits shadow

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 toukie ‘north—so
ambiguity’ which afflicts solid-body radar imaging, but parallel delay and Doppler bins result in a local radial degenerae$5icaom the ansa, resulting

in the four bright spots seen Fig. 2

ited by the pulse length and in the Doppler dimension by its ~ Over the four years of observations several variations on

inverse. the above protocol were used in an attempt to maximize effi-
ciency and balance better delay resolution against a higher
2.1. Transmitter operations transmitter duty cycle. Details are given irable 1 The

70 ms pulse length, 21 hops, and 2.03 s PRP adopted in

To avoid the overspread difficulties, and make efficient 2001 and 2003 provide a range resolution of 10,500 km and
use of the limited observing time available each day, our an effective duty cycle of 69% for a receiver bandwidth of
observations employed a frequency stepped (or ‘hopping’) 16 MHz. For comparisorQstro et al. (1982used a similar
technique (cfOstro et al., 198pwith a CW pulse length of  strategy but with a pulse length of 400 ms, 8 hops and a PRP
70 ms, increasing the transmitter frequency by 800 kHz be- 0f 3.2 s, with a corresponding range resolution of 60,000 km.
tween successive pulses. In most years, 21 such ‘hops’ werel'heir maps were made at an opening angle o421t is the
used, driving the transmitter over a range of 16 MHz cen- improvement in the telescope’s gain as a result of the Grego-
tered on a frequency of 2380 MHz. After pausing briefly at rian upgrade, coupled with a doubling of transmitter power
the highest frequency, the cycle was repeated with a pulseand the advent of wider-bandwidth digital sampling systems,
repetition period (PRP) of 2.03 s, comfortably longer than which has permitted us to improve significantly on the ear-
the delay depth of the rings and leaving.3 s in each cycle  lier results.
for background measurements. The only problem encountered with this mode of ob-

The transmitter frequency was also continuously adjusted servations, which were carried out with the transmitter and
to compensate for the varying 2-way Doppler shift between telescope under full computer control, was a series of unpre-
Arecibo and Saturn, so that a hypothetical echo from the dictable transmitter anomalies which led to automatic shut-
planet’s center of mass would return exactly at 2380 MHz downs and subsequent loss of data. These were apparently
modulo the 800 kHz hop offsets. The pulses were transmit- associated with the unusually large variations in klystron
ted with a left circular polarization (IEEE definition). 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 January 3-8
Ring opening angleB —-20.1° —235° —25.8° —26.7°
Two-way light time,zrT (mMin) 137 135 135 135
Transmit parameters:
Average transmitted powep, (kW) 450 750 800 800
Pulse length (ms) %oor 100 70 70 70
Frequency stepsVhops 16 25 25 or 27 2lor1%
Hop increment (kHz) 800 800 800 800 or 700
Pulse repetition period, PRP (s) 2.20 2.03 2.03 2.03
Receive parameters:
CBR bandwidth (MHz) 130r10 10 10 10
PFS bandwidth (MHz) - 20 20 or 6 16
Available time per day (min) 22 29 31 30
Antenna gaifl (K/Jy) 6.6 5.8 9.2 8.9
ocC Tsysd (K) 31.9 27.2 26.5 28.4
SC Tsysd (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

@ QOctober 24.

b December 19 and 22.

¢ January 7 and 8.

d At an average zenith angle of 6.

on one of five nights in 2000, on two of four nights in 2001, Between the 2000 and 2001 runs, the telescope’s primary
and on three of six nights in 2003. Attempts to circumvent reflector surface was reset, resulting in a substantial im-

the problem by reducing either the number of hops or the provement in telescope gain for the last two years. This more
total hop bandwidth were unsuccessful. Although no such than offset the shorter total integration time achieved in these
problems were encountered in October 1999, one of the twoyears, and the 2001 observations yielded the highest signal-
500 kW S-band klystrons was out of service for maintenance to-noise ratio images to date.

and retuning, reducing the total transmitted power by 50%.  |n October 1999, observations of the rings were made on
five alternate days, interleaved with observations of Titan.

No significant problems were encountered with either trans-

i i ) . mission or reception. Sixteen frequency hops were used,
The return signal was recorded in both the Opposite Cir- with a PRP of 2.20 s. Data were taken with the CBR run-

::ular grg:d izn;eccrlrcularti?/ollanzz';ltorr]s (heir;ce{rc])rrth r(ra]f:?;r{er(j ning at 13 MHz on October 24 and on subsequent nights at
0as a , respectively). After passing throug € 10 MHz; the PFS was still under development and used only
mediate frequency stages at 750 and 260 MHz, the baseban ' .

or tests. On the first night a pulse length of 50 ms was used,

signal with its bandwidth of-16.8 MHz was low-pass fil- but with a resulting transmitter duty cycle of only 36%. On

tered to avoid aliasing, amplified, and sampled using two in- . . .
dependent receivers: the Caltech Baseband Pulsar I?eceive?ubse_quent nights this was increased to 100 ms an_d the CBR
sampling rate reduced to 10 MHz12 hops) to avoid po-

(CBR) operating at 10 MHz, with two channels (OC and SC) S
tential aliasing problems; the duty cycle was 55%.

and 2-bit sampling and a newly built Portable Fast Sampler ; .
(PFS) operating at up to 20 MHz with 1 channel (OC only) In November 2000 we observed for five consecutive

and at 2 or 4 bits per sample. The exact sampling frequencied"ignts with a uniform setup of 25 frequency hops, a PRP

were readjusted slightly on each night to allow for the chang- ©f 2-03 s and both klystrons in operation. Both the PFS
ing two-way light time and so as to maintain a fixed number and CBR were used for data recording, the latter sampling

of samples per returning PRP.Q3 x 107 for the CBR and @t 10 MHz and the former at its maximum design rate of
recorded on DLT tapes (CBR) and hard disk (PFS)’ with typ- data on November 19, 21, and 23, while a transmitter fail-

ical volumes of 10 and 16 Gbyte per night, respectively. ure on November 19 limited useful observing time to 9 min.
Table 1summarizes our observations in all four years, The CBR also failed on November 23. Overall, three good

including ring opening angleB, and two-way light time, nights of data were obtained with the CBR and two with the
transmitter setup (average power, pulse length, number ofPFS.

frequency hops, and PRP time) and receive parameters In 2001 we observed Saturn for four nights over Decem-
(bandwidth, receive time per day and the total non-redundantber 17-22, with the nights of December 20 and 21 devoted
integration time in each polarization for each observing run). to Titan. The initial transmitter setup was as in the previous

2.2. Signal recording



Delay (msec)

Delay (msec)

Delay (msec)

Delay (msec)

Fig. 2. Delay—Doppler images constructed from data obtained in (a) Octo-
ber 1999, (b) November 2000, (c) December 2001, and (d) January 2003.1(1)’ )
Both OC and SC polarizations were combined to maximize the signal to
noise ratio. Note the four bright regions in each image where the delay and

-1000

-1000

-1000

Radar imaging of Saturn’s rings 37

1000

October 1999
OC + SC

-400 -200 0 200 40C
Doppler (kHz)

1000
November 2000
OC + SC

it
o

-400 -200 0 200 40C
Doppler (kHz)

December 2001
oC + SC

500

-500

-400 -200 0 200 400
Doppler (kHz)

1000 :
January 2003

oC + SC

500

-500

-400 -200 0 200 400
Doppler (kHz)

pling rate to 16 MHz for the last two nights. Unfortunately
both the transmitter and the CBR failed on December 19, and
good data were obtained from both receivers only on Decem-
ber 22. Good CBR data were also obtained on December 17.
Despite these woes, the overall SNR of the images obtained
from this run is the highest of all four years, due to the im-
proved telescope gain.

In 2003, observations were attempted on January 3-8, us-
ing the same transmitter setup as finally adopted in 2001
(i.e., 21 frequency hops, a PRP of 2.03 s, and recording at
10 MHz (CBR) and 16 MHz (PFS)). Useful observations of
Saturn on January 4-6 were prevented by background syn-
chrotron radiation from the nearby Crab Nebula (M1). Of
the remaining three nights, 12 min were lost to a transmit-
ter failure on January 3 and almost 20 min were similarly
lost on January 8. On January 7 a full 30 min of data was
successfully recorded with both receivers.

3. Delay—Doppler images
3.1. Data processing

Successive 0.5 ms segments of data were Fourier trans-
formed to produce power spectra at a resolutionsof=
2 kHz, which were incoherently co-added over a period of
3t = 10 ms to produce 203 spectra per PRP, and saved in bi-
nary files of eithetVcyc = 30 PRPs for the CBR data or 25,
50, or 100 PRPs for the PFS data. In subsequent process-
ing (‘dehopping’) we time-shifted each successive spectral
interval of 800 kHz (400 points) by 7 delay bins (70 ms),
S0 as to align the echoes in time across all frequencies, and
then summed th&/cyc PRPs within each file of data. Each
summed spectruns(v, t), was then corrected for and nor-
malized by the average background noise spectBm),
measured during the intervals 0.3 s between successive
ring echoes:

s(v,t) =S, 7t)/B(v) —1, Q)

where—8 < v < 8 MHz and—1.015< 7 € 1.015 s. Next,

the Nhops= 20 separate frequency hdpsithin the 16 MHz

PFS bandwidth (0WVhops= 12 within 10 MHz bandwidth

of the CBR) were stacked and averaged to produce a single
400x 203 pixel delay—Doppler image from each file of data
and for each polarization:

N
_ (NcycNhop§f5vaack)l/2 fss(\) ) (2)
B Nhops(Nback+ 1t/2 1 Y

Doppler cells are parallel and where the A and B rings appear to cross overwhere —400 < v < 400 kHz and—1.015< 7 € 1.015s.
one another.

With this normalization, the RMS background noise in each
image is unity(Ostro et al., 1992)Npack is the number of
spectra coadded to estimaiév), typically 14 or 28.

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-1 For simplicity, we quote numerical values for the 2001 and 2003 data.
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Table 2 The transmit and receive gaing, and g, as well asTsys

Daily log of observations were evaluated for each snapshot, due to the rapid variation
Date P CBR2 PFS in these quantities close to the telescope’s zenith limit, but
(Um) (kW)  Nhops Ncyc  Niiles Nhops Neye  Niiles the average radiated powet, was recorded only once for
1999 October24 470 16 30 19 - - - each night (se@able 2.

1999 October26 480 12 30 18 - - - Combining data from several nights and from both PFS
1999 October28 450 12 30 19 - - - and CBR receivers for the OC polarization we obtained our

1999 October 30 440 12 30 18 - - -

1999 November 1 445 12 30 20 - - - final images for each run:

2000 November 19 850 12 30 9 — — - 1
2000November20 890 12 30 29 24 25 31 I D=97 > Wiki(v, 1), (6)
2000 November 21 860 12 30 23 - - - k

2000 November22 860 12 30 29 24 25 35  where the associated total weight is given by
2001 December 17 900 12 30 30 - - - 12

2001 December 18 820 12 30 4 - - -

12
2001 December19 80 - - - 20 50 1 W= (Z sz) = <Z > wjgk) : @)
K K

2001 December22 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 Five such images were created for each run: separate PFS

2003 January 8 760 — - - 18 100 3 (OC) and CBR (OC and SC) images, a combined OC im-
Note Npopsis the number of frequency hops within the receiver bandwidth, age? and an unpolarized image
Neyc is the number of PRPs summed in each file of data, X is the Woel Weel
number of files of data included from each night in the final images. Iot(v, T) = OCZOC + Zsi ‘:C. (8)
a OC and SC polarizations. (Whc+ Wso) /
OC polarization only. With the normalization of the individual snapshots;,
_ given in Egs(1) and (2) the RMS noise level is unit§Ostro
Up to 30 such ‘snapshots’ of CBR data were obtained et al., 1992)and the signal from the rings is expressed as an
on each night (at 60.9 s per file), and between 9 and 35SNR per pixel § x §v). The weighting scheme preserves
snapshots of PFS data (at 50.75, 101.5, or 203.0 s per file)this aspect of the images. If, for example, all individual
Table 2provides a daily log of observations, including the weightsw j; were equal then we haw = Nslr@pw where

average transmitter power and the number of files of ‘good’ Nenapis the total number of snapshots combined and
data obtained with each receiver on each night, along with

the corresponding values dhopsandNeyc. Images exhibit- I(v,7)= Ns_n]e-l/pzwil Z Z wljr(v, 7)
ing ‘ghosts’ or other obvious artifacts are excluded from ko
Table 2 and from the co-added images used in our subse- _Nnl2,,

. = sna;fbk)- (9)
guent analysis. : ; o _

After visual inspection of the individual images, the OC The2 combined image is increased in SNR by a factor of
and SC images were separately weighted and co-added tdVsnap as expected. Note also that the absolute value of the
produce a pair of master OC and SC images for each ob-weights cancels out in the final expression fobut is pre-
serving run. The weighting scheme, based agairDstro served inW to be used in the absolute calibration below.
et al. (1992) utilized existing calibration data for the tele- As a check on the analysis, the mean and RMS noise lev-
scope gaing) and system temperaturgs(s) as functions of els in the final images were evaluated in two regions: one
zenith angle and azimuth (Phil Perillat, private communica- interior to the rings and one outside them. In all cases, the
tion). These calibrations were revised and improved after the RMS noise was between 0.99 and 1.01, while the mean ‘sky’
primary antenna surface was reset in 2001. In terms of thesignal was<0.02. Table 3lists the combined OC and SC

single-snapshot images for théh night, /1, the co-added ~ Weights,Woc, andWsc, for each run. These weights, while
image for one night is given by: arbitrary in absolute value, provide a useful way to compare
the quality and quantity of data obtained on each night and

Nfes from run to run. The relatively low weights for the 1999 data
fi(v, 1) = W Z wikdje (v, 7). (3) reflect the lower transmitted power and shorter receive time
=1 per day, as well as the smaller number of hops per cycle for
where the individual snapshot weights are the CBR data. (Note that the SC and OC weights are not
29 Py Ua identipal, even wh(_an only CBR data are used, dge to slight

Wik = T—(NCyCNhops) / 4) variations inTsys with polarization and the occasional bad

sys snapshot excluded from the analysis.)

and the total nightly weight is

Niiles 12 2 n forming the combined OC image, we used either the PFS or CBR data
Wi = Z wjz.k (5) for each night, based on which had the larger weilgt In most cases, the
=1 PFS data were used.
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Table 3
Image weight8
1999 2000 2001 2003

Woc—CBR Q981 1851 3849 2862
Wsc—CBR 1084 1951 4039 3447
Woc—PFS - 2096 3418 3916
Woc-combined 81 2362 4491 3916
Wt-combined 1462 3063 6041 5217

a |n units of 16.
3.2. Ringimages

The combined OG- SC image from each of our four ob-
serving runs is shown iRig. 2 As no appreciable difference
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290-325 kHz at the ansae fpB| = 26° (cf. Fig. 1). This
is seen more clearly ifrig. 3, which displays smoothed
Doppler profiles from December 2001 centered at zero delay
and running across both ring ansae. The calculated max-
imum frequencies at the boundaries of the A, B, and C
rings are shown as dotted lines; no signal is apparent from
the C ring. The inner edge of the B ring at 290 kHz ap-
pears almost as sharp as the outer edge of the A ring at
237 kHz. This is consistent with the results @§tro et al.
(1982) who also failed to detect any signal from the C ring.
Echoes from the equatorial limbs of Saturn would appear at
v = +45 Rsvg COSB /¢ Ps = +141 kHz inFig. 3 but are also
not seen.

We have searched for any evidence of the puzzling low

between the OC, SC and combined images is discernible top 6 excess (LDE) reported from radar spectra obtained

the eye, we do not show the individual SC and OC images.
Time delay increases from bottom to top in each panel, and
Doppler frequency increases from left to right. (Note that

this puts the eastern or approaching side of the rings on the

right side of the images and Saturn’s south pole at the top,
opposite the usual convention for optical images.) The far
side of the rings was completely blocked by Saturn in 1999
and 2000, but the A ring became partially visible in 2001 (cf.
Fig. 1) and completely so in 2003.

At our frequency resolution of 2 kHz, the effective ra-
dial resolution at the ring ansae ranges from 1100 km in the
C ring to 2200 km in the A ring. In the delay dimension, the
pixel size ofst = 10 ms corresponds te1650 km in the

ring plane, although the real radial resolution at the subradar

point—as set by the transmitter pulse length of 70 ms—is
~11,500 km?2 With a width of 4500 km, the Cassini Divi-
sion separating the A and B rings is clearly resolved at the
ansae in all four years. It is also visible at the subradar point
in 2000—-2003.

Prominent in the image from each year are four bright
features abt = £220 kHz,r = +400 ms and elongated par-
allel to the rings. These reflect the local delay—Doppler de-
generacy illustrated ifFig. 1 and noted in Sectior2. At
these points a single delay—Doppler cell, or pixel, can ex-
tend across much of the A or B ring, collecting an unusu-

in the early 19709Goldstein et al., 1977)This might
have been expected to reappear in our data from 2001 and
2003, when|B| once again exceeded 24but no signal
unattributable to the A or B ring is evident in any of our
images. Echoes at low Doppler shifts might be expected to
arise either from near the subradar point on the planet it-
self or from ring material far outside the main rings. Our
images show no evidence for any echo from the subradar
point on Saturn, which would appear neae= 0 andt =
—2Rs/c = —402 ms. This is illustrated best by the delay
profiles through the planet, centered at zero Doppler shift,
shown inFig. 4 Only the expected signals from the front of
the A and B rings and the back of the A ring are detected
above the RMS noise level.

A possibility remains that the LDE might have its source
in ring material well outside the main rings, such as the nar-
row G ring at 28Rs or the broad E ring at 3-8 (Cuzzi
et al., 1984) although the latter is believed to be composed
primarily of micron-sized ice dust. The peak Doppler shift
from any such material would fall well within th£400 kHz
spectral range of our imagesn{ax = 214 kHz for the G
ring andvmax = 207 kHz for the E ring), but the time de-
lay with respect to Saturn’s center of mass would fall at
or beyond our window oft1.015 s. As a result, any echo

ally large fraction of the signal reflected from the rings. from the E ring would appear aliased in delay and superim-
Towards the ring ansae from these points the B ring ap- PoS€d on the main rings, while any signal from the G ring
pears outside the A ring in the images, due to its greater Would appear alr| < 1.1 s and be partially suppressed by
Keplerian orbital velocity, whereas along the line of sight Our background removal procedure, which uses the delay
towards Saturn’s center the B ring appears in its customary Pins at|z| > 0.86 s to define the instrumental plus sky back-
position interior to the A ring. The bright points can thus be ground via Eq(1).

thought of as the ‘cross-over’ points between A and B rings
in delay—Doppler images, an impression reinforced by the
best images. They fall at35° either side of the ring ansae,
or at longitudes with respect to the subradar point66°

and+125’. In this section we calculate the average radar cross-
Noteworthy by its absence in the images is the inner or sections of the rings for each year, examine what the radar
C ring, which is predicted to appear at a Doppler shift of jjages can tell us about the radial profile of ring reflectiv-
ity, and compare our results with those reported previously.
3 In 1999, with a pulse length of 100 ms, the subradar point resolution A discussion of azimuthal variations in radar reflectivity is
was 16,000 km. deferred to Sectiob.

4. Ring cross-sections and radial profile
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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 Dupgdeiofreque
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 from Satur
itself. The spectra are averaged ovet +150 ms and smoothed to 10 kHz resolution. 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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Fig. 4. Delay profiles at zero Doppler shift, constructed from vertical slices across the December 2001 images. Predicted delays for echoegé®nf the ed

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 echc
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 portian of the A rin
beyond Saturn. Profiles are averaged aver +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 imaged,(v, t) are convenient

41

4.2. Average cross-sections

To obtain the average normalized radar cross-section of

for many purposes, we also wish to compute the normalizedthe rings in either polarization we simply sum all pixels

total power radar cross-sectiofiy, and polarization ratio,
uc, of the rings from these data for comparison with previ-

ous results. This is complicated somewhat by the frequency
hopping procedure and the discrete pulses used for rangingg =

but the key information is contained in the image weights,
W, listed inTable 3 We start with the Radar equati¢vans
and Hagfors, 1968)

PG,G,)\2o1t/?

SNR: )
A7t (47t D?)%k Tsys( Av)1/2

(10)

where P is the transmitted powel;,;, andG, are the (di-

in the appropriate image and divide by the projected, un-
blocked area of the ringgings:

! Zopix(v, 7).

Arings

In computing Arings we include only the unblocked parts
of the A and B rings, since no signal was detected in our
images from the C ring. The calculated areas are listed in
Table 4 along withs for both OC and SC polarizations and
the circular polarization ratiouc = 6sc/doc. For conve-
nience we also list the total power normalized cross-section,
or = 0sc + doc—also referred to as the ‘radar albedo’™—

(15)

mensionless) telescope gains at the zenith angles of transand the equivalent geometric albegio= %;W (Ostro et al.,

mission and reception, is the transmitter wavelength, is

the radar cross-section of the target, defined as the pro-

jected area of an isotropically-reflecting metallic sphere
which gives the same echo strengtis the integration time,

D is the Earth-Saturn distancgsys is the receiver's sys-
tem temperature, andv is now the frequency bandwidth
recorded. Substituting the round-trip light tinagr = 2D /c
and rewritingG = (87kg/A?) x 10?°, we obtain

P grgtpatl/z

SNR=548x 10° ————.
trr Tsys(Av)1/2

11

Here, P is in kW, o is in km?, r and gt are in s and. =
12.6 cm. The gaing is now expressed in the conventional
radio astronomy units of Kly. The radar cross-section per
pixel in the images is thus

féTTsys(A U)l/z

x=183x 107" I1(v, 7). 12
Opix X grgtPtl/z v, 1) (12)
Using the overall image weight,

P
W = Nafa S~ (NeyeNnope /2. (13)
Tsys
this can be conveniently expressed as
4 1/2

o —7 TRr(8V)

Up|x = 183 X 10 nW(CSf)l/Z I(V, T), (14)

where we have set the integration time per pixek=
NsnapNeycNhopg T and the bandwidth per pixel equal to the
frequency resolution of the images;. The factorp =7 ac-
counts for the over-sampling in time delay in our images, as
compared with the transmitter pulse length of 70ms.

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

1982)° Our results indicate that the average radar albedo of
the rings has decreased by 41% as the opening angle has in-
creased from 2Q° to 26.7°, while the polarization ratio has
increased by 20%rig. 5 shows our estimates 6%, dsc,

or, anduc plotted as functions of ring opening ang|8,.

The uncertainties in our cross-sections are dominated by
systematic calibration uncertainties, and not by the SNR of
the images. These include errors in the average transmitted
power for each nightP, as well as in the system tempera-
ture and telescope gains, all of which enter via E4sand
(14). Values forTsys, g:, andg, are calculated as functions
of zenith and azimuth angle using polynomial expressions
fitted to calibration data obtained periodically at the observa-
tory, with Tsys adjusted to fit direct measurements obtained
on adjacent days during radar observations of Titan or the
Galilean satellites. The uncertainty in system temperature
during our runs is estimated &t2.5 K for all years, com-
parable to the contribution from Saturn itself when it is cen-
tered in the beam (2.75 K). The uncertainty in telescope gain
is conservatively estimated &t10%. The transmitter power
at the center frequency of 2380 MHz was monitored and
recorded at the start of each night's operations Tedxe 9.
Allowing for independent variations in average transmitter
power, system temperature and telescope gain, the system-
atic uncertainty in the normalized cross-section3able 4
is estimated at-25%. However, most of these systematic
uncertainties cancel out in the calculationuqf, so that this
guantity should be more reliably determined; the error bars
in Table 4andFig. 5instead reflect the statistical variations
in uc between multiple snapshots on a single night.

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

5 The geometric albedo is the same quantity as the optical reflectivity

usually denoted / F, wherel is the measured surface brightness of a body
at zero phase angle andF is the flux of incident sunlight at the same

hop frequency for seven times longer than the integration time per pixel in wavelength. The factor of /4 arises as the ratio of the reflectance of a
the final images, the effective transmitted power in the radar equation must smooth metallic sphere to that of a flat Lambert surface oriented normal to

be increased by a factor gf

the incident beam.
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Table 4
Average normalized ring cross-sections

1999 2000 2001 2003
Ring opening angleB —-20.1° —235° —25.8° —26.7°
Ring ared (km?) 8.70 x 10° 10.41 x 10° 11.83 x 10° 1210 x 10°
60c—PFS - 04 039 037
60c-CBR Q76 055 043 042
65c—CBR 049 041 032 032
ne 0.6440.06 0754 0.06 0754 0.06 0774+ 0.06
or 1.254+0.31 096+ 0.24 076+0.19 074+0.19
p 0.314+0.08 0244 0.06 0194 0.05 0184 0.05

Note The last three rows are calculated using the CBR data only.
2 Projected, unblocked area of the A and B rings.

Radar cross-section Polarization ratio
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Fig. 5. Variation of the average normalized cross-sectiéng, 6sc, andér, and polarization ratiowc for Saturn’s A and B rings with ring opening angle,
|B| between 1999 and 2003. Numerical values are givéfable 4 Uncertainties in all cross-sections are estimatetd28%.

20% (cf. Table 4. The klystrons’ power output was found 4.3. Radial profiles of ring reflectivity

to drop off significantly near the extremes of their 25 MHz

bandwidths. This may be partially responsible for the sys-  In addition to the average cross-sections listedTa
tematically lower OC cross-sections obtained from the PFS ble 4, we wish to use the radar images to determine both
data as compared to the CBR results. By integrating the mea-the radial and azimuthal variations in ring reflectivity. But
sured transmitter power profiles in 2000 and 2001, we found because of the limited signal-to-noise ratio of the images,
the difference between the average and center-frequencyand particularly because of the local delay—Doppler degen-
power levels to be 3% over the 10 MHz bandwidth of the eracy illustrated ifrig. 1, we have adopted a forward model-
CBR, 5% over the 16 MHz PFS bandwidth in December fitting approach rather than attempting to invert the observa-
2001 and January 2003, and 8% over the 20 MHz PFS band-tions directly. Details of the least-squares fitting algorithm
width used in November 2000. In addition to these transmit- are given inAppendix A along with various tests we per-
ter power variations, potential contributors include differing formed to assure its fidelity. In this section we consider the
amplifier gain settings for the 2-bit sampling schemes em- azimuthally-averaged radial profile of radar reflectivity, de-
ployed and differing baseband filters, though none of theseferring the question of azimuthal variations to Sectton

seem capable of introducing differences as large as 20%. In our initial series of fits, we adopted a simple three-
A further small reduction in signal-to-noise ratio for the PFS component ring model, with the C ring’s inner edge set at
data in 2000 may be traceable to aliasing of noise from out- 74,500 km, the C-B ring boundary at 92,000 km, the outer
side the nominal passband. In subsequent years this probB ring edge at 117,500, and the A ring spanning the range
lem was eliminated with tunable filters. Because only the 122,000-136,800 km. The Cassini Division, between the A
CBR data sampled both OC and SC polarizations, we haveand B rings, was assumed to be empty. The fitted parameters
restricted the results for total power cross-sections and po-were the relative A, B, and C ring reflectivities for the OC,
larization ratios inTable 4—as well as inTable 5—to those SC, and combined images, listedTiable 5 To avoid prob-
obtained from the CBR data, but for most of the azimuthal lems due to the systematic differences in OC cross-section
asymmetry fits described in Sectibywe have combinedthe  between the PFS and CBR data (Gdble 4, only the CBR
PFS and CBR data in order to maximize the signal-to-noise data were used for these fits. We find that the ratio of A ring
ratio. to B ring reflectivity has declined modestly fronB8+ 0.05
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Table 5
Individual ring parameters
Parameter 1999 2000 2001 2003
Ring opening angleB —-20.1° —235° —25.8° —26.7°
Aring ared (km?2) 3.78x 10° 458 x 10° 5.28 x 10° 5.41 x 10°
B ring are& (km?) 4.92 x 10° 5.83x 10° 6.54 x 10° 6.69 x 10°
uc (Aring) 0.63+0.05 073+0.05 072+0.02 081+0.03
uc (Bring) 0.70+ 0.04 075+0.03 079+0.02 080+ 0.02
OC polarization:
6 (Aring)/6 (B ring) 0.89+ 0.04 078+0.03 077+0.02 071+0.02
6 (Cring)/a (B ring) —0.01+0.05 —0.03+0.04 —0.05+0.02 —0.05+0.03
6oc (Aring) 0.71 047 037 034
6oc (B ring) 0.80 061 048 048
SC polarization:
& (Aring)/6 (B ring) 0.80+0.05 077+0.04 069+ 0.02 071+0.02
6 (Cring)/s (B ring) —0.02+0.07 —0.08+0.05 —0.09+0.03 —0.06+0.03
6sc (Aring) 0.43 035 026 026
6sc (B ring) 0.53 046 038 037
OC+ SC polarizations:
6 (Aring)/6 (B ring) 0.85+ 0.04 078+0.02 074+0.01 071+0.02
& (Cring)/& (B ring) —0.01+0.04 —0.05+0.03 —0.06+0.02 —0.06+0.02
67 (Aring) 114 082 063 060
&7 (B ring) 134 106 086 085

Note Results from 3-component least-squares fits to the CBR data. Fit uncertainties listed are 3 times the formal errors. Uncertainties in noswalized cro
sections are dominated by systematic errors and estimated at 25%.
2 Projected, unblocked area of each ring.
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Fig. 6. Results from 3-parameter least-squares fits to the radar imaigs i Variations of the ratio of A to B ring reflectivities, individual normalized ring
cross-sectiongjoc, dsc, andar, and polarization ratiogsc are plotted against ring opening angdlB|. Numerical values are given fable 5 Uncertainties
in all cross-sections are estimatedt#5%. Some points are shifted horizontally to avoid overlap of the error bars.

at|B| =20.1°t0 0.71+0.02 at| B| = 26.7°. As noted above,  A/B ring ratios from the 3-ringlet models and the relative

the Cring is not convincingly detected in any of the radar im- unblocked areas of the two rings, we derive the individual A

ages. The 3-ringlet models yield3ipper limits to the ratio  and B ring hormalized cross-sections also listedable 5

of Cring to B ring reflectivity which range from 0.04in 1999 and plotted vgB| in Fig. 6. These results indicate that the

to 0.02 in 2001 and 2003. radar albedos of both A and B rings have decreased as the
Combining the average normalized ring cross-sections ring opening angle has increased, by 47 and 37%, respec-

derived from the delay—Doppler imagesTable 4with the tively. Significant decreases are seen for both OC and SC
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polarizations, although the effect is more pronounced for the smoothing to simulate the effective radial resolution of the
OC data. Doppler slices. In each case, the smoothed 8-ringlet model

The 3-ringlet models also allow us to estimate the polar- gives a quite satisfactory match to the radial profiles derived
ization ratios for the A and B rings separately. From the fitted directly from the Doppler spectra.

reflectivities,rsc androc for each year we obtain We note that the relative ringlet reflectivities are gener-
recWoc all)_/ quite stgble frpm year'to year, the largest v'a.riations
=" (16) being seen in the inner A ring. We have also verified that
rocWsc the correlation coefficients between the individual ringlet re-

where the factors involving image weights arise from flectivities are quite low—typically<0.1 and in all cases
Eq. (14) above. The estimated values for each year are below 0.65—indicating that we are reliably retrieving ra-
also given inTable 5and are plotted v4B| in Fig. 6. dial variations in radar cross-section. Thé statistics for
The polarization ratios for both A and B rings appear to the 8-ringlet models range from 2 to 6% lower than those of
have increased steadily as the ring opening angle has in-the corresponding 3-ringlet fits, with the improvement being
creased, by 29 and 14%, respectively. This is in general most noticeable for the higher-quality data from 2001 and
agreement with the average increase of 20% found by sum-2003.

ming the entire images ifiable 4 There does not appear  Also shown inFig. 7 are radial profiles of the projected
to be a statistically significant difference betwegg for filling factor of the rings,

the A and B rings, though on average the B ring values are _

~5% higher. F(r)y=1—¢ /=Bl 17)

In order to exploit the full radial resolution of the radar
images, we next subdivided the A and B rings into three con-
centric segments each. The ringlet boundaries were base
on optical depth profiles derived from the Voyager 2 PPS
stellar occultation experimen{Esposito et al., 1983ahs
well as similar results obtained from the 28 Sgr occulta-
tion (Nicholson et al., 2000)The B ring was subdivided
into a relatively low optical depth inner region (extend-
ing out to 104,000 km), a high optical depth central re-
gion, and a slightly lower optical depth outer region (beyond
110,000 km). The A ring subdivisions were at 125,000 (in-
ward of which the optical depth rises towards the Cassini
Division) and at the Encke Gap (133,500 km). Including a
uniform C ring and the Cassini Division, each model fit had
8 free parameters. Given the very similar polarization ra-
tios found for the A and B rings in the 3-parameter fits, we
restricted these fits to the combined @CSC images and
included both CBR and PFS data.

Table 6summarizes the quantitative results of our 8-ring-
let model fits, with quoted errors equal to 3 times the for-
mal errors from the least squares fits. To set meaningful
limits on the C ring’s radar cross-section we prefer the re-
sults from these fits, which do a better job of matching the
adjacent inner B ring than do the 3-ringlet fits. When com-

bined with the average B ring albedosTable 5 the model The second-largest difference occurs in the inner B ring,
fits for 2000 to 2003 provide & upper limits onéy of where the radar reflectivity is significantly lower than might

0.01-0.03 for the C ring and 0.04-0.09 for the Cassini Divi- hgve been.anticipf_:lte.d and is, in facj[ comparable to that C?f the
middle A ring. This is surprising, inasmuch as the optical

depth of the inner B ring+1.0) is substantially higher than

wherer (r) is the normal optical depth profile of the rings ob-
ained from the Voyager 2 PPS stellar occultation experiment
({seeNicholson et al., 2000 smoothed to 250 km resolu-
tion. If the ring’s radar reflectivity is dominated by single-
scattering in a many-particle-thick layer of large particles,
then this expression should approximate the reflectivity pro-
file of the rings at exactly zero phase. But in regions where
interparticle scattering is important, it underestimates the de-
pendence of reflectivity on optical degth.
In fact, with a few notable exceptions, the qualitative

agreement between the radar reflectivity profile and(Ef)

is surprisingly good. The major difference occurs in the
C ring, where the radar reflectivity is much smaller than pre-
dicted by the PPS data. As discussed further in Sedtibid,

this may reflect either compositional differences or a larger
population of subcentimeter-sized particles in the C ring
compared to that in the A and B rings. The enhanced con-
trast with the A and B rings could also be due, in part, to
a greater degree of multiple scattering in the more opaque
regions of the rings. Similar comments apply to the consis-
tently low radar reflectivity of the Cassini Division, a region
which bears many other similarities to the C rif@uzzi et

al., 1984)

sion.

The results of the 8-ringlet fits are presented graphically
in Fig. 7, superimposed on slices across the delay—Doppler
images for each year at the east and west ansae (similar to thes ryriher caution is warranted here, as the PPS measurements were made
Doppler spectra irfrig. 3). This involved mapping Doppler in the ultraviolet. However, as shown Trable 1and Fig. 23 ofNicholson
shift into radius and taking into account the projection ef- et al. (2000) the optical depth of the rings hardly varies at all between the
fects associated with the 300 ms delay width of each slice. UV and the near-IR, and is only slightly lower at centimeter wavelengths.
The fitted rad flectiviti fthe 8 tric ri . The Voyager 1 radio occultation (RSS) data at 3.6 cm and 13 cm wave-

€ litted radar r_e ec IV_I 1es of'the  concentric rm_g regions lengths might provide a better comparison with the radar reflectivities, but
are shown as thick horizontal bars, scaled to unity for the e Rss data are unfortunately saturated throughout the B ring and in the
most reflective ring segment, and also as dashed curves afteihner A ring(Tyler et al., 1983)
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Table 6

Relative ringlet reflectivities

Parameter 1999 2000 2001 2003

Ring opening angleB —-20.1° —235° —25.8° —26.7°

Cring 003+ 0.04 000+ 0.03 000+ 0.01 —0.01+0.02
Inner B ring 070+ 0.08 067+ 0.05 065+ 0.03 066+ 0.03
Middle B ring 100 100 100 100

Outer B ring 099+ 0.12 091+ 0.07 091+ 0.04 089+ 0.04
Cassini Division 06+ 0.13 000+ 0.08 000+ 0.05 006+ 0.05
Inner A ring Q71+0.20 063+0.13 068+ 0.07 058+ 0.08
Middle A ring 0.71+0.09 067+ 0.06 062+ 0.03 061+0.03
Outer A ring Q77+0.14 052+ 0.08 051+ 0.05 051+0.05

Note Results from 8-component least-squares fits to the combined OC polarization images, using CBR and PFS data. Uncertainties listed are 3 times
the formal errors.
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Fig. 7. Relative reflectivities for an 8-ringlet model fitted to the combined4O&C radar images (heavy horizontal bars) superimposed on Doppler profiles
for east (thick line) and west (thin line) ansae. Also shown is a profile of ring filling fa€tey derived from the Voyager PPS occultation data (see text for
details). Dashed lines show the 8-component models after smoothing with a Gaussian of FWHM 10,000 km.

that of the middle A ring€0.5), and suggests a previously- Finally, we note that, in three out of four years, the radar
unsuspected difference in particle properties and/or ring images show a 15-20% decrease in reflectivity outside the
thickness between these two regions. Encke Gap, although the optical depths on either side of the

Both Voyager PPS and 28 Sgr data indicate a local max- gap are quite similar, or show a slight increase (cf. Fig. 14 in
imum in optical depth in the innermost A ring at all wave- Nicholson et al., 2000 Dones et al. (1993)ave noted that
lengths (cf. Fig. 13 iNicholson et al., 2000 but this re- the optical phase function of this region differs significantly
gion does not show a consistently higher radar reflectivity. from that of the rest of the A ring, and ascribe the difference
In the 2000 and 2003 images the radar albedo is actuallyindirectly to the effects of the large number of density waves
lower here than in the remainder of the A ring, while in in this region. They suggest either that the particles in the
1999 it is the same and in 2001 it is slightly higher. We outer A ring have unusually smooth surfaces or that the ring
do not regard any of these differences as statistically signif- itself is thicker, with both effects being due to an enhanced
icant. collision rate associated with wave damping.
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Fig. 8. Variation of average normalized ring cross-sectiégss, 6sc, andar, and polarization ratiouc 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 19%2 and 1978 |
Goldstein and Morris (1973), Goldstein et al. (1977), and Ostro et al. (198®) also reportedd upper limits at|B| = 5.6° from 1979. Asterisks denote

1974 measurements from Goldstone at 3.5 cm; all other measurements were made at 12.6 cm. Dot-dashed and dashed curves show toy monolayer models
o from Eq.(19) for the Aring (r = 0.5) and B ring ¢ = 1.5), respectively. Also shown is an empirical linear fit to the polarization ratios.

4.4. Discussion cross-section which is independent&for perhaps shows a
broad maximum around3| ~ 15°.
4.4.1. Comparison with previous measurements There are two previously published estimates of the rings’

In Fig. 8we compare our average cross-sections and po_circular polarization ratio at 12.6 cmgte = 0.40+ 0.05 at
larization ratios with previous radar measurements, as tabu-8 = —11.7° and 057+ 0.12 at B = —182° (Ostro et al.,
lated byOstro et al. (1980)Cuzzi and Pollack (1978pade ~ 1980)—as well as a single measurement at 3.5 cm Brd
predictions of the dependence & on opening angle for ~ —244° of uc =1.0£0.25 byGoldstein etal. (1977)n the
both monolayers and many-particle-thick rings; they found 1980s, these limited data led to an unresolved debate over
a normalized cross-section which is either constant or very Whether the surprisingly-large value at 3.5 cm was due to
slowly increasing agB| increases for many-particle-thick the shorter wavelength (ring particles may be expected to
rings with broad particle size distributions. On the other |00k rougher as the wavelength approaches the size of their
hand, monolayer models dominated by large (meter-sized)surface irregularities) or to the larger ring opening angle (see
particles—made of either metal or a low-loss material with OStro etal., 1980; Cuzzi et al., 1984
strong internal scattering—showed a steep decrease in radar AS shown inFig. 8 our own estimates are quite consis-
albedo for|B| > 12° (see their Fig. 15)Ostro et al. (1980) tent with the previous data, and clearly confirm the increase
concluded that the available radar data ruled out the mono-in #c Wwith increasing|B|. All the 12.6 cm values fit a
layer models, and favored the “thick ring” models instead, Simple linear trend, with.c ~ 1.85sin|B|. This fit is also
but we note that this conclusion depended heavily on their marginally compatible with the lone 3.5-cm datum, which

own non-detection of any echo &= —5.6° and on com- suggests that the polarization ratio depends primarily on ring
bining the single 3.5-cm datum at 34 (Goldstein et al., opening angle and may even be independent of wavelength,
1977)with 12.6-cm data at smaller opening angles. though the latter conclusion clearly rests on rather tenuous

Our estimated radar albedos are generally similar to thoseground.
derived from CW observations in the 1970s, but the new data
show a strong decreasedpc andsy between 20 and 27 4.4.2. Toy models
for both the A and B rings which appears to be more con-  Previous models for the ring’s radar reflectivity have usu-
sistent with the monolayer models. However, we note that ally employed one of two simple but extreme views of
the combined data set does not indicate such a trend, and ishe rings’ vertical structure. The ‘classical,’ or thick-ring,
instead more consistent with a normalized total (PSC) model is based on the concept of a cloud-like distribution
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of small scatterers separated by distances which are largamonolayer is better approximated by the projected filling

compared with their sizes. In this case, all shadows be-
hind ring particles are assumed to be filled in by diffraction
and the reflected intensity is given by formulae derived by
Chandrasekhar (1960The singly-scattered component of
the intensity reflected back near zero phase angle is given
by:

(I/F)ss = p sin|B’| (1= ¢~ /siNIBIE1/SinIB)y
sin|B’| + sin|B|
N g(l_ e—Zr/Sin\B|) for B = B/, (18)

where p = %wP(O) is the geometric albedo of a single
ring particle, B’ is the elevation of the source of illumi-
nation above the ring plane, is the ring’s normal optical
depth at the wavelength of interest, is the average particle
single-scattering albedo ankl(«) the particle phase func-
tion, normalized to an average value of unity over <.
When applied at optical wavelengths, this expression must
be corrected for mutual shadowing, which can lead to an
opposition brightening of up to a factor of 2 (e.¢rvine,
1966. However, it is unclear whether this applies to the

factor of the ring (cf. Eq(17) above), multiplied by the sin-
gle particle albedo:

(I/F)ss= p(1— e 7/SNEBI), (19)

Even this formuld overestimates thé /F at very small
opening angles for a monolayer of Lambert spheres, where
the limb-darkening of individual ring particles becomes im-
portant. For large tilt angles or low optical depths
(sin|B| > t) Eq. (19) agrees with the assumption Buzzi
and Pollack (1978)For a singly-scattering monolayety
for the A ring is expected to decrease ¥B0% between
|B| = 10° and 27, while the B ring is again expected to
show little if any variation with| B| (seeFig. 8). Multiple
scattering for a monolayer increases with opening angle, as
it does for a classical ring, which will again tend to counter-
act the decrease if/ F due to single scattering. However,
the fraction of multiply-scattered signal is much less than
that for a many-particle-thick layer, at least for the backscat-
tering particles studied bgalo and Karjalainen (2003)

Thus neither the classical many-particle-thick nor the

radar case where the particles have sizes comparable to thenonolayer model appears able to reproduce the very steep

wavelength of interest. The key comparison is between the
length of the shadow cone?/, and the mean spacing be-
tween particlesp~1/34, whereD is the volume filling fac-

tor of the rings and: is the particle radius. For 10-cm-sized
particles ab. = 12.6-cm shadowing is probably unimportant

(~40%) decrease idy with |B| = 20°-27 seen for both
A and B rings in the new radar data. However, contrary to
the conclusions o€uzzi and Pollack (1978&ndOstro et al.
(1980) the combined data set, which shows no unambigu-
ous trend withB, cannot rule out either model. In Sectién

even in densely-packed rings, whereas for meter-sized parti-we present some new calculations for the predicted reflec-

cles some amount of shadowing will occur unléss 0.01
(seeHapke, 1990; Cuzzi and Pollack, 1978or the A ring,
wherer >~ 0.5, expressiolf18) predicts a very mild decrease
in 67 of ~10% as the opening angle increases from zero to
27°, while for the B ring, where the average~ 1.5 at ultra-
violet to near-infrared wavelengtlislicholson et al., 2000)
little if any variation of 67 with |B| is expected over the
range accessible to Earth-based obser/#&snoted above,
when multiple scattering between particles is included the
thick-ring models ofCuzzi and Pollack (1978ctually pre-
dict a slight increase iy with ring opening angle.

The other extreme model is that of a monolayer, where
shadowing becomes unimportant except at very low open-
ing angles but where the close-packing of particles cannot
be neglectedCuzzi and Pollack (197&ssumed that for a
monolayer! /F ~ | sinB|~1, which applies only in the no-
shadowing limit. However, the very steep riselgfF with
decreasingB| implied by this formula does not hold at small
opening angles (siB| < 7/3), where particles begin to hide
one another. This is confirmed by Monte Carlo simulations
of photon scattering b$alo and Karjalainen (2002)nd by
the analytic calculations afiss shown in Fig. 2 oHameen-
Anttila and Vaaraniemi (1975)n 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)

tivity of both classical and monolayer ring models, based on
a phase function for microwave scattering by irregular par-
ticles. We find that these two very different physical models
predict remarkably similar variations of radar albedo with
ring opening angle. A similar conclusion was reached by
Froidevaux (1981)

A more complex possibility which might account for a
decrease in albedo with increasing opening angle is that the
effective particle size may be a function of viewing angle.
Dynamical simulations show that the larger particles tend to
be concentrated near the rings’ mid-plane, surrounded by a
‘haze’ of smaller particlesSalo, 1992bsee also Figs. 2 and
9 in Salo and Karjalainen, 200.3As a result, observations at
low opening angles see primarily the smaller particles, while
at larger| B| we see deeper into the ring and sense the larger
particles as well. According t€uzzi and Pollack (1978)
see their Fig. 8, the reflectivity of ice particles at 12.6 cm is
a decreasing function of particle size for- 10 cm, which
could lead to a central layer of large, darker particles embed-

8 This formula is also identical with that for a multilayer if the max-
imum opposition brightening at exact opposition is taken into account,
which may be seen from the standard derivation of @&) in terms of
incident and escape probability cylinders (d¢apke, 198% applied to
zero phase angleésalo and Karjalainen (2003)ive a formula Emax =
2/(1+ exp(—z/sin|B]) for the maximum opposition enhancement: mul-
tiplication of Eq.(18) by this factor leads to E¢19).
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ded within a thicker layer of small, brighter ones. We shall
return to this concept below.

4.4.3. Polarization ratio and multiple scattering

The substantial depolarized (i.e., SC) echo received from
the rings is indicative of a strong multiply-scattered compo-
nent to the reflected signal. Our measured valueg ©&
0.64—-Q77 are much larger than those typical of rocky sur-
faces (0.1), though smaller than the ratios 6fL.5 seen
for the icy satellites Europa and Ganymé@ampbell et al.,
1978; Ostro et al., 1992; Black et al., 200d4nd 1.25 for
the polar ice deposits on Mercuffarmon et al., 2001)
This multiple scattering could arise either within the large
icy ring particles themselves (much as it does in the subsur-
face of Europa), or in scattering between nearby particles,
or both. As the fraction of multiple scattering due to in-
terparticle scattering is expected to increase strongly with
optical depth, the similarity of.c for the A and B rings in
Fig. 6suggests that scattering inside the particles may dom-
inate.

But why then shoulduc increase strongly withB| as
seen inFig. 8? If we make the usual simple assumption that
the interparticle multiply-scattered echo is completely un-
polarized (i.e.,uc = 1), while the singly-scattered echo is
characterized by an unknown single-particle polarization ra-
tio u* (cf. Cuzzi and Pollack, 1978; Ostro et al., 198Men
we have

Mc_u*+%(1+u*>f
1+3@A+pnf

where f = Imys/Iss The observed increase i might be
explained either by an increase jnas the ring opening an-
gle increases or by an increase in the effective value*of
as illustrated irFig. 9. The top panel shows the variation of
uc with f for various assumed values pf, while the bot-
tom panel shows the variation pf necessary to account for
the observed values ofc and arange of & f < 1.

From this figure we see that, for a fixed value of the
single-particle polarization ratio, say 0.30, the observed in-
crease inuc with | B| between 12 and 27 requires approx-
imately a tenfold increase in the multiple-scattering rafio,
Even forp* = 0.0, f mustincrease from1.3 to~7. While
the Cuzzi and Pollack (1978)hick-ring models imply a

(20)

P.D. Nicholson et al. / Icarus 177 (2005) 32—62

1.07 x

0.8]

1.0
f=MS/SS

10.0

‘3. 04

0.2

0.0l .
10 15

25

20
Bl

30

Fig. 9. (Top) Variation of the polarization ratinc with the multiple to sin-

gle scattering ratiof for assumed values of the single-particle polarization
ratio, u* between 0.0 and 0.6, following E¢R0). Squares correspond to
the observed values pfc from Fig. 8and an assumed value pf = 0.30.
(Bottom) Variation of the single-particle polarization ratjo? with ring
opening angle|B| required to account for the observed polarization ratios
in Fig. 8for values of f between 0 and 1. Crosses correspond to the partic-
ular values off derived from the Monte Carlo light-scattering calculations
in Fig. 15below for the irregular particle phase function and a dynamical
optical depth of 0.5.

If interparticle scattering in either a classical or mono-
layer ring is unable to explain the rising depolarization with
increasing opening angle, then we must appeal to an in-
crease inu*, the single-particle polarization ratio, witi3|.

As discussed in Sectiod.4.2 above, this might arise in
an inhomogeneous ring with larger particles concentrated
towards the mid-plane. One might imagine that the more

modest increase in interparticle scattering as the rings opendeeply buried large particles are lumpier in shape—perhaps
up, these results appear to be insufficient to account for thesomewhat akin to grape clusters—and thus able to depo-

strong variation inuc shown by the radar dat®stro et al.,
1980) At first glance, a monolayer ring would seem to offer
even less opportunity for interparticle scatter{@yzzi and
Pollack, 1978; Ostro et al., 198®ut our own simulations of
scattering by a monolayer model described in Sedibe-

low indicate that a substantial amount of multiple scattering
is possible, at least for forward-scattering particles. How-
ever, the variation inf shown by this model also appears
to be insufficient to account for the observed rapid increase
in uc with sin|B].

larize in a single scattering event more effectively than can
the centimeter-size particles occupying the ring ‘halo.’ The
lower panel inFig. 9 shows that the increase i required

by the observations is approximately a factor of 3, depend-
ing on the multiple-scattering fraction and its own variation

with |B].

4.4.4. Cring and Cassini Division
Both our radar observations and those @sdtro 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 least- 5. Azimuthal asymmetries in the rings
squares models (cfable §.
S-band radar experiments are largely ‘blind’ to particles 5 1. Observations
smaller than~A/3 ~ 4 cm. Evidence for particle size varia-
tions has been summarized Brench and_NichoIson (ZOQO)_ A subtle feature of the radar imageshiy. 2is a quadru-
based on both radio and stellar occultation data. In the C ring pole asymmetry in the ring reflectivity, which is most readily

the best-fitting power-law index ig ~ 3.1, as compared g0 i he peak brightness of the four ‘cross-over’ regions.
W'th 2'.75_2'9 in the A and B rings, yvh|le the diffracted In each image, the brightness is greater in the nearside ap-
signal in ground-based stellar oqcultatlon datz_:t suggesf[s thabroaching (lower right) and farside receding (upper left)
dmin My be as Ia_rge as 30. cm in the B _a’?d nner A 1ings, guadrants than it is in the intervening quadrants. This asym-
while amin < 1 cm in the C ring and Cassini Division. Both metry becomes apparent when an image from any of the
the steeper size distribution and smaller minimum size will four years is transposed, either in delay or in Doppler, and
increase the optical depth at UV-infrared wavelengths rela- subtracted from itself as, shown Fig. 10 The asymmet}y
tive to that at 12.6 cm, although it remains to be seen Whetherappears in both OC a;1d SCimages .(not shown here), as well
these differences in the particle size distribution are suffi- as in the combined data. Delay profiles through the }egions
cient to account for the very low radar cross-sections ob- of peak reflectivity for ee'lch year are shownFiig. 11, av-
Serxes%cond and perhaps more promising possibility is com- eraggd over 40 kHz and smoothed to 70. ms in de!ay. The
positional differences. It has long been known that the par- ampl!tud_e of the quadrl_JpoIe asymmetry IS S|m|Iar-|n both
ticles in the C ring and Cassini Division are both darker polarizations, bUt. there ISa strong sugg(_astmn that it has de-
and less red in color at visual wavelengths than those in creased as the ring opening angle has increased. Measured
as the ratio of nearside and farside peaks in such a plot, the

the A and B rings(Cuzzi et al., 1984; Estrada and Cuzzi, .
1996) Typical single-scattering albedos derived from Voy- gsymmetry decreased froml.22 in October 1999 t0-1.10
in January 2003.

ager imaging photometry are0.25 in the C ring(Cooke, . o
1891)\/5 g 430'06 in the X and B ringoyle et gﬁ 19809 The mechanism whereby elongated gravitational wakes
Dones et al., 1993)rhese variations, it has been suggested, mﬂthe.rl.ngs_, mr?y glr\]/e I’ISS to an agyﬁnmre]try in the rac:]ar
reflect variations in the contamination of the rings’ original reflectivity Is thought to be essentially the same as that

composition of almost pure water ice by infalling meteoritic PoP0Sed at optical wavelengths. In numerical simulations

material (Cuzzi and Estrada, 1998)ear-infrared spectra  (6-9--Salo, 1995; Daisaka and Ida, 1998e wakes in the

also suggest the presence of small amounts of silicate and/of® "Ng have a vertical thickness (perpendicular to the ring
organic material in the C ringPoulet et al., 2003)either plane) of~20 m, comparable to the average thickness of this

of which could increase the microwave opacity and thus de- N9 (Esposito et al., 1983bThe horizontal wavelengths are
crease the radar reflectivity compared with that of pure water COMparable to the critical wavelength for axisymmetric in-

ice. stabilities(Toomre, 1964)

A third possibility is that the reflectivities of the A and B 5 3
rings are significantly enhanced by multiple scattering rela- . — 4G =70 m( " ) > , (21)
tive to that of the C ring. K2 1°km/ 100 gcnr?

OC image SC image

(©) ()]

E/W difference near/far difference

Fig. 10. (Top) Delay—Doppler images constructed from OC and SC data obtained in December 2001. (Bottom) The combiB€d@4ye after transposing
it in either frequency or delay and then subtracting it from the original image. Note the consistent quadrant asymmetry in the difference iradgescdhe r
is stronger from the far quadrant on the receding (negative Doppler) ansa and 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 imadg&gn2, showing how the near/far brightness asymmetry consistently changes sign
between east (approaching) and west (receding) ansae. Profiles are averaged over the frequency range<2B®0 kHz and smoothed over 70 ms.
Ordinates are in units of signal to noise ratio. There is a modest decrease in amplitude of the asymmetry between 1999 and 2003.

wherer is the ring radius,X is the surface mass density try.? This is illustrated by the cartoon iRig. 12 from Salo
andx >~ £2 is the local epicyclic frequency of ring particle etal. (2004)As the opening angle increases abovis°, the
orbits. In the middle A ring, we hav& ~ 45 gcnt? and gaps between the wakes should become increasingly visible
Acr =~ 75 m. At ring opening angles ¢B| < 15° the wakes and the amplitude of the asymmetry is predicted to decrease.
will thus appear to overlap when viewed transversely, and Conversely, at very low opening angles the ring will appear
the ring will appear solidly filled with scatterers. When the more opaque at all longitudes and the asymmetry should
wakes are viewed on-axis, however, the radar beam will ‘see’
the low density regions between them and the average cross-__
section of the rings will be lower. Since the wakes trail at an 9 The pitch angle of wakes is actually somewhat variable. Both wakes
average angle of21° relative to the azimuthal directionina  due to an embedded mass, as displayeduan and Toomre (1966and
Keplerian ring(Julian and Toomre, 1968hey are seen on- the autocorrelat'lon plots from the simulations $glo et al. (2004}5how

; . . . . . pitch angles which decrease outwards from 25-80an asymptotic value
axis ~21° in longitude preceding elongation, in agreement of ~15° The value of 22 adopted here is an effective pitch angle averaged
with the observed sense of the radar quadrupole asymme-over the wake.
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Fig. 12. Cartoon illustrating how an azimuthal asymmetry in ring reflec-
tivity can arise from elongated wakes trailing at an angle df. 24ear
longitudes of 69 and 249 from the sub-Earth point, the observer sees
the wakes end-on as well as the lower-density intervening regions. But be-
cause the vertical thickness of the wakess@0 m is comparable to their
spacing of~75 m, the wakes largely appear to overlap at longitudes near
159 and 339, resulting in a higher average cross-section. F&ato et al.
(2004)

again decrease. Models Balo and Karjalainen (199%nd
Salo et al. (2004predict that the maximum asymmetry will
occur at|B| >~ 12°, as observed at optical wavelengths.
Unfortunately, a singularity in the transformation from
delay—Doppler coordinates to spatial coordinates in the ring
plane associated with the degeneracy illustrate@igq 1
prevents converting the images fig. 2 directly into pro-
files of reflectivity vs ring longitudé? It is thus not possible

to produce a plot of the radar quadrupole asymmetry anal-

ogous to those which illustrate the well-known azimuthal
asymmetry seen in the A ring at optical wavelengths. More-
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radar data. Additional models with more realistic microwave
phase functions are discussed in Secion

We allowed for independent asymmetries in both A and
B rings (although the effect seems to be confined largely to
the A ring at optical wavelengths), as well as uniform back-
ground reflectivities for the A, B and C rings, as before.
The fitted azimuthal asymmetry amplitude was parameter-
ized via the quantity

Imax— Imin
Imax+ [min.
For the reference model, which was computed with parame-
ters appropriate to the middle A ring, the asymmetry ampli-
tude decreases monotonically frggn= 0.13 for |B| = 20°
to 0.10 at 28. These values are in quite good agreement with
the maximum asymmetry observed in the A ring in HST im-
ages taken during this period (French et al., in preparation).
When fitted to the radar images obtained between 2000
and 2003'! this model yields substantial asymmetry am-
plitudes for the A ring, but much smaller and somewhat
variable amplitudes for the B ring, as shown Table 7
The A ring asymmetry decreases monotonically frém:
0.21+ 0.03 in 2000 to 016 + 0.02 in 2003—which is at
least 50% greater than the reference model predicts at these
times—while that of the B ring ranges from a high-e0.08
in 2000 to a low 0f~0.03 in 2001.
A limitation of the above fits is that they assume that the
azimuthal reflectivity profile has its minima at the longitudes
given by the gravitational wake model, i.e.,6at~ 69 and

B= (22)

over, this degeneracy mixes echoes from the A and B rings 249°.12 A more robust test of the model is to allow the asym-
at just those longitudes where the brightness asymmetry ismetry pattern to rotate freely in longitude and to find the

most pronounced (cfig. 1), making it difficult to see from
the images in which ring the asymmetry resides. As in the

orientation that gives the best fit to the data. In practice, we
implemented this test in two ways. First, we constructed sep-

case of radial albedo variations, our approach is instead to fitarate asymmetry models for the A ring in which the model

a model incorporating the anticipated brightness variations
to the radar images.

5.2. Model fits

To estimate the azimuthal asymmetry of the radar ring
brightness, we included additional components in our multi-
ple-ringlet model based on numerical light scattering cal-
culations for N-body representations of gravitational wakes,
as described bgpalo et al. (2004)The azimuthal variation

in ring brightness was computed at zero phase angle and

for values of| B| appropriate to the radar observations, us-

ing a Monte Carlo ray tracing scheme based on geometric

optics and incorporating multiple-scatterifgalo and Kar-
jalainen, 2003) We assumed for simplicity a photometric
‘reference model’ employing a Lambert sphere phase func-
tion with = 1.0, but permitted the amplitude of the model
asymmetry to vary in order to achieve the best fit to the

10 An attempt at creating such a profile was made, after heavy oversam-

pling of the radar images, but with disappointing results.

profile was rotated in steps of 1®f orbital longitude. We
fitted each of these separately, with the results shown in
Fig. 13 In the left panel, the amplitude of the asymmetry is
plotted as a function of the longitude of the minimum bright-
ness of the modeKnin. The right panel shows the RMS
residuals for each fit, scaled to unity for the best fit so that
all three years'’ results can be compared in the same figure.
The smooth curves are spline fits to the discrete fit results. In
each case, the best fit is obtaineddgm, >~ 70°, as expected

for gravitational wakes.

In order to obtain a quantitative estimate of the uncer-
tainty in the phase, in our final series of fits we included
two m = 2 asymmetry components for the A ring, phase
shifted by 48 relative to one other in longitude. (Although
the parts of the rings blocked by the planet spoil the antici-
pated orthogonality of these two components, the correlation

11 possible telescope pointing errors in 1999 introduced a significant E-W
brightness asymmetry into these images which makes it difficult to get reli-
able fits for the azimuthal asymmetry for this year.

12 The ring longitudeg is measured in a prograde direction from the sub-
Earth point.
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Table 7
Azimuthal asymmetry parametérs
Parameter 2000 2001 2003
Ring opening angleB —235° —25.8° —26.7°
Reference simulation: A ring
B 0.113 Q103 Q103
BOmin 67.6 67.0 67.0
A and B ring asymmetrids
B (Aring) 0.2124+0.033 Q172+ 0.020 0156+ 0.021
B (B ring) 0.079+ 0.022 0027+ 0.013 Q044+ 0.013
A ring asymmetry only
A ring CBR data: OC polarization:
B 0.19+0.04 019+0.03 018+0.03
Omin 70+ 12 75+ 9° 61+11°
A ring CBR data: SC polarization:
B 0.25+0.05 025+ 0.03 019+ 0.03
Omin 73+12 69+ 8° 66+ 10°
Aring CBR data: OGt SC polarizations:
B 0.22+0.03 021+0.02 019+ 0.02
Omin 71+9° 72+ 7° 64+ 8°
A ring: combined data set, O€ SC polarizations:
B 0.24+0.03 018+ 0.02 018+ 0.02
Omin 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 errors.
@ The asymmetry amplitude is defined gs= (Imax — Imin)/ (Imax+ Imin)- fmin is the longitude of minimum reflectivity, measured from the observer in
the prograde direction.
b Fits assume reference values fatin-

coefficient between them is still quite low.) For these fits the a conservative Lambert-sphere particle phase function,
B ring was assumed to be azimuthally uniform in order to or what is seen in contemporaneous HST images.
reduce the number of free parameters, and we performed fits 2. The average observed longitude of minimum brightness,
to the SC and OC CBR images separately, as well as to the  6min = 67 + 4° agrees very well with the wake model,
total CBR images and to the combined data set. The fitted even though this model was not optimized in any way
amplitudes 8 and phase®mnin are given inTable 7 to fit the radar data. The numerical wake model predicts

Dones et al. (1993found that the amplitude of the az- thatfmin = 67—68 in 2000—-2003.
imuthal asymmetry in Voyager images was strongly peaked 3. The amplitude of the asymmetry was appreciably lower
in the middle A ring, at a radius 0£130,000 km. An at- in 2001 and 2003 g3 | ~~ 26° than it was in 2000, when
tempt was thus made to further localize the azimuthal asym- |B| = 23.5°, also in qualitative agreement with the wake
metry in the radar images by adding separate asymmetry  model.
components for each of the six A and B ringlets in the 4. The asymmetry is clearly present in both SC and OC
8-component ring model described in Secti3 above. images, but is~20% stronger in the SC images from
However, large negative correlations between the amplitudes 2000 and 2001 (cfTable 7.
in adjacent ringlets made it impossible to draw any robust 5. There is a much smaller but statistically-significant (at
conclusions from these fits and we do not show any of these least &) asymmetry in the B ring.
results here.

Finally, we note that the fitted asymmetry amplitudes are The relatively small fitted amplitude of the azimuthal asym-
quite sensitive to the antenna beam profile. This arises be-metry in the B ring raises the possibility that this may be
cause the beam FWHM is onty3 times the major diameter  due to contamination from the A ring, especially as the two
of the ring system, combined with the fact that the longitudes rings partially overlap in the delay—Doppler images. How-
of minimum brightness are within 20of the ring ansae.  ever,Table 8shows that the correlation coefficient between
Model fits which neglect the beam profile yield even larger the A and B ring amplitudes is a modes0.27. Moreover,

A ring asymmetries of 21 < 8 < 0.26. a similar asymmetry has been seen at a low level in the

We may summarize the resultsking. 13andTable 7as contemporaneous HST data (French et al., in preparation),
follows. where it is seen to be largely confined to the lower optical

depth inner B ring. These results are supported by a few nu-

1. The average A ring asymmetry amplitude in the radar merical wake models which have been calculated for the B
images is a factor of 1.5-2 times higher than the refer- ring (» = 100,000 km), which suggest a likely amplitude of
ence wake model predicts at optical wavelengths, using 0.02-0.04 atB| = 20°, similar to that seen in the 2001 and
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Fig. 13. Variation of the fitted asymmetry amplituge,(left panel) and RMS fit residuals (right panel) with the assumed longitude of minimum A ring
brightnes®min. Separate curves show fits to the @GC images from 2000, 2001, and 2003. The amplitude has decreased.24Hh @03 in November
2000 to 018+ 0.02 in January 2003, while the best-fit value¥gfi, varied from 72 to 63° (seeTable 7. The large square and cross show the amplitude
and phase at optical wavelengths as predicted by simulations of gravitational (8akest al., 2004)

Table 8 der Tak et al. (1999also ascribed an east-west asymme-
Correlation coefficients try between the ring ansae observedBat —20° to emis-
Parameter & (Cring) & (Bring) & (Aring) B (Aring) B (B ring) sion from Saturn being more readily reflected from, rather
2000 than transmitted through, high optical depth trailing wakes.
& (Cring) 100 —-0.30 —0.01 002 005 However, this particular EW asymmetry was strongest in
¢ (Bring) 100 —0.26 —-0.01 021 the C and B rings and weak or non-existent in the A ring
; (ffr::]”g%) 1.00 fgg :g'gg where gravitational wakes are expected to be developed most
B(B ring) ' 100 strongly. o
2001 A clge to the origin of thg un,expect_edly Iarge. radar.asym-
5 (Cring) 100 031 001 002 004 _mqry is prpwded by _thg rings pola}rlzanon ratioc, with
& (B ring) 100 —0.25 —0.00 022 its implication that a significant fraction of the radar echo has
& (Aring) 1.00 006 ~0.08 been multiply-scattered. This is likely to remain true even if
B (Aring) 1.00 —-0.27 part of the increase ipnc with opening angle is due to vari-
B (B ring) 100 ations inu*, as suggested iRig. 9. The observation that the
2003 asymmetry is larger in the SC polarization images than it is
6 (Cring) 100 -031 —-0.01 002 004 for the OC polarization (cfTable 7 also suggests that mul-
¢ (Bring) 100  -025 —0.00 020 tiple scattering may play a significant role. At microwave
géﬁ ::23; 1.00 fgg :8'(2); frequencies, water ice particles are largely transparent and
5 (B ring) ' 100 moderately forward-scatterin@(izzi and Pollack, 1978ee

, — , their Fig. 13). More of the reflected radar signal is thus likely
Note Correlation coefficients for 5-component least-squares fits to the com- . . . . f
bined OS+ SC images, using both CBR and PFS data. to arise from multiple scattering between nearby ring parti-

cles than is the case at optical wavelengths, where the reflec-
) ] _ tivity of the rings near zero phase angle is overwhelmingly
2003 radar images. However, these calculations also prediclyominated by single scatteringones et al., 1993)(At
a similar asymmetry in the outer B ring, which is not ob- gptical wavelengthsy(= 27a /A > 1) centimeter-to-meter-

served in the HST images. sized ring particles behave as small, opaque, frost-covered
_ _ satellites which are highly back-scattering.) Because multi-
5.3. Discussion ple scattering is a much stronger function of optical depth

than is single scattering—scaling roughly-as®—it is ex-
Other evidence for the influence of gravitational wakes on pected to accentuate the difference between the denser wake

microwave scattering in Saturn’s rings has been presented byand more tenuous ‘interwake’ regions. This could in turn
Molnar et al. (1999andDunn et al. (2004)who observed  result in an enhanced azimuthal asymmetry at microwave
an azimuthal gradient in the optical depth of the A ring wavelengths. In the next section, we develop a simple radia-
where it was seen silhouetted against the planet, consistentive transfer model for the A ring based on these ideas which
with the varying projected orientations of wakes in this ring. may be capable of accounting for the observed radar asym-
As expected, no such variation was seen in the C Nag. metry amplitude.
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Fig. 14. A series of Henyey—Greenstein phase functi®fg,), parameterized by the asymmetry paramgter —(cose) = —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 composite Mie sce
tering/irregular particle model for pure water ice particles with & 3 power-law size distribution between radii of 1 and 100 cm. The particles’ complex
refractive index: = 1.78+ 6 x 10~ %; and the shape parametgy = 8 (Cuzzi and Pollack, 1978Jor the irregular particle modet, = +0.53. The dotted

curve shows the phase function for a Lambert sphgee 0.44), as used to compute our reference wake asymmetry model.

6. A radiative transfer model for the A ring 1993; Showalter et al., 1992; Showalter and Cuzzi, 1993)
It is a composite of Mie scattering and irregular particle
Although a full study of the scattering properties of the phase functions, computed for our observing wavelength of
rings at microwave frequencies is beyond the scope of this12.6 cm and for a power-law particle size distribution be-
paper, and should incorporate recent thermal emission andween radii of 1 and 100 cm, typical of those obtained by
scattering observations as well as radar data, we have perMarouf et al. (1983andFrench and Nicholson (2004} is
formed some limited calculations using the same dynamical compared irFig. 14with the Lambert sphere phase function
simulations of wakes in the A ring bgalo et al. (2004)  used for the least-squares models in Sechiamd a suite of
used for the asymmetry model fits in Sect@rin the con- Henyey—Greenstein phase functions, such as are commonly
text of the toy models discussed in Sectir.2above, this used in optical light scattering models of the rings. Note
model may be thought of as a near-monolayer, inasmuchthat the semi-empirical phase function exhibits both weak
as the full thickness of the ring of 10 m is ony3 times back-scattering and strong forward-scattering lobes, the lat-
the particle diameter. It is, however, a fully 3-dimensional ter due to a combination of transmission and diffraction.
simulation which incorporates both particle self-gravity and An overall measure of the directionality of a phase func-
collisions. The dynamical optical depth of the ring is 0.5, tion is provided by the anisotropy paramegerthe average
and the mean surface mass density is 50 ggrboth ap- of the cosine of the scattering angle. For our semi-empirical
propriate to Saturn’s middle A rintf As in Section5, the modelg = +0.53, whereas for a Lambert sphere- —0.44
distribution of radiation scattered from the ring is calculated and for the highly back-scattering Callisto phase function
using the Monte Carlo light-scattering code described by ¢ = —0.55. The Henyey—Greenstein modeldHig. 14span
Salo and Karjalainen (2003)ut here we use a more realistic  this range.
phase function for microwave scattering by irregular water ~ Observations of passive radio ‘emission’ from Saturn’s
ice particles. Our goal is primarily to account for the large rings (actually, scattered thermal radiation from Saturn)
amplitude of the azimuthal asymmetry seen in the radar data.confirm that the ring particles are indeed forward scatter-
The semi-empirical phase function we employ was de- ing (Grossman et al., 1989; de Pater and Dickel, 1991;
veloped originally byCuzzi and Pollack (1978nd mod- Van der Tak et al., 1999; Dunn et al., 20023 demonstrated
ified and used extensively by later auth¢Bones et al., by front-to-back asymmetries in the brightness of the C and
B rings especiallyDunn et al. (2002%uccessfully modeled
13 The dynamical optical depthgyn is defined as the total geometric th.ese asym.memes 8t=+2.7 .and__S SJSIng a_c_omp_OSIte s
area of ring particles per unit surface area of the rings, as seen at normal|\_/IIe Scajtterlng mo‘?'e' for Cemlmete.r to mete_r sized .|ce par
incidence, or[g° wa?n(a) da, wheren(a) is the differential particle size ticles with an admixture of isotropic scattering to simulate
distribution. the influence of particle roughness at shorter wavelengths.
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Fig. 15. Predicted variations in (a) azimuthal asymmetry amplitddé) average reflectivityl / F, and (c) multiple to single scattering ratio vs ring opening

angle at zero phase angle for the Aring, based on the particle phase functions skayvii4hThe underlying dynamical simulation is that®dlo et al. (2004)

with a particle radius of 1.67 m and a particle density of 0.45 gensolid lines correspond to Henyey—Greenstein phase functionswWiii< g < 0.5 and

a dynamical optical depthgyn = 0.5. Dashed and dotted lines are calculated using the irregular particle phase function and dynamical optical depths of 0.5
and 0.8, respectively. Note that the peak asymmetry occufsfar 12° regardless of phase function, while the average reflectivity decreases with increasing
elevation angle. Open and filled circles show the observed radar asymmetries for the A ringglilerij and the average geometric albedes; 67 /4 (from

Table 4, using the same symbols ashig. 8 Panel (d) shows the range in photometric optical depth with ring longitude due to the wakegnfer0.5 and

0.8.

They attributed the apparent lack of forward scattering in  As expected, the asymmetry amplitude increases monoton-
the A ring to near-field effects between the particles. ically as g increases (i.e., as forward scattering becomes
The Monte Carlo model permits the different orders of increasingly important), due to the increased fraction of mul-
photon scatterings to be tabulated separately, and the retiple scattering. FoilB| = 26° and g = —0.5 (similar to
sults confirm our expectation above that multiple-scattering Callisto or a Lambert spherg)= 0.104, whereas fog = 0
will enhance the azimuthal asymmetry. For a wide range (isotropic scatterersp = 0.155 and forg = +0.5 we find
of values for the parameter, we find that the amplitudes g = 0.193, comparable to the observed valueTable 7
of the asymmetry in the doubly- and triply-scattered sig- The corresponding ratios of multiple to single-scattering are
nal are approximately twice that in the singly-scattered sig- 0.08, 0.6, and 1.8, respectively. The irregular particle model
nal (see also Fig. 14 irsalo et al., 2004 For quadru- has both back-scattering and forward-scattering lobes which
ple scattering, the asymmetry is roughly three times larger act to reduce the fraction of multiple scattering at zero phase
than that for single scattering. In order to explore the role angle in comparison with a single-lobed Henyey—Greenstein
of the phase function in determining the azimuthal asym- function with a similar value ofz. As a result, its asym-
metry amplitude, we carried out a series of runs based metry amplitude a{B| = 26° is only 0127, even though
on the same dynamical simulation using both the semi- g = 40.53 for this phase function. This is significantly less
empirical irregular particle phase function as well as the set than the observed value 6f0.18, but we note that this is
of Henyey—Greenstein phase functions with anisotropy pa- simply one particular model which has not been ‘tuned’ to
rameter—0.5 < g < 0.5 shown inFig. 14 The resulting fit the data. An extension of the particle size distribution to
variations in azimuthal asymmetrg, average reflectivity, = a maximum radius of 10 m, for example, will strengthen
1/ F, and multiple scattering ratig;, with ring opening an-  the forward-scattering lobe and should increase the asym-
gle are shown ifrig. 15 metry amplitude. Or an increase in the surface mass density
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Fig. 16. (Top) Predicted variations in total reflectivity,F vs ring opening angle? at zero phase angle for many-particle-thick and monolayer rings, computed
using the irregular particle phase function showfig. 14for dynamical optical depths of 0.25, 0.5, 1.0, and 2.0. These models have no self-gravity and thus

do not exhibit wakes such as thoseFig. 15 The difference betwee® = 0 and D = 0.02 multilayer models is that in the former model the numerically
calculated single-scattering contribution has been replaced by the analytical formyE8)=q. order to remove the shadow-hiding opposition effect. Shadow

hiding is present in thé® = 0.02 multilayer, as well as in the monolayer model: the single-scattering intensity fér £16.02 multilayer in fact is very close

to Eq.(19). The singly-scattered contributions for the same models are shown separately in the middle panels, while the lower panels show the multiple to
single scattering ratios. The latter would be much smaller for a ring composed of backscattering particles.

in the ring will result in stronger wakes. This is illustrated
in Fig. 15by a second model computed withy, = 0.8, for
which we findg = 0.20 at| B| = 26°.

Although the models irFig. 15 were intended primar-
ily to explore the source of the azimuthal asymmetry in the
A ring, it may be of some interest to compare their pre- For the B ring similar models suggest a much smaftier
dicted reflectivities and multiple scattering ratios with the and a correspondingly weaker decline of reflectivity. Since
radar albedos and polarization ratios. As shown in the sec-A and B rings make comparable contributions to the total
ond panel irFig. 15 the simulation with the semi-empirical  observed cross-section, the overall decline suggested by the
phase function does quite a good job of reproducing the vari- photometric models is even weaker than that seéfign15
ation of //F with B shown by the combined radar data set,  The Monte Carlo model does not handle polarization ex-
though not the very steep decrease in albedo seen in 1999jicitly, and thus cannot prediqtc, but we expeciic to
2003. Contrary to the thick-ring models 6uzzi and Pol- increase with the fraction of multiple-scattering, as shown in
lack (1978) and despite a substantial fraction of multiply- Fig. 9 above. The large values ¢f and the substantial in-

scattered flux fog > 0, all models irFig. 15show amodest  ¢regse inf with B required to match the observed values of
decline in reflectivity with increasing tilt angle. This is ap-

parently due to the increasing visibility of the gaps between
wakes as the open?ng angle increases, which a'_SO |e<':_1d5 ta4 Tphot(B) s defined by setting the fraction of light transmitted through
these models’ relatively low values of photometric optical the model ring at incidence angieequal to exp—rpnoy/ sinB).

depth,tphot= 0.2-04, as shown in the fourth pantl Since

the rarefied gaps and wakes are also responsible for the high
asymmetry amplitude of the models, it seems that the decline
of reflectivity with B is always accompanied by a substantial
asymmetry amplitude (see alSalo and Karjalainen, 2003
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uc were illustrated in this figure for an arbitrarily-chosen uc in Fig. 8 unless we admit the possibility of a vertically-

value of the single-particle polarization ratip;” = 0.30. inhomogeneous ring in which the effective valueof is

From Fig. 15 however, we see that while the MS/SS ratio a function of viewing angle. Models of idealized multilayer

can be large for isotropic or forward-scattering patrticles, itis and monolayer rings show very similar variations of radar

almost independent df, which implies a similarly constant  reflectivity with opening angle, but differ in their multiple to

uc for a homogeneous ring, at variance with the observa- single scattering ratios.

tions in Fig. 8 Clearly the very steep increase in MS/SS Finally, we note that there are serious limitations to the

implied by the observed values at is not compatible with applicability of the Monte Carlo light-scattering model to

any of the models ifrig. 15if the internal depolarizationis  microwave observations. Chief among these are its strictly

negligible or constant. If, on the other hand; is permitted geometric optics approach to the light-scattering problem—

to vary with B, as shown in the lower panel ig. 9, then it which neglects the role of diffraction in ‘filling in’ the geo-

may be possible to fit the observed trendgig. metric shadows behind individual particles—and its neglect
The Monte Carlo photometric models Bfg. 15are all of near-field effects due to the close-packing of meter-size

special in the sense that they are based on a single dynamifing particles within a layer perhaps only 10 m thick.

cal model with strong wakes and a rather layot. In order

to check whether the trends shown here have general sig-

nificance, Fig. 16 compares the predictetl/ F vs B for 7. Conclusions

a wide range of optical depths using our irregular particle

phase function. The three models studied are an idealized We summarize our principal conclusions as follows:

infinite-thickness multilayer (volume density = 0) with

no opposition effect, a finite-thickness multilayer with an 1. Delay—Doppler radar images of Saturn’s rings obtained

opposition effect D = 0.02, corresponding to a geometric in 1999-2003, at a wavelength of 12.6 cm and ring open-

thickness of 65 particle radii), and a true monolayer. As ing angles of 20° < |B| < 26.7°, clearly resolve the

expected, in each case the MS/SS ratio increases strongly A and B rings but show no detectable echo from the

with optical depth, being also larger for the multilayer than C ring or Cassini Division. Model fits indicate that the

the monolayer models. However, even in the extreme case  ratio of Aring to B ring normalized cross-section varies

of an idealized multilayer the increase of MS/SS wilthis
much too weak to account for the observed behavigi®f
without some dependence of the intringi€ on B. On the

from 0.85 to 0.71 over this range of inclinations, and is
essentially the same for OC and SC polarizations. The
normalized cross-section of the lower optical depth in-

other hand, the models perhaps cast some light on why the  ner B ring is~2/3 that of the central and outer B ring,
uc ratios for A and B rings can be so similar, even though and more similar to that of the A ring.

they have very different optical thicknesses. According to 2. The averaged normalized radar cross-section of the A
Fig. 16 for a fixed B the MS/SS ratio is approximately dou- and B rings,67, has decreased from.26 + 0.31 at

bled for r = 2 in comparison withc = 0.5. But according
to Fig. 9, this amounts to only about a 20% increasein
for u* ~ 0.3, and even less for larger valuesof. This is
in fair agreement with thec values listed infable 5for the
individual ring components.

FromFig. 16we also see that, in the absence of wakes, the

predicted variations in/F with B for forward-scattering

particles are remarkably similar for multilayer and mono-

layer models, contrary to the expectationsaizzi and Pol-
lack (1978) Over the range of radar detections Rig. 8

B =-201°to 0.74+0.19 at B = —26.7°, with sim-

ilar fractional changes observed for the A and B rings.
These large variations do not appear to be compatible
with classical, many-particle-thick models of the rings,
or with monolayer models (c€uzzi and Pollack (1978)
andFig. 16), and also appear to be at odds with previous
radar observations of the ring®stro et al., 1980)

. The rings’ average circular polarization ratiec =

6sc/6oc has increased over the same period from
0.64+ 0.06 to Q77 £ 0.06, continuing the trend ob-

of 12° < |B| < 27°, the albedo is predicted to decrease by served byOstro et al. (1980jor 12° < |B| < 18°. The
~17% for the A ring while remaining fairly constant for the observed dependenceof on sinB appears to be linear
B ring. between 12and 26, and is too steep to be explained by
In summary, the predicted values of b@ghand average an increase in interparticle scattering alone. An inhomo-
ring reflectivity, I/ F shown inFig. 15for a near-monolayer geneous ring with large, irregular particles concentrated
A ring composed of moderately forward-scattering ice par- towards the mid-plane and surrounded by a haze of
ticles in collisional and gravitational equilibrium are rea- smaller, smoother particles may be capable of account-
sonably consistent with the combined set of radar observa- ing for the polarization results, due to its elevation angle
tions, but a detailed match {6 may require either an ex- dependent scattering properties.
tended size distribution, a larger dynamical optical depth, or 4. Using multiple-ringlet model fits to the radar images, we
both. The minimal variation in multiple scattering fraction are able to set conservatives(Bupper limits on the nor-
with opening angle exhibited by all the Monte Carlo mod- malized cross-sections of the C ring and Cassini Divi-
els seems to be incompatible with the observed variation of sion ofor < 0.03 andsr < 0.09, respectively, atB| =
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. A much smaller azimuthal asymmetry may be present

. Monte Carlo radiative transfer models, based on dynam-
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23*-26, substantially improving on the upper limit on  diative transfer model developed I8alo and Karjalainen
the C ring set byOstro et al. (1982)These very low (2003)combined with a moderately forward-scattering par-
cross-sections may reflect a substantially larger frac- ticle phase function. The latter is compatible with calcula-
tion of smaller (subcentimeter-size) particles in these tions for irregular water ice particles with power-law size
regions, compositional differences relative to the icy distributions in the centimeter-to-meter size range. It appears
A and B rings, or a greatly reduced level of multiple- that a dynamical near-monolayer may provide an equally
scattering. good fit to the observed variations 6§ and uc with B

. A strongm = 2 azimuthal asymmetry is observed in 55 does a classical, many-particle-thick ring such has gener-

the radar images, concentrated in the A ring, with an 4y peen favored by previous investigators (e@uzzi and
amplitude, =~ 0.20 for | B| > 23°. This asymmetry is  pgjjack, 1978: Ostro et al., 198However, no serious at-
approximately twice the amplitude of that seen simul- o5t has yet been made to optimize the parameters of such a
taneously in reflected light at visible wavelengths, but 46| or to include an inhomogeneous distribution of scat-
has _the same orientation W'th. respect to the Obs.erver’terers. Furthermore, the Monte Carlo code was developed
leading to the conclusion that, like the latter, it also is at- to model optical data where < a, an assumption which is
.tribu'table to the presence of strong gravitational wakes clearly violated at radar wavelen,gths.

inthis part of the rings. Future monostatic radar observations at Arecibo could

in the B ring, at~1/4 of the level seen in the A ring but ~ 9° down toB = —145° in 2007 and—8" in 2008, albeit
with a similar orientation. A similar weak asymmetry in with limited tracking time, and could greatly help to nar-

the inner B ring has recently been reported by (French row the range of possible ring models. We note that both
et al., in preparation) in HST images. optical observations and the Monte Carlo models of light

scattering by gravitational wakes show thatis likely to

ical simulations of the rings and geometric optics, sug- '€ach its maximum value aB| = 12°. Bistatic radar ob-
gest that the large amplitude of the radar asymmetry in servations between Arecibo and Greenbank could yield total
the A ring may be due to the forward-scattering charac- fing cross-sections at even lower opening angles, but proba-
teristic of cold, decimeter-to-meter-size, irregular water bly insufficient SNR for delay—Doppler images. Additional
ice particles, which leads to significant multiple scatter- observations ofic at 3.5 cm by the Goldstone Solar System
ing even at zero phase angle, and thus to enhanced confadar, especially at lower inclinations, would also be most
trast between wake and interwake regions. A reasonablehelpful.

fit to the observed asymmetry is obtained for a Henyey—  During this same time period, we can also look forward to
Greenstein single particle phase function with a single- a wealth of observations of the Saturn system by the Cassini
scattering albedogr = 1.0 and anisotropy parameter, spacecraft, including 3-frequency radio occultations by the
g ~ +0.25, or for our irregular particle phase func- rings (at 1.3, 3.5, and 12.6 cm) and high-resolution spatial
tion, provided that the maximum particle size and/or mapping of the scattered radiation from the planet at 2 cm in
the dynamical optical depth are increased somewhat.two linear polarizations by the Radar experiment.

Such near-monolayer dynamical models predict a to-

tal cross-section which decreases slowly with increasing

|B|, due to the increasing visibility of the low optical
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Appendix A. Modeling radar delay—Doppler images of best fitting model for the 2000 data had a pointing offset of
Saturn’s rings 22,000 km E and 27,000 km N relative to Saturn’s center,
or about 8, consistent with the independently determined
We constructed a variety of models of the radial and az- RMS pointing error for the antenna. For 2001 and 2003, the
imuthal structure of Saturn’s main rings in order to estimate estimated pointing errors from the fits weré &nd 3, re-
their radar reflectivity. These were reprojected into delay— spectively. In all cases, the ring model parameters differed
Doppler images, and the model parameters were adjusted byby much less than our quoted uncertainties for the standard
a least squares procedure to give the best match to the radafits, which assumed that there was no pointing error.
delay—Doppler observations. To develop and test our pro- Obscuration of the rings by the planet was accounted for
cedures, we used high-resolution Hubble Space Telescopéy computing a mask given by the projected elliptical shape
(HST) images of the rings as model radar targets. Contem-of the planet at the time of the observations, assuming an
poraneous Wide Field and Planetary Camera 2 (WFPC2)equatorial radius of 60,268 km at the 1 bar level and an
images taken near zero solar phase angle were available fooblateness of 0.0979&indal et al., 1985)The unobscured
comparison with each of the radar data sets, obtained asprojected area of each ring region was also computed from
part of a long-term program to observe Saturn’s rings over the model for use in calculating the normalized radar cross-
a range of ring opening angleSrénch et al., 2000, 2003) sections inTable 4
In the most general case, this reprojection technique en-  The Doppler frequency and time delayr of each pixel
ables us to predict the delay—Doppler brightness correspond-in the sky plane image was computed from its radiusd
ing to a model (or actual) ring image of arbitrary complexity. longitude# as follows. Orbital motion was assumed to be
Because of the finite delay—Doppler resolution and SNR of circular, with the mean motios2 of each pixel in the sky
the observations, we usually restricted our attention to more plane model image given to ordéy in terms of Saturn’s
idealized models. In the simplest case, we represented thegravitational harmonics b§Nicholson and Porco, 1988)
ring system as a set of three concentric, circular ringlets of 5 4
uniform reflectivity, demarcated by the boundaries of the 2 _ G_M[lJr §Jz<ﬁ1) _ E’J‘l(ﬁl) } (A.1)
classical A, B, and C rings. We projected this ring model r3 2 8 r ’
from radi_us and Iongitud_e coprdir]ates 0) into the sky whereGM = 3.7931272x 107 km®s-2, Req= 60,330 km,
plane, using the appropriate ring tilt ang_% and for con- J» = 1.6297x 10-2, andJs = —9.10x 10-4 (Campbell and
venience we adopted an angular resolution of one-third of aAnderson, 1989)
I?Ianetary _Camera pixet0.015"), corres.po.ndmg to a spa- The radial component of the orbital velocity is then
tial resolution at Saturn of100 km. (This is 10-20 times
higher than the effective resolution of the delay—Doppler im- y,,q= $2r sind cosB (A.2)
ages.) This served as the model target for the radar beam.
The model accounts for the (possibly offset) antenna
beam profile by multiplying the sky plane image by a 2-di-
mensional Gaussian of FWHM 2.10 at A = 12.6 cm for
the 2001 and 2003 observations, anB@for the 1999 and ~ While the delay is simply
2000 campaigns, befqre the surfacg of the primary reﬂectorT — _2rcosf CosB . (A.4)
was reset. The Gaussian beam profile was squared to account
for both transmit and receive losses. In 1999, we suspectedwheref is ring longitude, measured in a prograde direction
a problem with the telescope pointing on one night which from the sub-Earth pointy = 2380 MHz, and: is the speed
we confirmed by performing separate fits to the positive and of light.
negative Doppler halves of the images. These fits showed a A separate delay—Doppler model image was created for
15% difference between the reflectivities of the east and westeach individual ringlet in the sky plane image, at the same
ansa, which did not reappear in subsequent years. resolution inv (2000 kHz) andr (10 ms) as the processed
In 2001, an extensive set of pointing calibrations was radar images. The contribution of reflecting area from each
undertaken by the Observatory staff, which found an RMS unobscured pixel in the sky-plane image was added to the
pointing error at S-band of10”, subtending~60,000 km at appropriate delay—Doppler pixel. To simulate the finite pulse
Saturn. As an independent check of the pointing, and to de-length of the transmitted signal, the delay—Doppler model
termine the effect of possible pointing errors on our model was convolved in the time domain by a trapezoidal kernel of
fits, we separately fitted the 2000, 2001, and 2003 delay—the appropriate duration (s&able 1. We performed a series
Doppler images to a grid of three-ringlet models in which of tests to confirm that any errors in registration of the model
the beam was offset from the nominal pointing in the E-W and observations were less than half a resolution element in
and N-S directions by up t120000 km. (In practice, the v andz.
pointing errors for the transmitted and received signals are At this stage, the simple concentric ring model had been
independent, and are likely to be different from each other, mapped intqv, ) space and was directly comparable to the
but in these tests, we assumed that they were the same.) Theadar image. Using a non-linear least-squares algorithm, the

and the corresponding Doppler shift is

v = —2V0Vrad/¢, (A.3)
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Fig. 17. A synthetic delay—Doppler image derived by reprojecting a pair of overlapping HST Planetary Camera images (upper left), compared with the
corresponding radar image constructed from OC and SC data obtained in December 2001 (middle left panel). The HST image has been smoothed in Doppl
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 subtractingalesiitably-sc
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-scaled HST
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 on the basi
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 thegesidual im
after subtracting best-fitting individually-scaled A and B ring images.

individual ringlet ‘reflectivities’ were then adjusted so that As an illustration of the ability of the model to distinguish
the composite model delay—Doppler image, obtained by co- the separate reflectivities of the A and B rings, in spite of the
adding the individual ringlet images, gave the best match degeneracy in the delay—-Doppler imagég. 17 shows the
to the data. The mean background signal was assumed taombined OG- SC radar image obtained in December 2001,
be zero, rather than being fitted, because the preprocessingogether with a delay—Doppler image constructed from HST
of the radar data described in SectiBrproduced a zero  data taken at the same ring opening angle. The reflectivities
background to high precision. In practice, the delay—Doppler of the A and B rings in the HST image were then separately
images for the ringlet models were computed in advance andscaled to give the best match to the radar data. By subtract-
stored on disk. With this computationally intensive task be- ing the A ring model from the data, the radar signal from the
hind us, a series of fits to the OC, SC, and combined CBR B ring remains, and vice versa. Note that the four brightness
and PFS datasets could be performed quite quickly. peaks in the images due to the delay—Doppler mapping de-
We tested the algorithm extensively. In one test, we generacy are still present in the individual rings, but much
formed a composite image of Saturn’s rings from separate subdued in comparison with the original radar image where
WFPC2 images of the E and W ansae, mapped the observedhe A and B rings appear to cross over in these regions (cf.
ring brightness into(v, t) space as described above, and discussion ofrig. 1above). The final panel iRig. 17shows
fitted this simulated radar image using a model with eight the residuals after subtracting both A and B ring models
uniform ringlets. We then compared the relative reflectivi- from the data.
ties for the model ringlets with the actual radial reflectivity To estimate the azimuthal asymmetry in the rings’ radar
profile of the rings extracted from the HST data. The agree- brightness, we included additional components in the ringlet
ment was excellent. model based on Monte Carlo light scattering calculations for
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