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Abstract

The backscattered reflectivity of Jupiter’s ring has been previously measured over distinct visible and near infrared wavelength bands by a
number of ground-based and spaceborne instruments. We present spectra of Jupiter’s main ring from 2.21–2.46 µm taken with the NIRSPEC
spectrometer at the W.M. Keck observatory. At these wavelengths, scattered light from Jupiter is minimal due to the strong absorption of methane
in the planet’s atmosphere. We find an overall flat spectral slope over this wavelength interval, except for a possible red slope shortward of 2.25 µm.
We extended the spectral coverage of the ring to shorter wavelengths by adding a narrow-band image at 1.64 µm, and show results from 2.27-µm
images over phase angles of 1.2◦–11.0◦. Our images at 1.64 and 2.27 µm reveal that the halo contribution is stronger at the shorter wavelength,
possibly due to the redder spectrum of the ring parent bodies as compared with the halo dust component. We find no variation in main ring
reflectivity over the 1.2◦–11.0◦ phase angle range at 2.27 µm. We use adaptive optics imaging at the longer wavelength L´ band (3.4–4.1 µm)
to determine a 2-σ upper limit of 22 m of vertically-integrated I/F . Our observing campaign also produced an L´ image of Callisto, showing a
darker leading hemisphere, and a spectrum of Amalthea over the 2.2–2.5 and 2.85–3.03 µm ranges, showing deep 3-µm absorption.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Jupiter’s ring was first detected when Pioneer 11 recorded
drops in the energetic particle flux corresponding to the 1.7–
1.8 RJ region (Fillius et al., 1975; Acuña and Ness, 1976). This
flux anomaly provides the only direct evidence found so far
for the existence of large (>5 cm) particles in Jupiter’s ring
(Ip, 1980), although these large particles are often invoked as
parent bodies for the more plentiful small particles that show
up in scattered sunlight. The Voyager spacecraft were the first
to detect the rings in reflected sunlight, and were able to dis-
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tinguish the three main components of the ring system: the
main ring, the halo, and the gossamer rings (Owen et al., 1979;
Jewitt and Danielson, 1981; Burns et al., 1984; Showalter et
al., 1985, 1987). The main ring has a north–south thickness
of no more than 30 km as seen in back-scattered sunlight,
and a radial width of 6000–7000 km (Ockert-Bell et al., 1999;
Showalter et al., 1987), spanning 1.72 to 1.81 RJ, with 1 RJ =
71,398 km from Smoluchowski (1976). The main ring has
a normal optical depth τ⊥ of a few × 10−6, depending on
the wavelength, as determined by a number of spacecraft and
ground-based photometric studies (see the review by Throop
et al., 2004). The halo extends from an inner radius of about
1.4 RJ out to the main ring, and has a north–south thickness of
2 × 104 km. The halo has a normal optical depth comparable
to the main ring (τ⊥ ≈ 10−6), but its extended structure makes
it more difficult to observe (Showalter et al., 1987). The gos-
samer rings extend beyond the main ring to just past Thebe’s
py of Jupiter’s ring and moons, Icarus (2006),
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orbit at 3.11 RJ and are the optically thinnest component of the
jovian ring system, with τ⊥ < 10−8 in backscattered sunlight at
2.27 µm (de Pater et al., 1999).

An abundance of fine dust in the ring system is evident
from the much brighter forward-scattered appearance of the
ring in Voyager, Galileo, and Cassini images, as compared with
back-scattered images. This scattering asymmetry is typical of
particles with sizes on the order of a micron or less. Particles
of this size have destruction and orbital evolution lifetimes of
105 years or less, so sources to replenish the dust are required
(Burns et al., 2004). The gossamer ring systems may be pop-
ulated by the inward evolution of ejecta from micrometeorite
impacts on Thebe and Amalthea, as suggested by the structure
of these systems (de Pater et al., 1999; Ockert-Bell et al., 1999;
Burns et al., 1999). The observed structure of the halo (de Pater
et al., 1999; Ockert-Bell et al., 1999) implies the inward orbital
evolution of small, charged dust particles whose inclinations
are excited at Lorentz resonances (Schaffer and Burns, 1992;
Hamilton, 1994; Horányi and Cravens, 1996). In the main ring,
as in the gossamer ring, dust is thought to be generated via mi-
crometeorite impacts on parent bodies, whose collective cross
section is estimated to be about three times that of Metis and
Adrastea combined, based on Galileo imaging data (Burns et
al., 2004).

The observations reported here were conducted in 2002 and
2003 with the 10-m telescopes at the W.M. Keck Observatory
during the 2002 jovian ring plane crossing. We present a near-
infrared spectrum covering the 2.2–3.0 µm range, supplemented
with imaging photometry taken with a CH4-band (2.27 µm)
filter and a narrowband FeII filter (1.64 µm), and with adap-
tive optics images taken in the L´ band spanning 3.5–4.1 µm.
We also include data from two 1997 ring plane crossing CH4-
band images, one of which was previously published in de Pater
et al. (1999). Galileo NIMS spectra of the ring in forward-
scattered light between 0.7–5.2 µm (McMuldroch et al., 2000;
Brooks et al., 2004) overlap with our data in the spectral do-
main, but the difference in phase angle means that the Keck
and NIMS data sets are sensitive to different particle char-
acteristics. The NIMS data were able to strongly constrain
the fine dust grain sizes, while the ground-based data are
sensitive to the larger ring particles in addition to the fine
dust. Our data add to a body of discrete measurements of the
C
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ring’s near-infrared reflectivity in back-scattered sunlight (e.g.,
Neugebauer et al., 1981; Meier et al., 1999; de Pater et al., 1999;
Nicholson and Matthews, 1991; Brown et al., 2003), yielding
some insight into the composition of the larger particles in the
ring system.

2. Observations

Images and spectra of Jupiter’s ring were obtained near the
2002 ring plane crossing. The ring opening angle for 2002 and
2003 observations was 0.04◦. Table 1 lists the detailed geome-
try of the observations.

2.1. Images

We imaged Jupiter’s ring with the facility’s near-infrared
camera NIRC (Matthews and Soifer, 1994) on 19 and 21 De-
cember 2002 (Table 1), using the CH4 (Fig. 1) and FeII (Fig. 2)
filters, respectively. NIRC is equipped with a 256 × 256 pixel
Santa Barbara Research Corporation InSb array, and has pixel
size of 0.151′′. The seeing on 19 December was 0.77′′, esti-
mated from the width of the main ring itself in the CH4 data
set. For the FeII data on 21 December, we estimated the seeing
to be 0.73′′ based on the width of the main ring in the co-added
data or 0.62′′ based on individual calibration star frames. We

Fig. 1. Co-added NIRC image of the main ring and halo, taken with the CH4
filter (see Table 1) in 2002. This image was used for absolute calibration of the
NIRSPEC spectral data.
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Summary of ring observations

Date Instrument Filter λmin
(µm)

λmin
(µm)

Range
(AU)

Solar dis-
tance (AU)

Phase
angle

Pixel size Tint
(s)(′′/pix) (km/pix)

1997-08-14, 15 NIRC CH4 2.191 2.346 4.053 5.0611 1.2◦ 0.151 444 5300a

1997-10-22 NIRC CH4 2.191 2.346 4.714 5.0406 11.0◦ 0.151 516 3200a

2002-12-19 NIRC CH4 2.191 2.346 4.614 5.2978 8.22◦ 0.151 505 5580a

2002-12-21 NIRSPEC KLb 2.20 3.03 4.590 5.2985 7.94◦ 0.116c 386 1080
2002-12-21 NIRSPEC KLb 2.83 3.65 4.590 5.2985 7.94◦ 0.116c 386 550
2002-12-21 NIRC FeII 1.6383 1.6559 4.613 5.2985 7.94◦ 0.151 505 360
2003-01-22 NIRC CH4 2.191 2.346 4.345 5.3090 2.3◦ 0.151 476 1760a

2003-01-26 NIRC2/AO L´ 3.426 4.126 4.334 5.3103 1.51◦ 0.01 31.4 648

a NIRC CH4-band image times are given for the total time spent on entire ring system.
b NIRSPEC wavelength range set by the grating cross-disperser position is narrower than that of the filter.
c NIRSPEC pixel scale after rectification (see text); raw data scale is 0.143′′/pixel. SCAM resolution is 0.18′′/pixel.
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Fig. 2. Co-added NIRC image of the main ring and halo, taken with the FeII
filter (see Table 1) in 2002. Satellite subtraction has left a circular artifact near
1.4 RJ; the brightness discontinuity 5000 km below the ring plane is due to
missing data in some of the individual frames.

linearized and flat-fielded the data according to standard proce-
dures (Graham et al., 1994). Separate sky frames were acquired
and subtracted from the ring images (see procedures described
by de Pater et al., 1999). Bleeding to adjacent pixels was cor-
rected according to an empirical model based upon observa-
tions of stars (Liu, 2000; Liu and Graham, 2001), and stray light
from Jupiter was removed by modeling the background based
on scans above and below the ring’s halo. The absolute calibra-
tion of the images was set by observing the infrared standard
stars SJ9134 and SJ9138 (Persson et al., 1998). In this paper we
are primarily concerned with Jupiter’s main ring and halo, and
in particular with its flux density; our CH4 imaging data have
excellent information regarding the gossamer rings, which will
be described in a separate report (Showalter et al., 2006).

Values of the reflectivity, I/F , were calculated using library
solar spectra of Colina et al. (1996) at λ < 2.5 µm and of Labs
and Neckel (1968, 1970) longward of 2.5 µm. We define the
ratio of the ring flux density I to the incident solar flux density
πF at Jupiter’s ring (following the typical convention of, e.g.,
Hammel et al., 1989):

I

R
= R2

Ω

fλ

FE

,

where R is Jupiter’s heliocentric distance (in AU), is the ob-
served solid angle corresponding to the observed flux fλ, and
πFE is the solar flux at 1 AU. The units of fλ and FE are the
same; in this case we measure the flux density in Jy. Integrat-
ing the I/F (Nicholson et al., 1996) with respect to projected
image distance perpendicular to the ring (in meters) yields a
quantity with a slightly more intuitive physical interpretation:
the vertically integrated I/F (VIF). The VIF gives an idea of
the amount of ring material present in the line of sight, since it
is equivalent to the thickness (perpendicular to the ring plane)
of a solid ring with I/F = 1.

Imaging Jupiter’s ring from Earth at L´-band (3.5 µm) has
been unsuccessful to date. Because the main ring is unresolved
perpendicular to the ring plane, the signal-to-noise ratio im-
proves with increasing resolution. Thus, we observed Jupiter’s
ring plane with adaptive optics on 26 January 2003, using the
Please cite this article as: M.H. Wong et al., Ground-based near infrared spectrosco
doi:10.1016/j.icarus.2006.07.007
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Fig. 3. The NIRC2 AO frames in the L´ band were acquired as Callisto
moved outwards through the ring plane, starting at 7:58 UT and ending at
9:20 UT. The grey box shows the field of view and orientation of the NIRC2
camera (map generated by the PDS Planetary Rings Node Jupiter viewer at
http://pds-rings.seti.org).

Satellite Callisto for wavefront sensing. The L´ observations
were conducted between 7:58 and 9:20 UTC, during which time
Callisto moved outwards along the ring plane as indicated in
Fig. 3. Standard near-infrared data reduction techniques (flat-
fielding, sky subtraction, bad pixel replacement with the me-
dian of surrounding pixel values) were applied to the images.
Absolute calibration was performed on stars HD106965 and
HD22686 (Elias et al., 1982). Fig. 4 shows an image con-
structed by co-adding frames aligned on Callisto; had the ring
been detected, it would have run horizontally through Callisto
in the image.

Although we could not detect the ring in our co-added L´
data, we are able to determine a robust upper limit for the I/F

of the ring in L´-band from the data. To reduce noise, we av-
eraged pixels within rows of the image, resulting in a vertical
trace that cut through the position of the ring plane. We sub-
tracted a linear background near the expected ring position, and
estimated the 1-σ root-mean-square noise level of the trace to
be equivalent to 0.81 m VIF. Unfortunately, we cannot claim
0.81 m (or 2.4 m for 3-σ ) for the upper limit, because the ring’s
flux is spread by the telescope optics over several pixels, not
isolated to a single pixel row. We observed a star to measure
the point spread function (PSF) of the telescope. The correct
way to estimate the ring upper limit is then to integrate over
the whole PSF, after scaling the PSF so that its peak (central)
intensity is equal to the desired 1-σ noise level in the data as
described above. This method yields a 1-σ upper limit for the
ring of 11 m VIF, although examination of the data reveals
that the 2-σ value of 22 m VIF is a more realistic detection
limit.
py of Jupiter’s ring and moons, Icarus (2006),
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Fig. 4. Sum of several NIRC2 AO frames in the L´ band, aligned on Callisto (see Table 1). Images are oriented so that the ring plane is along the horizontal axis.
Left: The background has been inverted and stretched for clarity. If the ring were detectable, it would appear as a very thin horizontal line centered on Callisto, which
was moving through the ring plane while these frames were acquired. The hexagonal pattern in Callisto’s stray light background is due to telescope optics. Right:
Contours show Callisto I/F values. The leading hemisphere (left) is slightly darker than the trailing hemisphere. During the time of the observations, Callisto’s
sub-Earth longitude ranged from 1.4◦ to 2.6◦, and the sub-Earth latitude remained fixed at 0.04◦ S.
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2.2. Spectra

The spectra were obtained with the near-infrared spectrome-
ter NIRSPEC (McLean et al., 1998) in the low resolution mode
(R ∼ 2000), using the KL filter. The spectrograph slit width
was 0.76′′, with a length of 42′′, and the slit was aligned paral-
lel to the ring plane. NIRSPEC is equipped with a 1024 × 1024
InSb array for spectroscopy and a slit-viewing camera (SCAM),
which consists of a 256 × 256 HgCdTe array of 0.18′′ pixels,
yielding a field of view 46′′ square. We used grating cross-
disperser position of 31.14 to observe the 2.20–3.03 µm (Ta-
ble 2) spectral interval. Fig. 5 shows the geometry of the ob-
servations. The slit was alternately placed along the ring plane
to integrate on the ring, and offset from the ring plane (pic-
tured) to obtain background sky frames. Since satellites had to
be masked out of some frames, the total integration times re-
ported in Table 1 are upper limits; the actual integration time
for some parts of the data set are reduced by the integration time
of one or more frames. Individual frames in the 2.20–3.03 µm
data set had integration times of 60 s. Unfortunately, as is dis-
cussed below, the ring was not detectable in the data longward
of about 2.5 µm. Additional data sets at 2.83–3.65 µm using
the KL filter with the cross-disperser position set to 32.63, at
0.95–1.12 µm with the NIRSPEC-1 filter, at 1.6–2.0 µm with
the NIRSPEC-6 filter, and at 1.95–2.29 µm with the K ′ filter
also could not detect the ring above the background of stray
light from Jupiter. To perform spatial rectification and to obtain
the wavelength solution for the NIRSPEC data, we used spectra
of argon calibration lamps and the REDSPEC v2.5 package of
IDL routines.1 The nominal NIRSPEC plate scale in the spatial

1 REDSPEC was developed by S.S. Kim, L. Prato, and I.S. McLean at the
UCLA Astronomy department. REDSPEC is available from the Keck website
and was created to supported NIRSPEC data analysis.
Please cite this article as: M.H. Wong et al., Ground-based near infrared spectrosco
doi:10.1016/j.icarus.2006.07.007
E
Ddirection (along the spectrograph slit) is 0.143 arcsec pixel−1

in the raw data (McLean et al., 1998). For the rectified data,
we derived a plate scale of 0.116 arcsec pixel−1 by comparing
the observed and ephemeris-predicted positions of Amalthea in
13 frames (listed in Table 2). The co-added ring spectrograph
image was composed of frames aligned on Jupiter’s limb (as
determined at four wavelengths), since the ring is too faint in
individual frames to use for alignment.

Sky frame subtraction was used to reduce four competing
sources of noise: detector bias and dark current, sky emission,
stray light in the spectrograph, and stray light near the disk of
Jupiter. For on-ring frames, the “Sky Frame” column in Table 2
gives the name of the sky frame subtracted from the data. We
built sky frames A–E by co-adding groups of off-ring frames
with similar jovian limb placements; the individual co-added
frames used for each sky frame can be read from Table 2 as
well. We found that due to the very low flux density from the
ring, it was necessary to first subtract sky background frames
before shifting and adding frames. Detector effects and stray
light in the spectrograph are best eliminated by subtracting un-
shifted frames, because the stray light in the spectrograph is
strongest at the ends of the slit (corresponding to the data both
on the disk and farthest from Jupiter) but is relatively con-
stant away from these extremes. On the other hand, stray light
from Jupiter is ideally removed by subtracting sky frames af-
ter limb-aligning them with the ring frames, but we achieved
satisfactory results by choosing sky frames whose unshifted
limb positions differed by less than 17 pixels (2′′) from the
corresponding ring frame limb positions. The best compensa-
tion for sky emission would have been achieved by subtracting
sky frames that were acquired the closest (in time) to the corre-
sponding ring frames, but this sort of temporal pairing would
have interfered with the limb-proximity pairing used to cor-
rect for scattered light from the jovian disk. The combination of
py of Jupiter’s ring and moons, Icarus (2006),
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Table 2
NIRSPEC 2.2–3 µm observation details

Frame Time
(UTC)

Slit on
ring

Sky
frame

Position in frame
(pixel row No.)

Amalthea offset from
Jupiter center

Limb Amalthea (arcsec) (RJ)

1169 14:32:56 x B 282.56 88.11 42.97 2.00
1170 14:34:26 A 290.02 – – –
1171 14:37:01 x C 275.14 90.82 41.74 1.95
1172 14:38:37 B 283.49 – – –
1173 14:40:02 B 286.47 – – –
1174 14:42:18 x C 272.20 101.62 40.07 1.87
1175 14:43:51 x C 271.61 105.70 39.57 1.84
1176 14:45:18 x C 274.08 111.66 39.09 1.82
1177 14:46:56 B 283.13 – – –
1178 14:48:20 C 280.36 – – –
1179 14:49:47 C 279.25 – – –
1180 14:51:09 C 279.69 – – –
1181 14:53:32 x C 270.73 134.32 36.26 1.69
1182 14:55:02 x C 272.49 137.91 35.72 1.67
1183 14:56:26 x C 270.61 140.52 35.21 1.64
1184 14:57:51 x D 263.79 138.22 34.69 1.62
1185 14:59:17 x D 257.03 137.72 34.16 1.59
1186 15:01:02 D 258.61 – – –
1192 15:09:50 E 310.96 – – –
1193 15:11:28 x A 287.78 209.23 29.45 1.37
1194 15:12:50 x B 282.55 208.12 28.90 1.35
1195 15:14:24 x A 289.52 222.73 28.27 1.32
1196 15:15:49 x B 281.19 218.30a 27.60a 1.29a

1197 15:17:12 x C 273.43 224.35a 27.00a 1.26a

1198 15:18:35 x C 268.32 215.01a 26.49a 1.23a

1202 15:26:35 x E 305.19 281.11a 23.10a 1.08a

1203 15:28:05 x E 298.91 280.03a 22.50a 1.05a

1204 15:29:27 x E 293.19 280.34a 21.80a 1.02a

a After 15:15 UT Amalthea was in eclipse and could not be detected in the data.

Fig. 5. An image from the slit-viewing camera (SCAM) taken at 14:48 UT on 2002-12-21 (left) shows the NIRSPEC slit offset from Jupiter’s equatorial plane during
one of the background exposures. Two image contrast scales are used to show both Jupiter and Amalthea; the main ring is barely visible in this 10-s exposure. The
geometry of Jupiter, the main ring, and Amalthea is shown on the right, with the SCAM field of view denoted by the grey box, rotated so that the slit is parallel to
the ring plane (map generated by the PDS Planetary Rings Node Jupiter viewer at http://pds-rings.seti.org).
Please cite this article as: M.H. Wong et al., Ground-based near infrared spectroscopy of Jupiter’s ring and moons, Icarus (2006),
doi:10.1016/j.icarus.2006.07.007

http://pds-rings.seti.org


ARTICLE IN PRESS

T

JID:YICAR AID:8003 /FLA [m5+; v 1.65; Prn:30/08/2006; 12:15] P.6 (1-13)

6 M.H. Wong et al. / Icarus ••• (••••) •••–•••

1 58

2 59

3 60

4 61

5 62

6 63

7 64

8 65

9 66

10 67

11 68

12 69

13 70

14 71

15 72

16 73

17 74

18 75

19 76

20 77

21 78

22 79

23 80

24 81

25 82

26 83

27 84

28 85

29 86

30 87

31 88

32 89

33 90

34 91

35 92

36 93

37 94

38 95

39 96

40 97

41 98

42 99

43 100

44 101

45 102

46 103

47 104

48 105

49 106

50 107

51 108

52 109

53 110

54 111

55 112

56 113

57 114
U
N

C
O

R
R

E
C

increasing sky emission and decreasing solar intensity with in-
creasing wavelength meant that the ring spectrum could not be
retrieved from this data set for wavelengths longer than 2.5 µm.
In retrospect, since the low intensity of the ring necessitated ac-
curate corrections for numerous background contributions, the
best observing strategy would have been to obtain images with
the limb at the same position in every frame (both on and off
the ring plane), with more frequent interleaving of sky and ring
frames. We observed the A1V star HIP 45874 in order to cor-
rect for atmospheric extinction. All spectra were divided by the
average spectrum of this calibration star, and then multiplied by
a blackbody spectrum at 9325 K.

A background bias correction was applied to the processed
data (after co-adding, sky-subtraction, extinction–correction,
and limb-alignment) by subtracting the average level just be-
yond the main ring (1.83 to 1.95 RJ) at each wavelength. The
bias correction is thus most accurate near the ring ansa, with
declining accuracy closer to the planet. The bias-correction
technique also cancels the 2.7% contribution from the gossamer
rings (de Pater et al., 1999).

Stray light from Jupiter is removed from the data by sub-
tracting off-ring frames with the limb of Jupiter falling at ap-
proximately the same pixel row as in the on-ring frames, but
some residual stray light remains even after this step. Stray light
increases dramatically longward of about 2.46 µm as Jupiter’s
methane band is left behind and Jupiter grows much brighter.
Visual inspection of these data outside the methane band shows
strong stray light effects out to 1.6 RJ from the planet, but we
estimate (based on the ring data itself) that the stray light lim-
iting distance within the methane band is at a more favorable
1.45 RJ.

We “bootstrapped” the 2.20–2.47 µm ring spectrum absolute
flux calibration using the calibrated NIRC image (Fig. 1; Ta-
ble 1) taken with the CH4 filter (λcentral = 2.269 µm; full width
at half maximum = 0.155 µm). Explicitly, we summed the CH4
image intensity over a rectangular solid angle spanning 1.6–
1.8 RJ in the radial direction (covering the ring ansa) and 0.763′′
perpendicular to the ring plane (corresponding to the projected
linear width at Jupiter of the NIRSPEC spectrograph slit). The
resulting flux density from the image was 710 µJy. We then
scaled the NIRSPEC flux density so that the total flux density
within the wavelength interval of the CH4 image and between
1.6 and 1.8 RJ was also 710 µJy.

3. Results and discussion

3.1. Ring imaging

3.1.1. Solar phase angle dependence (CH4 filter)
We have extracted thin radial profiles to focus on the main

ring and thick profiles to include the halo (see Fig. 6). We chose
profile widths following de Pater et al. (1999), with thin profiles
vertically integrated over 2210 km (or about 0.031 RJ, corre-
sponding to the 0.75′′-wide profiles shown in de Pater et al.,
1999), and with thick profiles spanning 17,350 km perpendic-
ular to the ring plane, or about 0.243 RJ (corresponding to the
5.9′′-wide profiles shown in de Pater et al., 1999). In addition
Please cite this article as: M.H. Wong et al., Ground-based near infrared spectrosco
doi:10.1016/j.icarus.2006.07.007
E
D

P
R

O
O

F

Fig. 6. Radial profiles from NIRC CH4-band images obtained at four epochs
with different phase angles (see legend). There are no differences in brightness
or shape among the thick and thin profiles that are clearly above the 1-σ un-
certainty level, so the phase response of the main ring and halo is quite flat
over the 1.2◦–11◦ phase angle range. Intensities are given in µ Jy/linear arcsec
along the ring plane, integrated over 0.75′′ (thin profiles) and over 5.9′′ (thick
profiles). Error bars shown for the December 2002 data indicate the 1-σ noise
level common to all the profiles after smoothing by three pixels (equivalent to
0.014 RJ, or the distance between two error bars), and the photometric uncer-
tainty is shown separately for the thin and the thick profiles. The photometric
uncertainty is larger for the thick profiles than for the thin profiles because it
scales with intensity. Flux density values and profile angular thicknesses have
been scaled to match the August 1997 geocentric and heliocentric distances.

to radial profiles extracted from the December 2002 CH4-band
image, Fig. 6 also shows profiles extracted from NIRC CH4-
band images acquired in August 1997 (de Pater et al., 1999),
October 1997, and January 2003. The thin profiles are identi-
cal to within the stated uncertainties. The thick profiles also do
not show any variation in peak intensity greater than the photo-
metric uncertainty. Although the thick profiles do exhibit some
variation in shape at the 1-σ level, the statistical significance of
this variation is dubious.

The CH4-band data are plotted vs phase angle in Fig. 7.
Each point is a radial average of the profiles shown in Fig. 6,
with open squares corresponding to the thick profiles and filled
squares corresponding to the thin profiles. Both thick and thin
profiles are best fit by straight lines, indicating reflectivities
independent of phase angle to within the 1-σ error-bars. The
solid curve shows the model phase function of Throop et al.
(2004), which was scaled to best fit the data. The Throop et
al. (2004) phase function is consistent with the data at the 1-σ
level, but does not provide a better fit than a straight line. The
model phase function includes contributions from both the fine
dust and the large ring particle components. The fine dust com-
ponent was modeled using the Mishchenko and Travis (1998)
code for non-spherical scattering and absorption, using the size,
shape, and composition parameters from Throop et al. (2004).
py of Jupiter’s ring and moons, Icarus (2006),
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Fig. 7. Main ring and halo phase function from CH4-band imaging data. The
profiles in Fig. 6 were radially averaged over the 115,000 km to 125,000 km
interval, and these mean values are plotted here as a function of phase angle.
The phase function produced with best fit parameters from Throop et al. (2004)
is shown as a solid line; it is marginally consistent with the CH4-band phase
function at the 1-σ level. The opposition peak (α < 2◦) in the model is due
to the choice of Callisto cratered terrain (Squyres and Veverka, 1981) as an
analogue for the phase function of large bodies in the main ring, so the relative
lack of opposition surge in the observations themselves may signal a lack of
regolith material on the larger ring bodies.

The large particle component was modeled using the Callisto
phase curve of Squyres and Veverka (1981), again following
Throop et al. (2004).

Since the ratio of large particle to dust optical depths, τl/τs ,
found by Throop et al. (2004) is 3.6 for non-spherical particles,
the large particle contribution dominates at the small phase an-
gles sampled by our ground-based measurements. The Squyres
and Veverka (1981) phase function was originally derived sim-
ply as an empirical fit to Callisto phase function data taken
by Voyager, but it models a clear opposition surge. Throop et
al. (2004) found a very good fit to jovian ring data using this
phase function to model the behavior of the large ring particles
at larger phase angles, but this phase curve produces a slope
that is barely consistent (at the 1-σ level) with our ring data
at smaller phase angles. In fact, a phase-invariant reflectance
over the 1.8◦–11◦ range sampled by the data fits better than the
Squyres and Veverka (1981) formulation. The angular width of
the opposition surge on a body is linked to physical proper-
ties of the regolith on the body’s surface (Hapke, 1986), so the
lack of a clearly detectable opposition surge in our data may in-
dicate an absence of regolith on ring parent bodies. The lack
of a regolith is not surprising, since the location of these ob-
jects within Jupiter’s Roche limit would make the retention of
a regolith difficult. In addition, the role of parent bodies as re-
plenishers of the dust component of the ring implies that dust
created by micrometeorite impacts or collisions would be ef-
ficiently lost to the ring, rather than remaining on the surface
of the parent bodies. The flat phase curve in the data paral-
lels recent work by Showalter et al. (2006) showing that the
jovian gossamer rings also have no phase angle dependence
near backscatter. Showalter et al. (?) attribute this uniformity
to non-spherical gossamer ring dust particle shapes. Our results
suggest that main ring dust may also be non-spherical, and that
Please cite this article as: M.H. Wong et al., Ground-based near infrared spectrosco
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Fig. 8. Radial profiles of ring system reflectivity obtained from the FeII image
(Fig. 2). The main ring profile (thin black line) is integrated over a 2200-km
swath centered on the ring plane, and the main ring + halo profile (thick black
line) shows the “total” ring system reflectivity summed over 17,300 km cen-
tered on the ring plane. The drop in reflectivity out to 1.67 RJ in the thick
profile is due to the halo. CH4-band profiles from Fig. 6 (scaled by 0.42) are
shown in grey for comparison. The plotted error bars show statistical uncer-
tainties estimated using standard deviations from the individual frames used to
make the co-added image shown in Fig. 2.

ring parent bodies may lack regoliths. Model fits to Cassini,
Galileo, and Voyager visible phase curve data also strongly re-
quire non-spherical main ring dust particles (Porco et al., 2003;
Throop et al., 2004).

3.1.2. Halo imaging (CH4 and FeII filters)
Fig. 8 shows thick and thin profiles derived from the FeII

image. Between 1.7 and 1.8 RJ, there is a minimal difference
(about 4 m VIF) between the thin strip and the thick strip. This
result is expected, given the fact that the ring is unresolved; the
projected width of 2074 km corresponding to the 0.62′′ seeing
estimated from calibration star images is much greater than the
57-km thickness due to the combination of the projected ellipse
of the ring with an opening angle of 0.04◦ and the physical
thickness in backscattered light determined from Voyager data
(Showalter et al., 1987). The VIF in the thick (main ring+halo)
profile is roughly constant over the 1.45 to 1.6 RJ region at
about 20 m and decreases over the outer range of the halo at 1.6
to 1.7 RJ. To assess the spatial distribution of the halo in the FeII
image, we show the width of the ring as a function of distance
in Fig. 9. We calculated the width by fitting each column of
the co-added image with a linear background and a Gaussian,
so the full width at half maximum of the fitted Gaussian is the
quantity plotted in Fig. 9. Horizontal lines contrast the average
width of the ring interior to 1.6 RJ (1.18 ± 0.04′′ or 3950 ±
130 km) as well as over the 1.7–1.8 RJ region (0.75 ± 0.03′′ or
2510 ± 100 km).

Grey curves in Fig. 8 enable comparison of the CH4 profiles
(scaled down by a factor of 0.42) with the FeII profiles. The
factor of 0.42 basically turns down the brightness of the main
ring (1.7–1.8 RJ) at the CH4-band wavelength of 2.27 µm, to
py of Jupiter’s ring and moons, Icarus (2006),
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Fig. 9. Ring system width. For each column in the FeII image (Fig. 2),
a Gaussian + linear background fit was made to the data. The full width at
half maximum of the fitted Gaussian (thick curve) drops from the average
value of 1.18 ± 0.04′′ inward of 1.6 RJ (where the halo contributes to the ring
system reflectivity) to 0.75 ± 0.03′′ over the 1.7–1.8 RJ region. The scale is
3329 km/arcsec, but the edge-on main ring itself is unresolved (perpendicular
to the ring plane).

match the main ring brightness at the FeII-band wavelength of
1.64 µm. The clear excess in FeII over CH4 inside of 1.6 RJ,
due to the halo contribution, shows that the halo is not as red
as the main ring. The relative magnitude of the halo contribu-
tion (the difference between the thick and thin profiles) is also
greater in the FeII band than in the CH4 band, again consis-
tent with a redder color of the main ring with respect to the
halo. Since the main ring’s backscattered reflectance is about
evenly divided between solid bodies and dust, while the halo
reflectance is entirely due to dust, this observed halo-main ring
color difference is probably caused by the previously known
intrinsically red color of the large bodies of the main ring. But
unfortunately, stray light from the jovian disk is also at least an
order of magnitude brighter in the FeII band (based on spec-
tra presented by Banfield et al., 1998), and could influence the
results despite our best attempts to correct for instrumentally
scattered Jupiter light. Reflected Jupiter shine—sunlight scat-
tered from Jupiter to the halo and back to the observer—may
play a significant role just because Jupiter occupies such a large
solid angle as seen from the halo. For a ring or halo particle, the
situation is analogous to the bright glare experienced by a snow-
boarder on a sunny day: although the Sun is indeed brighter than
a similarly sized patch of snow, the large areal extent of the
snowfield makes it a strong local source of illumination. This
effect approximately follows an inverse r2 dependence over the
1.4–2.0 RJ range. At the halo’s distance of 1.6 RJ, Jupiter shine
is 30% stronger than at the main ring’s distance of about 1.8 RJ,
not only in our data, but in any remote sensing data set. Thus it
is not entirely clear whether we have detected a true color dif-
ference between the ring and the halo, or whether we are seeing
more scattered Jupiter shine from the halo than from the main
ring.
Please cite this article as: M.H. Wong et al., Ground-based near infrared spectrosco
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Fig. 10. Main ring spectrum from 2.2–2.5 µm, averaged over 1.6–1.8 RJ. Indi-
vidual data points are averaged from co-added spectra and Gaussian smoothed
with a half width of 5.4 nm, from low-resolution NIRSPEC data with an orig-
inal �λ of 0.8 nm. The grey error-band shows the 1-σ statistical uncertainty
envelope for the smoothed data, while systematic uncertainties are plotted as a
dashed line.

3.2. Ring spectroscopy

3.2.1. NIRSPEC spectrum (2.2–2.5 µm)
The spectrum of the ring between 2.20 and 2.47 µm is shown

in Fig. 10, averaged over data with projected jovian separations
of 1.6 to 1.8 RJ. Examination of the data revealed no significant
difference between the spectral character of the ring system ob-
served at the main ring ansa (1.6–1.8 RJ; shown in Fig. 10) and
closer to the planet, where the halo contribution is larger (1.45–
1.6 RJ; not shown).

Fig. 11 (adapted from Throop et al., 2004) expands the
wavelength scale to show the NIRSPEC main ring spectrum in
comparison to adjacent 2–2.5-µm measurements (from Meier
et al., 1999; Neugebauer et al., 1981; Nicholson and Matthews,
1991, adjusted to compensate for viewing geometry according
to Throop et al., 2004). The main ring spectrum is consistent
with these other results, except for the Neugebauer et al. (1981)
measurements at 2.2 and 2.4 µm. The Neugebauer et al. (1981)
data, including the point at 1.7 µm, differ from the other mea-
surements in Fig. 11b in that they used a relatively large 6′′
photometric aperture, which would have included additional
flux from the halo. The other data sets used imaging photome-
try, with the wavelength range of the observations represented
using horizontal error bars in Fig. 11b.

The ring spectrum is flat over the 2.25 to 2.45 µm inter-
val, with a possible absorption feature shortward of 2.25 µm.
No previous measurements had narrow enough spectral band-
widths to detect a feature at this wavelength. Based upon the KL
filter transmission spectrum, this feature does not appear to be
an artifact. It is also hard to explain as being caused by Jupiter
stray light. If stray light were to account for the observed spec-
tral feature somehow, we would expect a continuous effect over
the 2.2–2.3 µm region. In particular, the flat spectrum between
2.25 and 2.30 µm is difficult to explain via variations in stray
light intensity, since Jupiter is about a factor of three brighter
at 2.25 µm than at 2.30 µm (Banfield et al., 1998). Further-
more, examination of Amalthea spectra, even at separations as
small as 1.32 RJ showed no anomalous effect on the slope of the
Amalthea spectrum due to stray light at λ < 2.3 µm. However,
py of Jupiter’s ring and moons, Icarus (2006),
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Fig. 11. Spectral measurements of the backscattered main ring reflectivity, after corrections for variance in the viewing geometry from data set to data set (adapted
from Throop et al., 2004). Horizontal bars indicate the wavelength span of each measurement. The NIRSPEC data are shown as a dark grey curve, with the
uncertainties represented as a light grey error envelope. The Keck data points at 1.64 µm show the difference in normal reflectance derived when the halo is included
in the measured ring reflectance. The Keck data point near 3.8 µm is the 1-σ upper limit obtained from our L´-band image, with the 2-σ upper limit also indicated
as the upper error bar. The Keck data points near 2.27 µm at phase angles of 1.2◦, 2.3◦, 8.2◦ , and 11◦ are identical within the error estimates (see Fig. 6 and
Table 1). The individual observations are described in Throop et al. (2004) and (a) Neugebauer et al. (1981), (b) Throop et al. (2004), (c) Showalter et al. (1987),
(d) Ockert-Bell et al. (1999), (e) Meier et al. (1999), (f) Nicholson and Matthews (1991).
93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114
U
N

C
O

Rthe usefulness of Amalthea’s spectrum as a diagnostic is limited
for two reasons: Amalthea’s greater brightness relative to the
ring means that (instrumental) stray Jupiter light should influ-
ence the satellite’s spectrum much less than the ring’s spectrum,
and the ring’s separation of only 0.8 RJ from Jupiter would
make (non-instrumental) scattered Jupiter shine about 2 times
weaker for Amalthea than for the main ring.

The possible absorption band in the NIRSPEC data short-
ward of 2.25 µm may be consistent with Cassini VIMS phase
data. Model phase curves of Throop et al. (2004) found a bet-
ter match to the 60◦–120◦ VIMS data using only dust, rather
than a combination of dust and large ring bodies. This implies
that the large bodies are anomalously dark in the wavelength
range sampled by the VIMS data. Throop et al. (2004) in-
voked the possibility that the feature could be similar to 2-µm
pyroxene/olivine bands seen in asteroids (Bell et al., 1988;
Gaffey et al., 1993). Alternately, the 2-µm water ice feature
(Warren, 1984; Rajaram et al., 2001; Gerakines et al., 2005)
would be an unconventional suggestion, given substantial work
showing that water ice is unstable to sputtering over short time
Please cite this article as: M.H. Wong et al., Ground-based near infrared spectrosco
doi:10.1016/j.icarus.2006.07.007
scales in the jovian ring system. Morfill et al. (1980) and Burns
et al. (1984) showed that icy dust grains would be destroyed by
sputtering on the order of 100 times faster than silicate grains.
Johnson et al. (1981) estimated that Europa could be losing
100 m of surface ice per billion years due to sputtering, but the
more hospitable charged particle flux at the location of the main
ring (Morfill et al., 1980) could mean a slower loss rate closer to
1 m Gyr−1. Although icy dust grains would be easily destroyed,
a primordial 10-m (or larger) water ice ring parent body would
survive over the age of the Solar System at these sputtering
rates. So although it is unlikely that water ice could be a signif-
icant component of the dust grain population in the ring, it may
be present on the larger parent bodies. The spectral slope of this
feature is steeper than that of the 2-µm feature in Saturn’s ring
spectrum (dashed line in Fig. 11), and the “hump” in the jov-
ian ring spectrum near 2.4 µm is absent from the saturnian ring
spectrum. Features in Saturn’s ring spectrum are due to water
ice, so the difference between the spectra of the two ring sys-
tems argue weakly against the spectrally-identifiable presence
of water ice in the jovian ring spectrum.
py of Jupiter’s ring and moons, Icarus (2006),
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Fig. 12. Comparison of profiles derived from the NIRC CH4-band image with
the NIRSPEC profile averaged over the same wavelength range. The NIRC pro-
files are the 2002 December profiles from Fig. 6, but the thick profile is scaled
by a factor of 0.7 to allow easier shape comparison with the NIRSPEC profile.
The closer match between the NIRSPEC profile and the thick profile can be ex-
plained by NIRSPEC oversampling of the halo contribution (see Section 3.2.2).
NIRSPEC error bars show the effect of both systematic and statistical uncer-
tainties. The profile has been Gaussian-smoothed with a half width of 0.62′′
(0.03 RJ) to reduce noise.

3.2.2. Radial NIRSPEC profile
A radial profile of the ring, obtained by integrating the NIR-

SPEC spectrum over 2.20–2.35 µm (corresponding to the band-
pass of the NIRC CH4-filter) is shown in Fig. 12. Fig. 12 also
includes the ring plane profile (thin grey line) and the main
ring + halo profile (thick grey line) derived from the December
2002 NIRC image. The shape of the NIRSPEC profile inwards
of the ansa is much more similar to the shape of the thick
CH4-band profile than the shape of the thin CH4-band profile,
although the angular width of the spectrograph slit (0.76′′) is
equal to the width of the thin profile. The shape of the NIR-
SPEC profile suggests that the halo is oversampled in the data
with respect to the main ring. Our NIRSPEC calibration star
frames show a full width at half maximum of about 9.3 pixels,
or 1.08′′, in the spatial direction along the slit. If the same point
spread function (in angular units) applies in the spatial direc-
tion perpendicular to the slit, then a significant fraction (about
40%) of the reflected flux from the main ring would go un-
detected. This undersampling effect would not affect the halo,
because it is extended in the direction perpendicular to the slit.
Imprecise centering of the ring plane along the slit axis cre-
ate additional oversampling of the extended halo. Hence, the
relative contribution of the halo to the NIRSPEC radial pro-
file is larger than in the NIRC thin profile, and more similar
to the NIRC thick profile. Note that the undersampling of the
ring-plane flux density does not affect the flux density cali-
bration of the spectrum, since the total NIRSPEC flux density
integrated over the CH4 bandpass is bootstrapped from the
CH4 image. The increase in the NIRSPEC profile inward from
1.6 RJ is probably an artifact caused by residual stray light from
Jupiter.
Please cite this article as: M.H. Wong et al., Ground-based near infrared spectrosco
doi:10.1016/j.icarus.2006.07.007
E
D

P
R

O
O

F

3.3. Callisto and Amalthea

The disk-averaged L´-band albedo of Callisto itself was
measured to be 0.11. This is slightly brighter than the 0.081 ±
0.013 predicted by the disk-averaged L´ photometric model of
Tittemore and Sinton (1989), which includes longitudinal and
phase-angle variation but does not account for the opposition
surge, probably because their data set includes only one point
at a phase angle less than 4◦. Because Callisto was emerging
from just behind Jupiter (the central meridian longitude var-
ied from 1.4◦ to 2.6◦ W during our observations), we imaged
half of the leading hemisphere (Fig. 4, left side of disk) and
half of the trailing hemisphere. The phase angle ranged from
1.51◦ to 1.50◦. The leading hemisphere is slightly darker, con-
sistent with the hemispheric asymmetry observed by Calvin
and Clark (1993) and Calvin et al. (1995), who found geo-
metric albedos increasing from 0.10 to 0.13 across the 3.4–
4.1-µm range (corresponding to the NIRC2 L´ filter) on the
trailing hemisphere and from 0.06 to 0.095 on the leading hemi-
sphere. Ground based spectral measurements of Callisto done
by a number of other groups yield similar albedos: Pollack et
al. (1978) found geometric albedos increasing from about 0.08
at 3.4 µm to about 0.14 at 4.1 µm, while Roush et al. (1990)
found geometric albedos increasing from about 0.06 to about
0.10. Cassini VIMS data (McCord et al., 2004) and Galileo
NIMS data (McCord et al., 1998) are more difficult to com-
pare directly to our L´ image due to the difference in phase
angle. Nevertheless, the NIMS data show that there is signifi-
cant variation in the L´ albedo at much smaller scales than the
hemispherical pattern noted previously from the ground; some
evidence for this inhomogeneity can be seen in our L´ image
(Fig. 4). As a resolved image at low phase, our observation
provides a link between these resolved high-phase spacecraft
observations and the unresolved ground-based photometry at
low phase.

To verify the spectral slopes in our ring data, we sent our
Amalthea spectrum through the same data reduction pipeline,
except that the frames were aligned on the satellite instead of on
Jupiter’s limb. The background bias correction for the Amalthea
data was derived from the sky level measured adjacent to the
satellite on both sides, rather than from the data just beyond
the ring ansa as for the ring frames. The resulting spectrum of
Amalthea (with I/F calculated assuming a projected area of
8750 km2) is shown in Fig. 13. We observe Amalthea to have a
slight red slope between 2.2 and 2.5 µm. Near 3 µm, the albedo
is much lower than in the 2.2 to 2.5 µm window. Data from the
recent ground-based spectra obtained by Takato et al. (2004) are
overlaid (dark grey curves), with the lighter grey shaded regions
corresponding to their stated photometric uncertainties.

There is excellent agreement between these two ground-
based data sets, which provide the only spectra of Amalthea at
these wavelengths, since no spectra of the satellite from Galileo
NIMS or Cassini VIMS have been published. The NIRSPEC
spectrum was co-added from frames in which the trailing side
of Amalthea occupied 98–82% of the visible fraction of the
satellite. Takato et al. (2004) measured the spectrum of the
trailing hemisphere of Amalthea at λ < 2.5 µm in 2004 with
py of Jupiter’s ring and moons, Icarus (2006),
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Fig. 13. Amalthea reflectance (black lines), assuming a cross-section of 8750
km2. The spectrum is an average of frames taken as Amalthea moved inwards
from ∼2.1 RJ to ∼1.6 RJ. Error bars show representative combined statisti-
cal and systematic uncertainties for several points in the spectrum. Amalthea’s
trailing hemisphere spectrum, from Takato et al. (2004), is plotted in dark grey
for comparison; the light grey shading indicates their stated range of photomet-
ric uncertainty. Visible and near-IR reflectivities from analysis of Voyager and
Galileo imaging data (Thomas et al., 1998) are shown, after adjustment for a
phase angle of 8.9◦ using the Hapke reflectance model (Hapke, 1984, 1986,
1993) with parameters given by Simonelli et al. (2000).

SpeX at the IRTF and at λ > 2.8 µm with IRCS at the Subaru
telescope in 2002–2003. Both spectral segments were photo-
metrically scaled to match calibrated imaging data taken with
IRCS, similar to our technique of scaling our NIRSPEC spec-
trum to calibrated NIRC imaging data. However, since we mea-
sured the 2.2–2.5 and 2.85–3.05 µm wavelength intervals within
a single co-added spectrum, our result provides an important
independent confirmation of the magnitude of the 3-µm absorp-
tion feature noted by Takato et al. (2004) and supports their
inference of hydrated minerals and/or organics in the spectrum
of the moonlet.

3.4. Broadband 1–4 µm ring spectrum

Fig. 11 places our Keck spectral observations in the con-
text of other backscattered reflectance measurements from the
visible to the infrared, reported within various wavelength in-
tervals by numerous spacecraft and ground-based observers.
Scaling corrections have been applied to correct for differences
in viewing geometry, as described in Throop et al. (2004).
At the 1.64-µm wavelength of our FeII data, we show nor-
mal reflectances derived from both our thin and thick pro-
files, and find that the main ring + halo point provides a better
match to the previous observations (Neugebauer et al., 1981;
Meier et al., 1999). Neugebauer et al. (1981) may have included
a substantial amount of halo flux in their measurement (see
Section 3.2.1). Meier et al. (1999) reported reflectances for the
main ring only, but their HST data were acquired with a wide-
band filter (F160W; FWHM = 0.4 µm), so if our reduced re-
flectance in the FeII filter is due to a narrow absorption feature,
it would not be detected in the HST data. Although the scaling
techniques of Throop et al. (2004) have facilitated the chal-
lenging task of comparing data obtained by several teams with
different observational techniques, the Keck reflectance data in
Fig. 11 avoid these issues by being consistently processed, so
Please cite this article as: M.H. Wong et al., Ground-based near infrared spectrosco
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the main ring FeII data point can be combined with the CH4
imaging and spectroscopic data to show a strong red slope over
the 1.6–2.4 µm region.

Our L´-band (3.4–4.1 µm) upper limit is the longest-
wavelength constraint on the backscattered ring spectrum to
date. Fig. 11 shows the 1-σ (black square) and 2-σ (upper er-
ror bar) upper limits for the L´ band, and it is clear that between
2 and 4 µm, the data support a spectrally flat slope or a blue
slope. However, the L´-band upper limit precludes a continu-
ation of the red spectral slope that extends from the visible to
2.4 µm. In Section 3.2.1, we noted that Throop et al. (2004)
speculated that anomalously low large ring body reflectance at
2.2 µm could explain discrepancies between their model phase
curve and the VIMS data at phase angles of 60◦–120◦. But since
the VIMS data were co-added from spectral channels spanning
2.13–2.43 and 3.17–3.80 µm, it is arguably more likely that the
difference between the VIMS phase curve and the Throop et
al. (2004) model may instead be due to reduced large particle
reflectance in the longer-wavelength VIMS range, a possibility
that is consistent with our upper limit at L´-band.

The L´-band reflectivity upper limit raises the possibility of
a spectral similarity between the main ring and Amalthea. Data
from Takato et al. (2004) show that Amalthea’s mean L´ spec-
tral depression, relative to 2.5 µm, is about a 40% drop, but
comparison with our main ring result is difficult since we have
only an upper limit in the L´-band. The ring spectrum matches
Amalthea’s spectrum with a 40% or greater drop in the ring
reflectance from 2.5 µm to L´-band, but only if the true ring re-
flectance is at or below the 1-σ noise level (L´ central data point
in Fig. 11a). The spectral similarity between the main ring and
Amalthea is clearer shortward of about 2.5 µm, where both have
a red spectral slope (see Figs. 11 and 13; Throop et al., 2004;
Takato et al., 2004). Depressed L´-band main ring reflectivity
could indicate a significant contribution from large bodies in the
ring, which may bear a spectral (and thus compositional) sim-
ilarity to Amalthea. Laboratory reflectance spectra show that
numerous common silicates such as olivine and pyroxene have
large decreases in brightness between 2.5 and 4 µm. Takato et
al. (2004) were skeptical of water ice as a candidate for explain-
ing Amalthea’s 3-µm absorption feature, because ice features at
2 and 1.5 µm were not seen in the spectrum of the moonlet.

4. Conclusions

The observations described here suggest that spectral fea-
tures in Jupiter’s ring system might help constrain ring parti-
cle compositions. The NIRSPEC main ring spectrum suggests
an absorption feature at λ < 2.25 µm, which may have been
missed by previous observations, all of which relied on photom-
etry from images taken with broader-band filters. Future spectra
must be acquired at shorter wavelengths to confirm this feature,
since any quantitative analysis would need to measure a band
center and width. We also obtained an upper limit for the ring’s
reflectance in the L´ filter (3.4–4.1 µm), which is consistent with
a grey or blue spectral slope between 2.5 and 4 µm. The 1-σ up-
per limit in L´ is consistent with a deep absorption feature that is
also seen in our spectrum of Amalthea. Both the 2.2 and 4 µm
py of Jupiter’s ring and moons, Icarus (2006),
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absorption features qualitatively suggest silicate and/or water
ice compositions for the ring parent bodies.

We interpret the lack of phase-angle variation (over α =
1.2◦–11.0◦) in our CH4-band main ring profiles to indicate ir-
regular dust particles and/or regolith-free main ring parent bod-
ies. Imaging at 1.64 and 2.27 µm shows these parent bodies to
be redder than the halo particles.

Although this study makes the need for wider spectral cov-
erage at higher spectral resolution quite apparent, we have
found that the background light environment this close to
Jupiter makes spectroscopy even more challenging than imag-
ing, since the two-dimensional coverage in images makes back-
ground light correction more straightforward. Improvements in
recent technology, including integral field spectrographs such
as OSIRIS at Keck (Larkin et al., 2003) and SINFONI at the
VLT (Eisenhauer et al., 2003), will greatly enhance the ability
to determine the backscattered infrared spectral character of the
ring. These instruments will combine high spectral resolution
with two-dimensional spatial imaging, making stray light cor-
rections much more accurate. Laser guide star adaptive optics
may provide an ideal tool for ring observations, improving the
sensitivity to the faint but compact ring by allowing longer inte-
gration times that are not limited by the availability of transient
“guide stars” such as Callisto.
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