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A close-approaching comet can show detectable echoes from its nucleus, or from large coma
grains, or both. Nine comets have been detected since 1980 with the Arecibo and Goldstone
radars; this includes six nucleus detections and five grain-coma detections. The nucleus radar
cross sections span a large range of values consistent with a factor-of-10 range of nucleus sizes.
Comparisons with independent size estimates for these comets support this size range and give
radar albedos of 0.04–0.1, which is about half the typical asteroid radar albedo. The albedos
correspond to nucleus surface densities ~0.5–1.5 g/cm3. Coma echo models based on simple
grain ejection theories can explain the radar cross sections using reasonable grain size distri-
butions that include a substantial population of centimeter-sized grains; in one case there is
evidence for a cutoff in the size distribution consistent with a gravity-limited maximum lift-
able grain size. The models indicate that some comets emit large grains at rates (~106 g/s) that
are comparable with their gas and dust production rates. The primary goal of cometary radar is
to obtain delay-Doppler images of a nucleus. Eleven short-period comets are potentially de-
tectable over the next two decades, a few of which may be suitable for imaging. These could
be supplemented by chance close apparitions of new comets.

1. INTRODUCTION

When the comet radar chapter by Kamoun et al. (1982a)
was written for the first Comets book (Wilkening, 1982),
only one comet, 2P/Encke, had been detected by radar.
Since then, eight more comet detections have been made
with the Arecibo and Goldstone radars (Table 1). While few
in number, owing to the rarity of close comet approaches,
these detections have been sufficient to establish comets as
interesting and diverse radar targets.

The Encke detection of 1980 (Kamoun et al., 1982a,b;
Kamoun, 1983) showed a narrow Doppler spike consistent
with backscatter from a solid rotating nucleus a few kilo-
meters in size. Subsequent nucleus detections of other com-
ets have been similar in character, but show differences in
radar cross section consistent with an order-of-magnitude
range of nucleus sizes. In principle, delay-Doppler radar
imaging can determine the size, shape, rotation, and radar
albedo of a nucleus unambiguously, as is being done for
an increasing number of asteroids. Since no delay-Doppler
detection has yet been made for a comet, radar data have
mainly been used to estimate or constrain nucleus param-
eters from comparisons with other types of observations.
For example, comparisons of nucleus radar cross sections
with independent size estimates have placed useful bounds
on nucleus radar albedos and surface densities.

In addition to the nucleus echo, some comets also show
an echo component from large coma grains. This first came

as a surprise result from the 1983 observations of C/IRAS-
Araki-Alcock (Campbell et al., 1983; Goldstein et al., 1984)
and has since been seen for four other comets. The impli-
cation is that large-grain emission by comets is common
and can account for a significant fraction of the total nucleus
mass loss. This is in line with a growing body of evidence
from other observations (spacecraft encounters, infrared
dust trails, submillimeter continuum, antitails, etc.) that
large grains are an important component of the cometary
particulate population.

Here we review the various cometary radar findings to
date, discuss their implications in the context of other ob-
servations, and survey prospects for future work. Although
covering much of the same ground as an earlier review
article by these same authors (Harmon et al., 1999), the
material presented here has been substantially reorganized
and updated.

2. RADAR MEASUREMENTS
AND DETECTABILITY

All comet radar detections to date have come from Dop-
pler-only observations with the Arecibo S-band (wavelength
λ = 12.6 cm), Goldstone S-band (12.9 cm), or Goldstone X-
band (3.5 cm) radar systems. Here we summarize the types
of measurements made using Doppler-only observations.
Discussion of delay-Doppler measurements is deferred to
section 5.1.
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2.1. Doppler Spectrum

A Doppler-only observation involves transmission of an
unmodulated (monochromatic) wave and reception of the
Doppler-broadened echo. One computes the power spec-
trum of the received signal, within which a detectable echo
would appear as a statistically significant spike or bump
sticking up out of the background noise. The echo can
appear as a narrow (few Hz wide) spike from the nucleus,
or a broad (tens to hundreds of Hz) component from the
grain coma. Two comets, C/IRAS-Araki-Alcock and C/Hya-
kutake, showed echoes from both nucleus and coma. The
spectra for these comets are shown in Figs. 1 and 2.

The Doppler spreading of the nucleus spectrum repre-
sents the line-of-sight (radial) velocity spread from the
apparent rotation of the nucleus. The Doppler frequency for
radial velocity Vr and radar wavelength λ is f = 2Vr/λ. The
Doppler bandwidth of a spherical nucleus is then given by
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where R is the nucleus radius, φ is the angle between the
apparent rotation axis and the line of sight, and p is the
apparent rotation period. For strong detections (e.g., Figs. 3
and 4), bandwidth B is easily determined from the well-

TABLE 1. Comet radar detections.

Comet Radar* Epoch (m/d/y) ∆ (AU)† References

2P/Encke AS 11/2–11/8/1980 0.32 [1,2]
26P/Grigg-Skjellerup AS 5/20–6/2/1982 0.33 [2,3]
C/IRAS-Araki-Alcock (1983 H1) GS 5/11.94/1983 0.033 [4]

GX 5/14.08/1983 0.072 [4]
AS 5/11.92/1983 0.033 [5,6]

C/Sugano-Saigusa-Fujikawa (1983 J1) AS 6/10–6/12/1983 0.076 [5,7]
1P/Halley AS 11/24–12/2/1985 0.63 [8]
C/Hyakutake (1996 B2) GX 3/24–3/25/1996 0.10 [9,10]
C/1998 K5 (LINEAR) AS 6/14.25/1998 0.196 [11]
C/2001 A2 (LINEAR) AS 7/7–7/9/2001 0.26 [12]
C/2002 O6 (SWAN) AS 8/8–8/9/2002 0.26 [13]

*AS = Arecibo S-band (λ = 12.6 cm); GS = Goldstone S-band (λ = 12.9 cm); GX = Goldstone
X-band (λ = 3.54 cm).

†Distance from Earth at time of observation.

References: [1] Kamoun et al. (1982b); [2] Kamoun (1983); [3] Kamoun et al. (1999); [4] Gold-
stein et al. (1984); [5] Campbell et al. (1983); [6] Harmon et al. (1989); [7] Harmon et al. (1999);
[8] Campbell et al. (1989); [9] Ostro et al. (1996); [10] Harmon et al. (1997); [11] Harmon et
al. (1999); [12] Nolan et al. (2001); [13] this paper.

Fig. 1. Doppler spectra (OC and SC polarizations) for C/IRAS-
Araki-Alcock showing the narrowband nucleus echo and broad-
band coma echo. The spectrum is truncated so that only the bottom
2% of the nucleus echo is showing. The spectrum is from Arecibo
S-band observations on May 11, 1983 (Harmon et al., 1989).

Fig. 2. Doppler spectra (OC and SC polarizations) for C/
Hyakutake showing both nucleus and coma echoes. A model fit to
the coma echo is also shown (dashed line). The spectrum is from
Goldstone X-band observations on March 24, 1996 (Harmon et
al., 1997).
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defined edges of the nucleus spectrum. The shape of the
nucleus spectrum is determined by the nucleus shape and
orientation as well as by the intrinsic angular scattering law
of the surface.

The Doppler spreading of the coma echo represents the
collective sum of the radial velocities of all the large grains
within the radar beam. The coma spectrum shape is deter-
mined by the velocities, sizes, and spatial distribution of the
grains, as well as by the cutoff effect of the radar beam.

For the spectra presented here the mean (absolute) Dop-
pler frequency of the nucleus has been subtracted off, so
that zero Doppler defines the nucleus center frequency.
However, the absolute Doppler offset of the nucleus is of
intrinsic interest for refining estimates of a comet’s orbital
elements. Comet Doppler offsets or refined orbits based on
them have appeared in several reports (Ostro et al., 1991b,
1996; Yeomans et al., 1992; Giorgini, 2002).

2.2. Radar Cross Section and Albedo

The most fundamental radar parameter measured from
the echo is the radar cross section σ. Integrating under the
echo Doppler spectrum to get the echo power Pr, σ is then
calculated from the radar equation
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where ∆ is the comet distance, Pt is the transmitted power,
and G = 4πAe/λ2 is the beam gain of the radar antenna of
effective area Ae. If the size of the nucleus is known or
estimated, then σ can be normalized to give a geometric
radar albedo
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where Ap is the apparent projected area of the nucleus. This
albedo is useful for estimating surface density (see sec-
tion 3.2.2).

2.3. Polarization

Echo polarization provides additional information on the
target and its scattering properties. All comet radar observa-
tions have followed the standard practice of transmitting a
circularly polarized wave and receiving in both (orthogonal)
senses of circular polarization. These polarization senses on
receive are referred to as OC (for “opposite circular”; also
called the “polarized” or “expected” sense) and SC (for
“same circular”; also called the “depolarized” or “unex-
pected” sense). Separate echo spectra are computed for each
polarization (see Figs. 1–4), from which one can compute
OC and SC cross sections σoc and σsc. A circular polariza-
tion ratio is then defined as µc = σsc/σoc.

The OC echo is the stronger of the two (µc < 1) for most
solar system targets, being the expected sense for specular
reflection, while the weaker SC echo is normally attributed
to depolarization by wavelength-scale roughness or multiple
scattering. For scattering by particle clouds one expects µc <
1 when single scattering dominates, with µc << 1 for parti-
cles in the Rayleigh size regime a < λ/2π. When multiple
scattering predominates, as for Saturn’s rings, one can get
µc ~ 1.

2.4. Detectability

The strength of the radar detection is given by the de-
tectability D, which is the ratio of the echo power to the
rms statistical fluctuation in the noise power. This is given
by the radiometer equation ft(S/N)D ∆= , where S/N is
the ratio of the signal and noise spectral densities, t is the
integration time, and ∆f is the frequency resolution. Com-
bining this with the radar equation (2), and assuming the
spectrum is optimally smoothed (matched filtered), gives

(4π)3∆4kTsB1/2

PtG2λ2t1/2ησ
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where k is Boltzmann’s constant, Ts is system temperature,
and η is a factor (≈1) that depends on the shape of the echo

Fig. 3. Doppler spectra (OC and SC polarizations) for the nu-
cleus of C/IRAS-Araki-Alcock, from Arecibo S-band observations
on May 11, 1983 (Harmon et al., 1989).

Fig. 4. Doppler spectra (OC and SC polarizations) for the nu-
cleus of C/Sugano-Saigusa-Fujikawa, from Arecibo S-band obser-
vations on June 11, 1983 (Harmon et al., 1999).
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spectrum. Substituting the current system parameters for the
upgraded Arecibo S-band radar in equation (4) and using
equation (1) gives
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For the Goldstone X-band radar one substitutes 0.12 for the
2.1 factor. Equation (5) is useful for evaluating future comet
radar opportunities (section 5.2).

3. NUCLEUS

Six comets have yielded radar detections of their nuclei
(Table 2). The strongest and best-resolved nucleus spec-
tra are those for C/IRAS-Araki-Alcock (henceforth abbre-
viated IAA) and C/Sugano-Saigusa-Fujikawa (abbreviated
SSF), which are shown in Figs. 3 and 4 respectively. Addi-
tional nucleus spectra have been published elsewhere, viz.
Kamoun et al. (1982a,b) (P/Encke); Goldstein et al. (1984)
(IAA); Kamoun et al. (1999) (P/Grigg-Skjellerup); Har-
mon et al. (1997) (C/Hyakutake); Harmon et al. (1999) (C/
1998 K5).

3.1. Size, Rotation, and Albedo

3.1.1. Size and rotation. The observed nucleus cross
sections span two orders of magnitude, from the 2–4 km2

of IAA down to the 0.03 km2 of SSF and C/1998 K5. This
implies, assuming albedos are equal, that the nucleus sizes
vary by about a factor of 10 for the radar-detected sample.
This is supported by independent size estimates. Sekanina
(1988) combined radar data with radio continuum (Altenhoff
et al., 1983) and infrared (Hanner et al., 1985) results to
deduce that IAA had a large (Halley-size) nucleus meas-
uring 16 × 7 × 7 km and showing an effective radius of
4.4 km at the epoch of the S-band radar observations. Comet
SSF, on the other hand, was deduced to be a tiny object (R =

0.37 km) based on its infrared core flux (Hanner et al.,
1987). Although there is no independent size estimate for
C/1998 K5, its extremely low absolute magnitude (Mars-
den, 1998) suggests that it, too, was very small.

Most size estimates for the three comets with intermedi-
ate radar cross sections (Encke, Grigg-Skjellerup, Hyaku-
take) do, in fact, fall between those of IAA and SSF. For
Encke, the infrared results of Campins (1988) give R <
2.9 km and the red-visible photometry of Luu and Jewitt
(1990) gives 2.2 < R < 4.9 km. The most recent size esti-
mate for Encke is the infrared-based value R = 2.4 km of
Fernández et al. (2000). For Grigg-Skjellerup, Boehnhardt
et al. (1999) and Licandro et al. (2000) give radius esti-
mates of 1.4–1.5 km based on the comet’s visual magnitude
at large heliocentric distance. Size estimates for Hyakutake
vary. The most sensitive radio continuum nondetection gave
an upper limit for R of 1.05 km (Altenhoff et al., 1999).
Infrared estimates are larger, with R = 2.1–2.4 km (Sarme-
canic et al., 1997; Fernández et al., 1996; Lisse et al., 1999).

One can use equation (1) to estimate the rotation period
from the Doppler bandwidth B if both R and φ are known,
or place an upper limit on the period if only R is known.
Sekanina (1988) showed that the radar bandwidth and coma
jet structure of IAA were consistent with a relatively slow
rotation period of 2.14 d. For SSF, combining the measured
B = 2.5 Hz with R = 0.37 km gives a relatively fast rotation
with p < 8.3 h. The estimated bandwidth for Encke (Kamoun
et al., 1982b) gives p < 22 h assuming R = 2.4 km. This up-
per limit encompasses all of Encke’s observed periodicities,
which span the range 7–22 h (Samarasinha et al., 2004),
and includes the recently claimed dominant period of 11 h
(Fernández et al., 2002). The estimated Hyakutake band-
width (Harmon et al., 1997) gives p < 20 h assuming R =
1.2 km, which is consistent with the Hyakutake rotation
period estimate of 6.25 h (Schleicher et al., 1998). The
Grigg-Skjellerup spectrum was unresolved (Kamoun et al.,
1999) and hence yielded no useful constraint on rotation.
The echo from 1998 K5 was too weak to readily separate
true bandwidth from ephemeris drift, so no rotation con-
straint is available for that comet. None of the radar-derived
rotation period upper limits violate the 3.3-h critical period

TABLE 2. Nucleus echo parameters.

Comet λ (cm) σoc (km2) µc B (Hz) [m/s]*

Encke 12.6 1.1 ± 0.7 6 [0.38]
GS 12.6 0.5 ± 0.13 <0.3 <0.5 [<0.03]
IAA 12.6 2.14 ± 0.4 0.105 ± 0.005 3.5 [0.221]

12.9 2.25† 3.1 [0.20]
3.5 4.44† 0.25† 20.3 [0.36]

SSF 12.6 0.034 ± 0.008 0.23 ± 0.03 2.5 [0.158]
Hyakutake 3.5 0.13 ± 0.03 0.49 ± 0.10 12 [0.21]
1998 K5 12.6 0.031 ± 0.015 <0.5 <1.5 [<0.09]

*Full (limb-to-limb) Doppler bandwidth in Hz, also expressed as a velocity
λB/2 in m/s (in brackets).

†From Goldstein et al. (1984), which gives no error estimate.
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for breakup of a spherical nucleus with 1 g/cm3 density
(Samarasinha et al., 2004).

3.1.2. Albedo. Nucleus radar albedos and the radius
values R assumed in their calculation are listed in Table 3.
Here we give the total albedo (σoc + σsc )/πR2, adding an
assumed 15% SC component for those comets (Encke and
Grigg-Skjellerup) with OC-only detections. The IAA albedo
estimates are 0.04 at S-band and 0.07 at X-band, based on
the nucleus projected area estimates of Sekanina (1988)
at the respective epochs of the S-band and X-band obser-
vations. The recent radius estimates of 2.4 km for Encke
(Fernández et al., 2000) and 1.5 km for Grigg-Skjellerup
(Boehnhardt et al., 1999; Licandro et al., 2000) give albe-
dos of 0.06 and 0.08 respectively. The highest s is the 0.10
value estimated for SSF from the Hanner et al. (1987) in-
frared size. This high albedo is consistent with the sugges-
tion by Hanner et al. (based on an apparently high thermal
inertia and unusually low dust production) that the surface
of the SSF nucleus is more highly compacted than normal.
For Hyakutake, the R < 1.05 km upper limit from the ra-
dio continuum nondetection (Altenhoff et al., 1999) gives
s > 0.055, whereas the larger infrared-based sizes give very
low (~0.01) albedos. Such a low radar albedo would imply
a very lightly packed nucleus, as suggested by Schleicher
and Osip (2002). The alternative is that Hyakutake had a
“normal” radar albedo similar to those of the other com-
ets, in which case the infrared size estimates must have been
biased high. The most likely source of such a bias would
be a dust contribution to the infrared flux (Lisse et al.,
1999). Harmon et al. (1997) estimated the Hyakutake size
to be R = 1–1.5 km using IAA’s S-band albedo, which they
considered to be the most reliable radar albedo available.

Clearly, the size and radar albedo of the Hyakutake nucleus
remain controversial.

The fact that nucleus radar and optical albedos are low
and have about the same values is interesting but probably
not significant. While it is true that optical and radar albedo
both depend on composition and density, there are impor-
tant differences. First, optical albedo can be dominated by
a thin surface layer, whereas the radar can respond to re-
flections from meters below the surface. Second, composi-
tional differences are likely to be much more important in
the optical than in the radio. For example, a carbonaceous
or organic composition could give a surface that is ex-
tremely dark optically, but which may not have distinctive
radio dielectric properties.

3.2. Surface Properties

3.2.1. Roughness. The resolved nucleus spectra of IAA
(Fig. 3) and SSF (Fig. 4) are broad (relative to the total
bandwidth B) rather than sharply peaked, which is sugges-
tive of high-angle scattering from very rugged surface re-
lief. The polarization ratios can give some idea of the scale
of this relief and its comet-to-comet variation. The relatively
low S-band µc for IAA is consistent with highly specular
scattering from meter-scale or larger structure, although the
higher X-band µc points to an extra component of smaller
rubble. Comet SSF shows a higher S-band µc than IAA,
indicating roughness that is concentrated more toward deci-
meter scales. The highest µc is the 0.5 measured for Hyaku-
take at X-band, which suggests a surface that may be nearly
saturated with pebble-sized rubble. Hyakutake was an un-
usually active comet for its size, and its surface texture may
be related to that activity. For example, there could be an
accumulation of surface debris from ejecta fallback (Kührt
et al., 1997). Ice sublimation could also produce surface

TABLE 3. Nucleus radar albedo estimates.

Comet Albedo* R (km) References

Encke >0.04 <2.9 [1]
0.02–0.08 2.2–4.9 [2]

0.06 2.4 [3]
GS 0.08 1.5 [4,5]
IAA† 0.04, 0.07 4.4, 4.9 [6,7]
SSF 0.10 0.37 [8]
Hyakutake 0.01–0.015 2.1–2.4 [9,10,11]

>0.06 <1.05 [12]

*Total radar cross section divided by πR2, where R is the tabulated
radius. No entry is given for C/1998 K5, for which no radius
estimate is available.

†The first and second entries for the albedo and radius correspond
to the S-band and X-band observations respectively.

References for radius estimate: [1] Campins (1988); [2] Luu and
Jewitt (1990); [3] Fernández et al. (2000); [4] Boehnhardt et al.
(1999); [5] Licandro et al. (2000); [6] Sekanina (1988); [7] Alten-
hoff et al. (1983); [8] Hanner et al. (1987); [9] Sarmecanic et al.
(1997); [10] Fernández et al. (1996); [11] Lisse et al. (1999);
[12] Altenhoff et al. (1999).

Fig. 5. Distribution of main-belt (squares) and near-Earth
(crosses) asteroids in radar albedo and circular polarization ratio
(Benner, 2002). Also shown for comparison is the range of values
for comet nuclei (dashed rectangle).
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structure (Colwell et al., 1990). This might explain the
roughness for a comet such as SSF, which was very inactive
in terms of dust production but very active in the amount of
gas it produced for its size.

Comet nucleus polarization ratios (µc = 0.1–0.5) are simi-
lar to those for many near-Earth and main-belt asteroids
(Ostro et al., 2002; Benner, 2002; Magri et al., 1999, 2001),
as can be seen from the comparison in Fig. 5. This suggests
that comets are similar to asteroids in the scale of their
surface relief. However, no comets have yet shown the very
low depolarization (µc ~ 0.05) seen for a few main-belt
asteroids or the high depolarization (µc ~ 1) seen for a few
near-Earth objects.

Comet nuclei also resemble asteroids in their spectral
shape. It is customary with asteroids to fit the Doppler spec-
trum with the function

S(f) ∝ [1 – (2f/B)2]n/2 (6)

which corresponds to the echo spectral shape for a sphere
with a scattering law of the form

σo(θ) ∝ cosnθ (7)

where σo(θ) is the specific cross section as a function of
incidence angle θ. Using this model, Harmon et al. (1989)
found the IAA nucleus followed a uniformly bright (n = 1)
or possibly even limb-brightened (n < 1) scattering law
based on the sharp edges of its spectrum, arguing that this
was evidence for scattering from a chaotic surface with
super-wavelength-scale roughness elements giving both
specular reflection and shadowing. The SSF spectra more
closely followed a Lambert law (n = 2), the cosine-law fits
giving n values of 1.4, 2.2, and 2.8 for the three different
days. If the scattering is assumed predominantly specular
(low µc), then the roughness can be estimated from geo-
metric optics (Mitchell et al., 1995). In that case the rms
slope θr of the surface roughness is related to n by

2/ntan 1
r

−=θ (8)

This suggests that comets such as IAA and SSF have rms
surface slopes ~50°. This is consistent with the rough to-
pography seen in spacecraft images of Comets Halley and
Borrelly (Weissman et al., 2004).

3.2.2. Density. If the nucleus surface layer is thick and
homogeneous, then one can estimate its bulk density from
the radar albedo. If the nucleus radar scattering is predomi-
nantly specular, then ρo ≈ s/g, where ρo is the square of
the Fresnel reflection coefficient at normal incidence and
g is the backscatter gain. For a cosnθ scattering law in the
geometric optics approximation, one has g = (n + 2)/(n + 1).
Once ρo is estimated, the dielectric constant ε is given by
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This can then be used to estimate the bulk density d using
some suitable expression for d(ε). In Fig. 6 we plot d as a

function of s for snow and soil surfaces assuming g = 3/2
(n = 1, assuming geometric optics). Here we have used the
expression
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for the case of dry snow (Hallikainen et al., 1986) and

+ε
−ε≈

2
1
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for a soil of silicate powder (Campbell and Ulrichs, 1969).
From Fig. 6 we see that an IAA-like albedo corresponds to
a surface with the consistency of a dense (0.5 g/cm3) ter-
restrial snowpack or very fluffy (0.9 g/cm3) soil. A higher
albedo such as that of Comet SSF gives densities closer to
that of solid ice or a moderately packed soil. The overall
range of albedo estimates indicates that comet nuclei have
surface densities in the range 0.5–1.5 g/cm3. (This density
would apply to surface layers down to the penetration depth
of the radar wave, which is of the order of 10 wavelengths
or so for packed soils.) It is interesting to note that this sur-
face density range is identical to the most recent estimates
for the overall bulk density of comet nuclei (Skorov and
Rickman, 1999; Ball et al., 2001; Weissman et al., 2004),
although this does not necessarily imply that nucleus sur-
faces and interiors have the same structure.

A comparison of albedos indicates that the surfaces of
comet nuclei are less dense than asteroid surfaces. Most
main-belt asteroids (Magri et al., 1999) and near-Earth
asteroids (Ostro et al., 1991a, 2002; Magri et al., 2001;
Benner et al., 1997) have higher radar albedos than com-
ets, as can be seen from the comparison in Fig. 5. This al-

Fig. 6. Bulk density d of the nucleus surface vs. radar albedo s
for dry snow (solid curve) and a silicate soil (dashed curve). A
backscatter gain g = 3/2 was assumed. Various albedo estimates
from Table 3 are also shown (vertical dotted lines).
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bedo difference should translate directly into a difference
in reflectivity ρo (and density), since the similarity between
comet and asteroid scattering implies similar backscatter
gains. The near-Earth asteroid 433 Eros is the only aster-
oid with both a known radar cross section and known mass
(and hence known bulk density). Putting the measured to-
tal radar albedo of 0.32 of Eros (Magri et al., 2001) into
equations (9) and (11) gives a surface density of 3.0 g/cm3,
which is close to the bulk density of 2.7 g/cm3 estimated
from the NEAR Shoemaker spacecraft flyby (Veverka et al.,
2000) and 3× larger than the comet nucleus bulk densities
quoted above; this suggests that the nucleus surface den-
sity differences between comets and asteroids inferred from
albedo comparisons may reflect differences in total bulk
densities for these objects. Another implication of the low
comet albedos is that one should expect any extinct comet
nuclei masquerading as asteroids to also have low albedos.
The asteroids with properties (including low radar albedo)
closest to the middle of the domain of comet properties are
the 7-km-diameter near-Earth object 1999 JM8 (Benner et
al., 2002), for which a cometary origin cannot be excluded
(Bottke et al., 2002), and the 0.5-kilometer-diameter object
3757 (1982 XB), which does not have a comet-like orbit.

4. GRAIN COMA

A grain coma echo has been detected from five comets.
Two of these, IAA (Fig. 1) and Hyakutake (Fig. 2), gave
nucleus detections as well. The three comets giving only
coma detections were Halley (Fig. 7), C/2001 A2 (Fig. 8),
and C/2002 O6 (Fig. 9). The estimated radar parameters for
all the coma detections are listed in Table 4.

One can deduce some basic properties of the large-grain
population from rather simple arguments and models, as
discussed below.

4.1. Grain Populations and Radar Scattering

Some basic constraints on the large-grain population can
be established by simply assuming the grains have a power-
law size distribution n(a) ∝ a–α with minimum and maxi-

Fig. 7. Doppler spectrum (OC polarization) for P/Halley from
a five-day average of Arecibo S-band observations between No-
vember 24 and December 2, 1985. The frequency resolution is
1.95 Hz. Smoothing to a resolution of 62 Hz increases the OC
detection to nine standard deviations. From Campbell et al. (1989).

Fig. 8. Doppler spectrum (OC and SC polarizations) for C/2001
A2 (LINEAR) from Arecibo S-band observations on July 7, 2001.

Fig. 9. Doppler spectrum (OC and SC polarizations) for C/2002
O6 (SWAN) from Arecibo S-band observations on August 8 and 9,
2002.
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mum grain radii of ao and am respectively. The size cutoff
am not only is useful for assessing the effective size of the
radar-scattering grains, but also can have some physical
significance. We start with a discussion of the optical depth
of the grain coma, which is important for establishing the
dominance of single scattering and for determining the radar
visibility of the nucleus through the coma (section 4.1.1).
We then discuss how am is constrained by radar cross sec-
tion and total grain mass (section 4.1.2) and coma echo
polarization (section 4.1.3).

4.1.1. Optical depth. The maximum optical depth to
backscatter for a line of sight passing through the center of
the grain coma is given by τ = σ/(4πRRc), where σ is the
coma radar cross section, R is the nucleus radius, and Rc is
the grain coma radius. (Here we assumed that the grain
number density in the cloud falls as 1/r2 and that Rc >> R.)
This result implies that τ ~ 10–4 or less. This can also be
used as an upper limit on the ratio of multiple to single
scattering. Another useful quantity is the ratio of the absorp-
tion and backscatter cross sections, which in the Rayleigh
approximation (Bohren and Huffman, 1983) is given by
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where ε and tanδ are the dielectric constant and loss tan-
gent of the grains respectively. Assuming reasonable grain
parameters and setting am at the Rayleigh transition (λ/2π)
gives σa/σ ~ 0.1. (The ratio does not increase for am > λ/
2π.) Combining this with the backscatter optical depth given
above indicates that the absorption optical depth in front
of the nucleus is negligible unless am is smaller than ~0.1(λ/
2π), which is unlikely from mass and mass-loss arguments
(see below). Hence, the nucleus radar detections have prob-
ably suffered negligible obscuration by the coma.

4.1.2. Size distribution and total mass. A spherical grain
of radius a has a radar cross section of πa2Qb(a), where Qb
is the backscatter efficiency. Then, a population of single-

scattering grains will have a total radar cross section
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The corresponding total mass of this population is
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where dg is grain density. In the Rayleigh approximation
(a << λ/2π)

Qb(a) = CRa4 (15)

where
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Then, from equations (13)–(15), a grain coma with radar
cross section σ has a total mass
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This am
–3 dependence shows the extreme sensitivity of the

mass M to maximum grain size in the Rayleigh regime, a
result of the rapidly decreasing Rayleigh backscatter effi-
ciency with smaller grain size. Using this equation, Harmon
et al. (1989) and Campbell et al. (1989) showed that mak-
ing am < 0.5 mm resulted in a total mass in grains exceed-
ing the nucleus mass for both IAA and Halley, from which
they concluded that the effective grain size must have been
at least a few millimeters.

4.1.3. Polarization and maximum grain size. The coma
echo from Comet IAA was only ~1% depolarized (µc =
0.014), which is the smallest depolarization ever measured
for a solar system radar echo. This is consistent with a phys-
ically real cutoff am not much larger than λ/2π. [It is shown
in Harmon et al. (1989) that µc for irregular grains increases
dramatically from ~10–2 or less to >0.1 as radius approaches
λ/2π, although the transition size can be larger for low-
density grains.] Combining this with the lower bounds on
am from the total mass (section 4.1.2) and mass-loss rate
(section 4.2.3) points to a sharp size cutoff at a few centi-
meters. As pointed out by Harmon et al. (1989), this would
be consistent with the gravitational cutoff in simple gas-drag
theories of particle ejection (section 4.2.1). However, since
this apparent cutoff is close to the Rayleigh polarization
threshhold, one would expect to see coma echoes from other
comets with µc much higher than for IAA, owing to a less
massive nucleus or more explosive activity. Although both
Halley and Hyakutake showed hints of nonnegligible coma
depolarization, the only firm detection of significant coma
depolarization is from the recent detection of C/2001 A2

TABLE 4. Grain-coma echo parameters.

Comet λ (cm) σoc (km2) µc Bh (Hz) [m/s]*

IAA 12.6 0.80 ± 0.16 0.014 ± 0.003 72 [4.54]
12.9 0.8† 90 [5.81]

Halley 12.6 32 ± 10 0.52 ± 0.26 42 [2.65]
Hyakutake 3.5 1.33 ± 0.28 0.31 ± 0.12 1180 [20.9]
2001 A2 12.6 4.4 ± 1.3 0.28 ± 0.03 170 [10.7]
2002 O6 12.6 1.1 ± 0.3 0.32 ± 0.08 230 [14.5]

*Full Doppler bandwidth at half-max. in Hz, also expressed as a
velocity λBh/2 in m/s (in brackets).

†From Goldstein et al. (1984), which gives no error estimate.
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(Nolan et al., 2001). Since the nucleus of this comet had
split prior to the radar observations (Sekanina et al., 2002),
it is possible that the depolarization was from boulder-sized
debris left over from the splitting or produced in violent
activity of small, freshly exposed subnuclei.

4.2. Grain Ejection and Echo Modeling

Further analysis of the coma echo requires modeling the
grain ejection process and estimating the mass-loss rates
required to sustain the observed grain coma. A good start-
ing point is to assume that the grain emission process is a
continuous one in which grains are ejected as free (un-
bound) particles in the comet orbit frame. That the grains
are predominantly unbound is consistent with the lack of a
clear symmetric component about the nucleus echo in the
coma spectra for IAA and Hyakutake (Figs. 1 and 2). While
it is expected that some grains will be injected into circum-
nuclear orbits (Richter and Keller, 1995; Fulle, 1997), Fulle
estimates that only about 1% of the ejected grains will do
so; this would not be enough to accumulate a significant
bound population, especially if the grains are undergoing
evaporation or disintegration.

4.2.1.  Gas drag models. For grain ejection we adopt
the canonical model first formulated by Whipple (1951) and
refined by others. Assuming a uniform radial outflow of gas
with thermal expansion velocity Vg, one can write a differ-
ential equation for the outward drag velocity V of the grains
(Wallis, 1982; Gombosi et al., 1986)
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where CD is the drag coefficient, Z is the surface gas mass
flux, R is nucleus radius, G is the gravitational constant,
and Mg and Mn are grain and nucleus mass respectively.
Then, assuming that the grain and nucleus are spheres of
density dg and dn, that Vg is constant with radial distance r,
and that V << Vg, integrating equation (18) gives a terminal
grain velocity

Vt(a) = Cva–1/2 (1 – a/am)1/2 (19)
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is a maximum grain size in the gravitational correction fac-
tor (1 – a/am)1/2. [Equations (20) and (21) are equivalent
to equation (4) of Jewitt and Matthews (1999) and equa-
tion (72) of Gombosi et al. (1986) respectively.] One has
CD = 2 for a solid sphere, although the drag coefficient can

be higher for fluffy grains (Keller and Markiewicz, 1991).
The velocity Vg is often taken to be the thermal expansion
velocity at the surface multiplied by some correction fac-
tor to allow for expansion effects; this factor is ≈9/4 in
Finson and Probstein (1968). Nonradial or asymmetric ex-
pansion can also give Vt different from the canonical model
(Crifo, 1995).

Using these equations, Harmon et al. (1989) argued that
the IAA coma echo was consistent with the simple gas drag
model. Taking am = 3 cm as a reasonable cutoff size (based
on the mass and polarization arguments above) requires a
gas flux Z of ~1 × 10–5 g/cm2 s, a reasonable value when
compared with the 5 × 10–5 g/cm2 s sublimation rate for
clean ice at 1 AU. This also gives reasonable grain veloci-
ties (8 m/s for a = 1 cm) and a good match to the Doppler
spread in the coma spectrum model (see next section).
Hyakutake did not fit so neatly into this picture, its much
broader spectrum requiring higher grain velocities (40 m/s
for a = 1 cm) than for IAA despite its smaller nucleus
(Harmon et al., 1997). This implied a much higher effec-
tive gas flux (~4 × 10–4 g/cm2 s), or much fluffier grains,
or both. Since Hyakutake’s nominal surface active fraction
is about 1.0 assuming Z = 5 × 10–5 g/cm2 s, then the effec-
tive Z must have been much higher than this in the discrete
active regions that were observed to dominate the emission
(Schleicher et al., 1998). Grain fluffiness could also boost
the ejection velocity by lowering grain density and raising
the drag coefficient.

4.2.2. Doppler spectrum modeling. The shape of the
Doppler spectrum contains information on the grain velocity
vectors and spatial distribution. Although the grain coma
cannot be uniquely characterized from its spectrum, some
useful results have been obtained by treating the forward
problem of comparing the observed spectrum with model
spectra computed from trial input parameters. If one starts
with the gas-drag model (section 4.2.1) and ignores radia-
tion pressure, then it is fairly straightforward to compute a
Doppler spectrum by assuming a production size distribu-
tion and summing over discrete grain emission times and
directions (Harmon et al., 1989). Once the nucleus and grain
properties are assumed, then the remaining free parameters
in the model are the ejection geometry and Z (or am).

Model spectra have been computed for the coma echoes
from IAA (Harmon et al., 1989) and Hyakutake (Harmon
et al., 1997). The shape and offset of the IAA coma spec-
trum could be well modeled (Fig. 10) by invoking a sun-
ward grain emission fan with centroid aimed below the
comet orbit plane in a direction consistent with the orien-
tation of the infrared and visual dust fans. No doubt this
was aided by the fact that IAA was a slow rotator with an
unusually stable sunward fan (Sekanina, 1988). The model
shown in Fig. 10 has Z = 1.2 × 10–5 g/cm2 s and am = 3 cm,
which is consistent with the observed echo polarization and
gives plausible nucleus mass-loss rates and gas fluxes. A
model spectrum for Hyakutake is shown overplotted in
Fig. 2. Here a much higher Z of 4 × 10–4 g/cm2 s [Vt
(1 cm) = 40 m/s] was required to reproduce the large Dop-
pler spread (see discussion in previous section). Since the
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dust emission for this fast rotator was more complicated
than for IAA, no attempt was made to arrive at a single
consistent model for the grain emission geometry.

4.2.3. Mass-loss rates. If one assumes that the grain
coma is replenished by continuous particle ejection, then
the coma radar cross section can be used to estimate the
mass-loss rate in large grains. We assume the grains have a
production-rate size distribution n(a) ∝ a–α. The mass-loss
rate M is given by
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The total radar cross section of the grains in the radar beam
is
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where L(a) is the mean lifetime of a grain of radius a within
the beam. If the grains are ejected isotropically and remain
intact as they traverse the beam, then the mean lifetime is
the mean beam transit time πh/2Vt(a), where h is the half-
width of the cylinder defined by the radar beam at the
comet. Then, combining equations (19)–(23) gives
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This is the same as equation (B9) of Harmon et al. (1989).
[An incorrectly rewritten version of this equation appeared

as equation (14) of Harmon et al. (1999), although the cal-
culations in that paper were based on the correct original
equation.] For a < λ/2π one gets a Rayleigh approxima-
tion for M by using the following analytic solution for the
integral

α−α= 15/2
mR a)1/2, 15/2 –(BCI (26)

where B is the beta function. Implicit in equation (24) is
the assumption that the velocity scale factor Cv is a func-
tion of am. If, on the other hand, one has an independent
estimate of Cv (say, from the width of the Doppler spec-
trum), then one could treat it (and am) as a constant, to give
the modified expression
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where amax (<am) can be taken as some other (nongravita-
tional) cutoff size that replaces am as the upper integration
limit in equation (25).

In Fig. 11 we show results of mass-loss rate calculations
for three comets. Here we have used equation (24) to calcu-
late M(am) for IAA and Halley, and equation (27) to calcu-
late M(amax) for Hyakutake [assuming Vt (1 cm) = 40 m/s].
Mie theory was used to calculate Qb assuming the grains
to be spherical snowballs with density dg = 0.5 g/cm3 (re-
fractive index = 1.4). We took the production rate size dis-
tribution to be an n(a) ∝ a–3.5 power law between ao = 1 µm
and the cutoff size. The α = 3.5 power law was chosen not
only because it conforms to size distributions measured for
Halley (McDonnell et al., 1986) and Hyakutake (Fulle et
al., 1997), but also because it has the convenient property
of giving an M that is determined primarily by the larger
(radar-reflecting) grains and that is relatively insensitive to
the precise value of α. The Rayleigh regime (am < λ/2π) in
Fig. 11 shows the M(am) ∝ am

–3 behavior expected from
substitution of equation (26) in equation (24). It is this
strong Rayleigh size dependence that requires the presence
of large (greater than millimeter-sized) grains in order to
explain the radar cross sections for reasonable mass-loss
rates; for example, taking am = 1 mm implies an M that
would have a typical comet nucleus losing most of its mass
during a single perihelion passage. The M curves flatten out
at the larger sizes (am > λ/2π), corresponding to large-grain
production rates in the range 3 × 105–1 × 106 g/s.

4.2.4. Comparisons with other mass-loss rate estimates.
By comparing the radar-derived production rates with other
measurements sensitive to smaller dust particles, we can get
some idea of the relative importance of the large grains
to the overall particulate population of the coma. Infrared
measurements for IAA (Hanner et al., 1985) gave dust
production rates of 1–2 × 105 g/s. This is a bit smaller than
the rates shown in Fig. 11 and would be consistent with an
overall production size distribution spectral index α = 3.8.
Clearly, large grains contributed a substantial fraction of the

Fig. 10. Model coma spectrum (dashed line) overplotted on the
OC coma echo for C/IRAS-Araki-Alcock. The data spectrum
(solid line) has been smoothed to 10-Hz resolution. See text for
details.
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mass loss for IAA. Comparison of the Halley curve in
Fig. 11 with the dust production rate of 2 × 106 g/s from
infrared measurements indicates large grains constituted a
slightly smaller fraction of the mass loss for this comet,
although Giotto dust detector results (McDonnell et al.,
1986) suggest that Halley’s large-grain production should
have dominated the mass loss with M = 5 × 106 g/s at the
time of the Arecibo observations. The dust production rate
of 5 × 106 g/s estimated for Hyakutake (Fulle et al., 1997)
exceeds by several times the radar-derived rate for am >
1 cm (Fig. 11), suggesting that large grains were important
but not dominant for this comet.

Since the radar-derived mass-loss rates assume that the
grains remain intact as they traverse the radar beam, the M
curves in Fig. 11 are actually lower limits and hence may
underestimate the relative contribution of large grains to the
total particulate mass loss. Grain evaporation and disintegra-
tion are, in fact, believed to be important processes (Hanner,
1981; Combi, 1994). It has been estimated that (at 1 AU)
ejected dirty-ice grains with radii of 1 mm and 1 cm only
travel 100 km and 2000 km respectively before evaporat-
ing (Hanner, 1981; Harris et al., 1997). This may explain
why the Arecibo and Goldstone S-band coma echoes for
IAA gave the same radar cross section despite the fact that
the Goldstone beam was 3× wider than the 2200 km sub-
tended by the Arecibo beam at the comet, although icy
grains from IAA were not detected in the infrared obser-
vations of Hanner et al. (1985). For Halley, Campbell et
al. (1989) also suggested that ignoring grain evaporation
might account for the apparent discrepancy between the
radar and Giotto grain production rates. Similarly, many of
the large grains from Hyakutake may have evaporated or
disintegrated before traversing a substantial fraction of the

7000-km Goldstone beam. This is supported by the photo-
metric data of Schleicher and Osip (2002), which show a
slow falloff in CN, C2, and dust with increasing aperture
size that is consistent with fragmentation or evaporation of
grains from that comet. Further support comes from Harris
et al. (1997), who argued that evaporation of large icy grains
produced Hyakutake’s spherical gas coma and accounted
for 23% of the comet’s total gas production. This would
give 1 × 106 g/s in secondary gas from grains, so the total
large-grain mass lost to disintegration could have been sig-
nificantly higher than this if the volatile fraction was low.
It is clear that the total mass contained in large grains is
high enough that grain fragmentation could be an important
secondary source of coma gas in the typical active comet.

Finally, it is worthwhile comparing the radar M values
with those estimated from millimeter-wave continuum ob-
servations, which are also sensitive to large grains (Jewitt
and Luu, 1992). An equivalent continuum equation for M
can be written by replacing σ in equations (24) or (27) with
Sλ2∆2/2kT and replacing Qb in equation (25) with Qa, where
S is the continuum flux density, T is grain temperature, and
Qa is the grain absorption efficiency. This has been used to
compute M curves (Fig. 11) from the 3.5-mm continuum
detection of Halley (Altenhoff et al., 1986) and the 1.1-mm
continuum detection of Hyakutake (Jewitt and Matthews,
1997). [We have not included a curve for IAA, as the 1.3-
cm continuum detection by Altenhoff et al. (1983) appears
to have been dominated by thermal emission from the nu-
cleus, as was also argued by Harmon et al. (1989).] Note
that these curves do not show the same extreme sensitivity
to am in the Rayleigh regime as the radar curves, which
reflects the different behaviors of Qa and Qb. The compari-
son with radar is uncertain because of the sensitivity of the
continuum curves to assumed grain properties such as po-
rosity and electrical conductivity, although the sensitivity
to the assumed conductivity becomes less important as the
larger grains become optically thick. For the curves in
Fig. 11 we assume the grains to be dirty snowballs with
0.5 g/cm3 density and 0.01 imaginary part refractive index.
The radar beam was 4× and 6× larger than the continuum
beam for Halley and Hyakutake respectively, so any grain
evaporation would also affect the comparison. Note that
the continuum curves are significantly higher than the ra-
dar curves for am larger than 1 cm. Including grain evapo-
ration would reduce some of this discrepancy. A possible
way to remove the remaining discrepancy is to invoke
fluffier grains (which would also help to explain the high
grain velocities inferred from the Hyakutake coma spectrum,
as mentioned in section 4.2.1). This is because increasing
the grain porosity raises the absorption per unit mass (or
opacity κ) as it lowers the backscatter per unit mass, the
combined effect being to bring the radio and radar curves
closer together (Harmon et al., 1997). This implies that
κ(1 mm) would have to be higher than the κ(1 mm) = 2–
3 cm2/g that characterizes the curves in Fig. 11. In fact,
Altenhoff et al. (1999) assumed “fluffy dust” with κ(1 mm) =
75 cm2/g to estimate Hyakutake’s dust production from their

Fig. 11. Mass-loss rate M vs. maximum grain radius am for Com-
ets Halley (solid), IRAS-Araki-Alcock (dashed), and Hyakutake
(dot-dashed). These were computed using the measured radar cross
sections and assuming the grains to be 0.5 g/cm3 snowballs with
an a–3.5 production size distribution. Also shown are M curves
computed on the basis of the measured radio continuum fluxes
for Halley and Hyakutake (lighter curves).
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radio continuum observations. This accounted for the very
large discrepancy that they noted between their production
rates and those inferred by Jewitt and Matthews (1997) us-
ing a much lower κ(1 mm) = 0.5 cm2/g value typical of in-
terstellar dust.

5. FUTURE WORK

5.1. Radar Imaging: Delay-Doppler and
Interferometric

The highest priority of future cometary radar is to ob-
tain images of the nucleus and/or coma echoes. Imaging
could provide data on nucleus size, shape, rotation, and
surface features, as well as the size of the grain coma and
its position relative to the nucleus. It can also be used to
more accurately determine the nucleus albedo and scatter-
ing law. Imaging can be done using either the delay-Dop-
pler method or an interferometer.

Delay-Doppler combines pulsed or coded transmission
with spectral analysis in order to resolve the echo into cells
in delay-Doppler space. The detectability in a given delay-
Doppler cell is roughly given by )NN/(D Dd , where D is
the Doppler-only detectability from equation (4) and Nd and
ND are the number of delay and Doppler bins, respectively,
across the target. Any comet nucleus passing within about
0.1 AU should provide a good delay-Doppler imaging op-
portunity for Arecibo (Harmon et al., 1999), although crude
imaging or delay-profiling suitable for size estimation may
be feasible at larger distances. A delay-Doppler image could
provide direct information on a nucleus and also be used
to construct a three-dimensional model of the rotating ob-
ject, in a similar manner to work done on near-Earth aster-
oids (Ostro et al., 1995; Hudson and Ostro, 1995). If the
radar images have adequate orientational coverage and an
adequate time span, then the modeling can decipher the
nucleus spin state. This would be of particular interest for
slow rotators because of their tendency for non-principle-
axis rotation (Ostro et al., 2001; Samarasinha and A’Hearn,
1991; Hudson and Ostro, 1995; Samarasinha et al., 2004).
Also, any absolute range measurement would provide even
more accurate orbit astrometry than could be derived from
Doppler alone. For the grain-coma echo, the extra informa-
tion provided by a delay-resolved echo would remove some
of the ambiguity encountered in coma-echo modeling us-
ing Doppler spectra alone. However, coma delay-Doppler
images would pose their own special interpretation prob-
lems, as the mapping problem is unlike that for a rigid ro-
tating body. Furthermore, unlike the nucleus echo, a coma
echo is likely to be “overspread” (product of delay depth
and Doppler bandwidth >1), which would require a spe-
cial observing strategy as discussed by Harmon (2002).

Interferometric imaging offers an alternative to delay-
Doppler imaging. The Very Large Array (VLA) can poten-
tially image coma echoes from Goldstone 3.5-cm transmis-
sions with a synthesized beam as small as 0.24 arcsec. This
bistatic method, which has been applied successfully to a
few asteroids as well as Mercury, Venus, Mars, and Saturn’s

rings, has significant potential for direct plane-of-sky im-
aging of the grain comae of close-approaching comets (de
Pater et al., 1994). The VLA resolution is too coarse for nu-
cleus imaging, but bistatic radar observations with the Very
Long Baseline Array (VLBA) would be suitable, with reso-
lutions at S- and X-bands of 3 mas and 0.8 mas respectively.

5.2. Short-Period Comet Opportunities

Radar observations in the coming years will include a
mix of short-period and new comets. The short-period com-
ets include the ecliptic comets (and their Jupiter-family
subset), with a putative Kuiper belt origin, and the Halley-
type comets, most of which probably come from the Oort
cloud (Levison, 1997). The “new” comets include both
dynamically new objects and newly discovered long-period
comets. Although new comets such as IAA may well offer
the best radar opportunities, the short-period comets hold
some intrinsic interest. They are the most likely targets for
spacecraft missions, for which groundbased radar can pro-
vide both mission support and a complementary dataset.
Also, though relatively inactive compared to some new
comets, they are thought to play an important role in the
interplanetary dust budget and are the source of meteor
streams and infrared dust trails; hence, echoes from their
large-grain comae are of interest. There are several good
short-period comet radar opportunities over the next decade
or so. These are listed in Table 5. Below we discuss some
of the more interesting apparitions. (We include the Encke
apparition of 2003 in this discussion and Table 5, even
though the observations planned for that apparition will have
been done by the time this book goes to press.) The quoted
detectabilities are computed from equation (5) assuming a
1-h integration time, a nucleus albedo of 0.05, and (unless
otherwise noted) a rotation period of 0.5 d. The D values
also assume |sinφ| = 1, and therefore represent lower limits.

5.2.1. 2P/Encke. Although one of the most intensely
studied of all comets, Encke’s nucleus properties remain
uncertain. Observations in 2003 should give D ~ 60 at Are-
cibo and ~3 at Goldstone. This may allow some crude delay-
Doppler imaging and a direct size estimate. While not a very
active comet, Encke is known to produce centimeter-sized
grains and to be the source of the Taurid meteors and an
infrared dust trail (Epifani et al., 2001; Reach et al., 2000).
The large grains may give a weak coma detection.

5.2.2. 73P/Schwassmann-Wachmann 3. This comet
makes a very close pass in 2006 and offers a nominally
excellent, if unpredictable, radar opportunity. This comet
split into three main pieces during its 1995 apparition, those
pieces reappearing at the 2001 apparition. If each piece has
one-third the mass of a R = 1 km parent body (Boehnhardt
et al., 1999), its detectability should be ~1000 at Arecibo
(~60 at Goldstone), making this a good imaging opportu-
nity. Detectable coma echoes are also likely.

5.2.3. 8P/Tuttle. This little-studied object is the only
Halley-type comet in this sample and thus the only one
likely to have an Oort cloud origin. The only known radius
estimate is R = 7.3 km from optical magnitude measure-
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ments by Licandro et al. (2000) at large heliocentric dis-
tances. This would place it in the Halley size class, so a
radar-based size estimate would be of considerable inter-
est. If Tuttle is really this large, it would give D ~ 300 at
Arecibo (~17 at Goldstone). This comet is the parent of the
Ursid meteor stream (Jenniskens et al., 2002), so there is
the potential for a coma echo.

5.2.4. 6P/d’Arrest. This second 2008 apparition is less
favorable than that of Tuttle, owing to the larger ∆ and
southerly declinations. Using R = 2.7 km (Lisse et al., 1999)
and the oft-quoted short rotation period of 5.2 h (itself of
intrinsic interest) gives D ~ 5 for Arecibo. This comet shows
an antitail (Fulle, 1990) and must therefore produce some
large grains.

5.2.5. 103P/Hartley 2. The small ∆ of this comet in
2010 offers a good radar opportunity despite its apparent
small size. Using R = 0.56 km (Jorda et al., 2000) gives a
D ~ 150 at Arecibo and ~9 at Goldstone. This comet is fairly
active for its size and a likely producer of large grains
(Epifani et al., 2001), so a coma echo is possible.

5.2.6. 45P/Honda-Mrkos-Pajdušáková. In 2011 this
comet does not enter the Arecibo declination window until
well past close approach, making it a better target for Gold-
stone. Assuming R = 0.34 (Lamy et al., 1999), the Gold-
stone detectability is about 20 by the time the comet reaches
a reasonable sky elevation (∆ = 0.08 AU). The Arecibo D
for the 2017 apparition is 250. Although a dust-poor comet,
it is known to be the source of the Alpha Capricornid me-
teors, so a coma echo is possible.

5.2.7. 46P/Wirtanen and other mission targets. The
Jupiter-family comet Wirtanen is of special interest as the
target of the ROSETTA spacecraft rendezvous in 2011.
Unfortunately, this comet only comes within 0.92 AU at its
2008 apparition, making it an impossible target given its
estimated size of R = 0.6 km (Lamy et al., 1998; Boehnhardt

et al., 2002). There is a nominally excellent opportunity in
2018, although the comet’s large nongravitational accelera-
tion (Jorda and Rickman, 1995) makes the distance predic-
tion uncertain. Comet 9P/Tempel 1, the target of the Deep
Impact mission, approaches within 0.71 AU in early May
2005, two months before the spacecraft encounter. Taking
R = 3 km (Lamy et al., 2001) and p = 41 h (Meech et al.,
2002) gives an Arecibo detectability of only D = 3. Still,
an Arecibo attempt at a nucleus detection at closest ap-
proach is probably warranted. An attempt might also be
made to look for echoes from debris ejected in the July 4,
2005, impact experiment, although Tempel 1 will be even
more distant (0.89 AU) at that time. Finally, the Stardust
mission target, 81P/Wild 2, is not observable from Arecibo
at less than 1.5 AU for the next two decades.

6. SUMMARY

Earth-based radar has proven to be an important tool for
studying close-approaching comets. The various nucleus
detections show comet nuclei to be rough objects with rela-
tively low surface densities. They have also established a
factor-of-10 nucleus size range for this limited sample,
based on the observed range of radar cross sections. A large
fraction of the radar-detected comets have been found to
show broadband echoes from large coma grains. This has
provided some of the strongest evidence yet for the preva-
lence of large-grain emission by comets. With radar-derived
productions rates ~106 g/s, large (approximately centime-
ter-sized) grains must constitute a significant fraction of the
total mass loss for some comets.

The full potential of cometary radar will not be realized
until radar imaging of a comet is achieved. Delay-Doppler
imaging holds the potential for accurately determining
nucleus properties such as size, shape, spin state, albedo,
and scattering law. An imaged or delay-resolved coma echo
would also be of considerable interest. A few of the upcom-
ing short-period comet apparitions may afford opportunities
for at least crude nucleus imaging. Favorable imaging op-
portunities from new-comet apparitions are also anticipated.
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