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Opportunities for the stratospheric collection of dust from short-period comets
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Abstract-We have identified four comets which have produced low-velocity Earth-crossing dust
streams within the past century: 7P/Pons-Winnecke, 26P/Grigg-Skjellerup, 73P/Schwassmann
Wachmann 3, and 103P/Hartley 2. These comets have had the rare characteristics oflow eccentricity,
low inclination orbits with nodes very close to 1 AU. Dust from these comets is directly injected into
Earth-crossing orbits by radiation pressure, unlike the great majority of interplanetary dust particles
collected in the stratosphere which spend millennia in space prior to Earth-encounter. Complete dust
streams from these comets form within a few decades, and appreciable amounts of dust are accreted
by the Earth each year regardless ofthe positions ofthe parent comets. Dust from these comets could
be collected in the stratosphere and identified by its short space exposure age, as indicated by low
abundances of implanted solar-wind noble gases and/or lack of solar flare tracks. Dust from Grigg
Skjellerup probably has the highest concentration at Earth orbit. We estimate that the proportion of
dust from this comet will reach at least several percent of the background interplanetary dust flux in
the >40,um size range during April 23-24 of2003.

INTRODUCTION

For more than two decades NASA has routinely collected
interplanetary dust particles (IDPs) in the stratosphere
(Sandford, 1987). The particles are collected by inertial impact
onto silicone oil-coated plates mounted under the wings ofhigh
altitude aircraft. Most IDPs found on the collectors have
diameters ranging from 5 to 40,um and exhibit a wide range of
morphologies and porosities. IDPs are a diverse assemblage
of materials with chemical, mineralogical, and isotopic
characteristics that generally distinguish them from meteorites
(Bradley et al., 1988; Bradley, 1988). Indeed, some IDPs
probably represent our only samples of comets. The recent
discoveries ofpreserved molecular cloud materials (Messenger,
2000) and abundant interstellar silicates (Messenger et al.,
2002) in IDPs have emphasized the fact that some IDPs are
fundamentally more primitive materials than meteorites, and
have raised the importance ofberter understanding their origins.

The fact that IDPs and meteorites have generally different
sources is due in part to differences in the dynamical
mechanisms that deliver meteorites and IDPs to Earth. Most
meteorites likely originate from regions of the asteroid belt
that have mean-motion resonances with Jupiter (e.g., Wetherill,
1985). In contrast, IDPs can come from any dust-producing
object, as Poynting-Robertson (P-R) light-drag results in the
orbital decay of all less than centimeter-sized bodies.

Owing to their complex dynamical histories it has not yet
been possible to unambiguously determine the source of any
given IDP. Most efforts have focused on identifying probable
asteroidal or cometary debris. Many authors have attempted
to infer parent-body origins of IDPs on the basis of their
composition or structure. Bradley and Brownlee (1986)
suggested that cometary grains could be identified by their
extremely weak, porous structure since such properties are
characteristic ofcometary meteors. Sandford (1991) has argued
for a cometary origin for anhydrous IDPs based on comparison
of laboratory infrared spectra obtained from individual IDPs
with a spectrum taken from comet Halley, and "by process of
elimination" suggested that hydrated IDPs have an asteroidal
origin. The identification oftochilinite in an IDP was used to
link it with type CM carbonaceous chondrites (Bradley and
Brownlee, 1991). Reflectance spectroscopy ofIDPs has been
used to infer relationships with meteorite and asteroid classes
(Bradley et aI., 1996). Thomas et al. (1993) suggested that
bulk C abundance could be used as a means to distinguish
between particles ofcometary (high C) and asteroidal (low C)
origin. Rietmeij er and Mackinnon (1987) argued for a cometary
origin of most IDPs because of their extremely fine-grained,
diverse mineralogy. While plausible, these arguments are
inconclusive, given that the collected meteorites are an
incomplete sampling of the asteroid belt, and bona fide
cometary material has yet to be studied in detail.
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The most promising means ofdistinguishing asteroidal from
cometary dust particles is to establish their pre- Earth encounter
orbital characteristics. Even after thousands ofyears oforbital
evolution, cometary and asteroidal dust particles by and large
have distinctly different orbits (Flynn, 1989a; Jackson and
Zook, 1992). Most asteroidal particles have low eccentricity
(e) ~0.1 and low inclination (i) orbits, while cometary particles
typically have eccentricities exceeding ~0.4, and a wider range
of inclinations. The higher average e and i of cometary dust
particles result in higher Earth encounter velocities and
consequently stronger atmospheric entry heating than that
experienced by asteroidal dust particles. As first suggested by
Flynn (1989a), it might be possible to distinguish between
cometary and asteroidal dust by the peak temperature that the
particles experience upon atmospheric entry. The effects of
atmospheric entry heating are evident among many IDPs, resulting
in the formation of distinct magnetite rims, dehydration of
phyllosilicates, loss of volatile elements, formation ofvesicles
in carbonaceous material, annealing and melting of silicates
and sulfides, and the erasure of solar flare tracks (Sandford
and Bradley, 1989).

The most accurate atmospheric entry heating thermometer
is based on the temperature-dependent release of solar wind
implanted He, developed by Nier and Schlutter (1992, 1993).
Using this technique, Joswiak et al. (2000, and references
therein) have performed a systematic examination of 42 IDPs
for their thermal histories, estimating atmospheric entry
velocities with Love and Brownlee's (1991) atmospheric entry
heating model. The particles studied so far have calculated
entry velocities ranging from 10.2 to 26 km/s, with the "high
velocity" subset (> 18 kmls) classified as cometary and the "low
velocity" subset «14 km/s) classified as asteroidal in origin.
Systematic differences in composition and structure are
apparent between the two groups, but significant overlaps
remain (Joswiak et al., 2000). It is unclear whether the overlaps
reflect real compositional similarities between some asteroids
and comets or are the result of inherent uncertainty in the
technique. For example, it is possible that some high-velocity
cometary particles were identified among the "slow" subset of
IDPs because they entered the atmosphere at low angles.
Conversely, some low-velocity asteroidal particles may have
been identified among the "fast" subset of cometary particles
because they had high entry angles.

Orbital evolution of IDPs during millennia in space
introduces additional complexities. For instance, Kortenkamp
and Dermott (1998) and Liou and Zook (1996) have shown that
dust particles from Jupiter family comets can become trapped
in mean-motion resonances with Jupiter for thousands ofyears
while P-R drag gradually lowers their eccentricities. As much
as two-thirds of the cometary dust accreted by the Earth may
have been once trapped in jovian resonances. Conversely, some
low eccentricity dust particles can have their eccentricities raised
by passing through secular resonances or becoming trapped in
mean motion resonances with the Earth (Grogan, 2001; S.

Kortenkamp, pers. comm.). Of course, planetary encounters
can also strongly affect a dust particle's orbit. Virtually all
particles accreted by the Earth have had their eccentricities
and aphelia greatly reduced by P-R and solar wind drag, with
typical space residence times of 103 to 105 years.

In order to identify dust from specific parent bodies, we
are forced to consider only those particles very recently
released into space. Because these "fresh dust" particles have
not undergone significant orbital evolution, their orbits provide
strong constraints on their possible parent objects. Fresh dust
particles could be identified from their low abundances ofsolar
noble gases and lack of solar flare tracks in appropriate
minerals, as discussed in more detail below. While the Earth
likely encounters hundreds of dust streams annually (as
evidenced by meteor studies: Cook, 1973; Sekanina, 1976),
only a handful of these are young and have sufficiently low
encounter velocities to be collected and identified.

Wehave investigated the possible formation ofEarth-crossing
dust streams by all cometary apparitions over the past century as
listed in the Catalogue ofCometary Orbits (Marsden and Williams,
1999). Nearly all comets fail to meet two fundamental
requirements: the comet must have a node within ~O.l AU of
the Earth's orbit, and the eccentricity and inclination must be
low enough that the Earth-encounter velocity of the dust is
below 25 kmls. Below we discuss the details ofthe dust stream
models for the four comets which meet these basic criteria.

FORMATION OF DUST STREAMS

Over ~103 years and longer timescales, P-R drag dominates
the orbital evolution ofdust particles in the solar system. The
instantaneous changes in the aphelion (a) and eccentricity (e)
due to P-R drag were shown by Wyatt and Whipple (1950) to
be:

da = -r (2+3e 2
)

dt a(l-e2)h'
and

where r = 7.1 x 10-S/dp AU2 year! and d is the particle
diameter and p is its density. For a 25 /-lm diameter particle
with density 1 g/cm-' released from a short-period comet, the
relative changes in a and e are < 1% over one century.
Consequently, the initial orbital elements ofyoung dust streams
can be determined solely by the elements of the parent comet,
while taking into account the effects of radiation pressure,
ejection velocity, and the location of the comet when the
particles are released.

Dust particles ejected from a comet or asteroid are
immediately affected by solar radiation pressure. Solar
radiation exerts the force
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SoaQpr ~
Fr = r

r 2c

on particles of cross-sectional area a, at distance r from the
Sun, where So is the solar radiation flux, c is the velocity of
light, and Qpr is the radiation pressure "efficiency factor"
(Gustafson, 1994, and references therein). Since solar radiation
pressure is a llr2 radial force, it can be thought ofas an effective
reduction in the solar gravitational force, which also has a lIr 2

radial dependence. The ratio of the radiation pressure force to
the gravitational force is given by j3 = CQprdp, where d is the
diameter ofthe grain, p is its density, and C is a proportionality
constant. For dust particles> 10 ,urn, j3 is roughly proportional
to d- 1 for a givenp (Gustafson, 1994).

Radiation pressure causes an increase in the aphelia,
perihelia, and eccentricity of dust particles' orbits relative to

their parent bodies. Neglecting ejection velocity, the modified
semimajor axis and eccentricity are given by

, a(1- ,8)(1- e)
a = -'--'--'---

(1-e-2,B)

and

/ (e+,8)
e=---

(1- ,8)

where (a and e) and (a' and e') are the original and modified
semimajor axis and eccentricity, respectively (Kresak, 1976).
The distances ofthe ascending and descending nodes from the
Sun increase as well, though the orbital inclination and solar
longitudes ofthe nodes remains basically unchanged (see Fig. 1).
So long as the radiation pressure force is less than the solar
gravitational force, radiation pressure does not cause the dust

FIG. 1. Illustration of radiation pressure-modified orbits of 10, 30, and 100.um dust particles (p = 1 g cm-3) released at perihelion from a
comet, neglecting ejection velocity. The solid portions of the orbits are above the ecliptic plane and the dashed portions are below. Note that
the solar longitudes of the nodes are unaffected by radiation pressure. The planetary symbols denote the orbits of Earth, Mars, and Jupiter.
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FIG. 2. Illustration of the relative importance of radiation pressure and ejection velocity for a 25 ,urn diameter dust particle of density 1 g cm-3

released at perihelion. The three orbits shown for the dust particle denote radiation pressure without ejection velocity (middle), radiation
pressure with particle ejected in the direction of the comet's motion at 100 mls (outer), and radiation pressure with particle ejected in the
direction opposite the comet's motion at 100 m/s. Although ejection velocity decreases with grain size it has a larger affect on the modified
orbits of the largest grains than radiation pressure (Fig. 1).

particles' orbits to evolve, but it does have a large affect on
their initial orbits.

The ejection velocity from the comet also has an important,
but (for grains <100 zzm)generally much smaller affect on the
dust particles' orbits. Dust is thought to be released at initially
low velocities from the cometary nucleus by ice sublimation,
but becomes entrained in the expanding coma gas, reaching
terminal velocity at a distance of roughly ten nuclear radii
(Crifo, 1991). The ejection velocity is determined primarily
by the mass loss rate (ofthe active surface area) and is inversely
proportional to the square root of the diameter and density ofa
given particle. The ejection velocity also increases as comets
approach the Sun as -l/r because of the increasing mass loss
rate (Whipple, 1951). For 20 zzm diameter dust grains, the
typical terminal ejection velocity ranges from -30 to 150 m/s
for mass loss rates of 1 x 10-6 and 2 x 10-5 g/cm-/s, respectively
(Hanner, 1984). An example of the relative importance of
radiation pressure and ejection velocity is shown in Fig. 2.

The combined effects of radiation pressure and ejection
velocity on small particles are sufficient to form a complete
dust stream within a few orbits of a short-period comet. The
formation of a (small particle) dust stream occurs relatively
rapidly because the initial dispersion of radiation pressure
modified a and e results in a wide range of orbital periods.
The practical importance of this is that the amount of dust
encountered by the Earth in a given year becomes relatively
insensitive to the position of the parent comet within a few
decades.

EARTH-CROSSING DUST STREAMS

The dust streams are modeled here by releasing test
particles along each comet's orbit assuming a l/r2 dependence
on the cometary mass loss rate. Test particles are given a density
of 1 g/cm.' and range in size from 20 to 100 j1m in diameter.
The value off3 for each particle was calculated by assuming its
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opticalpropertieswere similar to those of "astronomicalsilicates"
as determined by Draine and Lee (1984). The test particles
are modeled as spheres, although the true shapes of IDPs are
commonly irregular. Irregular particles have higher surface
areas in comparison to spherical grains with equivalent mass
and density, and thus have somewhat higher f3 values. Higher
f3 values also result from lowering a particles diameter or
density. The particles are released hemispherically with an
axis directed toward the Sun (Fulle et al., 1993). The size
frequency distributions, mass loss rates, and ejection velocities
of dust from each of the comets are taken from the literature.
Planetary perturbations, P-R drag, and solar-wind drag are not
considered here because of the very short duration that the
particles have been in space. While certainly some particles
may have their orbits strongly affected by Jupiter, the majority
will be essentially unaffected over such a short timescale.

The dust models were run on a 2 Ghz desktop personal
computer using custom software written in interactive data
language (IDL). Because planetary perturbations and P-R drag
were neglected, the positions of the dust particles on a given
date could be determined by solving Kepler's equation: M =
E-esin(E), where M is the mean anomaly, e is the eccentricity
and E is the eccentric anomaly.

Our aim is to determine the average number of particles
encountered by the Earth each year from a given comet. The
accretion rate ofdust from the comets is a product of the capture
cross-section, the encounter velocity, and the spatial density
of dust near the Earth. The cross-section for capture by the
Earth is larger than the geometrical cross-section because of
gravitational focusing, strongly favoring particles with low
Earth-encounter velocities (Flynn, 1989b). The effective cross
section is given by:

where RE is the Earth's radius, VE is the Earth escape velocity
(11.2 kmls), and VD is the geocentric velocity ofthe dust particle
prior to gravitational infal!.

26P/Grigg-Skjellerup

Comet 26P/Grigg-Skjellerup (GS) was first observed in
1902 by Grigg, but Kresak (1986) later associated GS with a
comet observed in 1808. Prior to 1961 its orbit was always at
least 0.08 AU from the Earth's orbit. Following a close
encounter with Jupiter in 1964, GS was perturbed into a very
close encounter with Earth's orbit. For seven successive
apparitions (1967-1997), the ascending node of GS ranged
from 0.003 to 0.016 AU from Earth's orbit. Comet GS' orbit
was significantly perturbed during another close encounter with
Jupiter in 1999, and is no longer an Earth-crossing comet. The
complete duration ofthis Earth-crossing dust stream's formation
thus covers a well-defined period of just three decades.

As the secondary target of the GIOTTO mission, GS was
subjected to several careful studies of its activity and the
characteristics of its dust emission. In this paper we take
values of the size-dependent dust mass loss rate from Fulle et
al. (1993), and scale the activity for other apparitions using
the data compiled by Markovich and Markovich (2000). The
more easily quantified OH loss rate of GS is an order of
magnitude lower than most other active comets, and is
estimated as 200x lower than comet Halley (Osip et al., 1992).

The dust model for GS followed the evolution of-600 000
dust particles through the year 2007. As shown in Fig. 3, a
dust stream is completely formed within two decades and begins
to approach uniform density after 40 years. A moderate change
in the orbit of GS during the 1987 apparition led to the
formation of a second, distinct dust trail as shown in Fig. 4.

Since 1973 the amount of dust accreted by the Earth from
GS has varied by more than an order ofmagnitude, peaking in
1987 and 1999 (see Fig. 5). In the near future, the highest
fluxes will occur over the period 2003-2005. In Fig. 6 we
compare size-dependent dust fluxes for these years with the
overall IDP flux determined by Love and Brownlee (1993)
from impacts on the long duration exposure facility (LDEF)
spacecraft. Although the total accumulation of GS dust is not
expected to vary significantly during these 3 years, the dust
collected in 2003 will be dominated by large particles, reaching
5-10% of the background IDP flux above the Earth 's
atmosphere in the 40-100 ,urn size range. This is not the
expected relative abundance of GS dust (among the IDP
population) in the stratosphere, which is also dependent on the
survival and settling rates of the various sources of dust. Of
course, the relative abundance of the total stratospheric IDPs
population may also vary as a result of the observed episodic
changes in the concentration of the more abundant terrestrial
background, which includes volcanic dust, industrial pollutants
and solid rocket fuel exhaust.

Despite their significant range in a and e (see Fig. 3), most
GS dust particles have Earth-encounter velocities near 15 kmls,
corresponding to atmospheric entry velocities of 18.5-19 kmls.
This velocity is near the lower limit ofcometary dust particles
accreted by the Earth, and is slightly above the estimated
average entry velocity ofcollected IDPs (Joswiak et al., 2000).

GS is no longer an Earth-crossing comet and is not expected
to be for the next century (Kondrat'eva, 1996). It is likely that
the strength ofthe GS dust stream will only decrease over time,
as orbital evolution and the influence of Jupiter act to disperse
this dust stream with no further opportunities for replenishing it.

7PlPons-Winnecke

Comet Pons-Winnecke was discovered by Pons in 1819.
Since that time its perihelion distance has gradually migrated
outward, from initially well inside the Earth's orbit (-0.77 AU)
to more than 1.25 AU today. During the period 1909-1927,
Pons-Winnecke's orbit was within 0.03 AU ofthe Earth's, and
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A
in 1927 passed within 6 x 106 km of the Earth (Sekanina and
Yeomans, 1984).

The fact that Pons-Winnecke's nearest passes by Earth's
orbit occurred early in the previous century complicates
accurately assessing the dust loss rate during those apparitions.
Sekanina (1989) has carefully re-assessed observations from
the 1927 passage and derived a peak OH production rate of
1028.1 mol s-l during late May ofthat year. In comparison, the
reported OH loss rate of comet GS in 1982 is an order of
magnitude lower (Osip et a!., 1992). Herein we assume that
the gas/dust mass loss rate of these two comets was similar
near perihelion for the purposes of estimating the density of
the Pons-Winnecke dust stream.

The dust model for Pons-Winnecke followed the orbits of
500 000 dust particles generated in the four apparitions between
1909 and 1927. The Earth passes through this dust stream on
July 2 over the period of roughly 1 day. Dust grains in this
stream have typical atmospheric entry velocities of 18 km/s.
We estimate that the Earth accretes roughly twice that accreted
from comet GS in the years 2003, 2004, and 2006, with as
much as 4x the flux in 2005. However, because this dust stream
is nearly one century old, it is likely to have been significantly
affected by perturbations from Jupiter. These perturbations
will tend to disperse the stream, inhibiting our ability to
accurately predict the terrestrial accretion rate. Despite the
fact that the first-order flux estimates from this comet
significantly exceed those of GS, this is probably a less ideal
candidate because of the age of the dust stream.

73P/Schwassmann-Wachmann 3

Comet Schwassmann-Wachmann 3 (SW3) was discovered
in 1930, but was not observed again until 1979. For the first
apparition, Sekanina (1989) derived a water production rate
(1028 mol s-l) nearly identical to that ofPons-Winnecke in its
1927 passage. Subsequently, SW3 has been among the least
active comets, until it fragmented into five large pieces in 1995
following a major outburst (Crovisier et a!., 1996; Kadota et
al., 2000; Scotti et al., 1996). At that time, the OH production
rate increased by an order ofmagnitude for a period ofseveral
months (Sanzovo et a!., 2001) reaching an unusually high level
for a Jupiter-family comet. Part of the sustained activity may
have been due to the gradual sublimation of meter-sized
fragments released during the disruption, which would have
lifetimes on the order of weeks (Chen and Jewitt, 1994).

Because the enhanced activity during the 1995 apparition
is substantially higher than that reported for earlier passages,
we will focus only on this apparition in modeling the SW3
dust stream. As the SW3 activity did not follow the usual
heliocentric power law, we explicitly define the mass loss rate

FIG. 3. Evolution of the dust stream formed from comet 23P/Grigg-Skjellerup (GS) since 1967. We show three snapshots of the stream's
evolution (top) first return of the stream to perihelion in 1972, (middle) the most significant accretion coinciding with a near encounter with
GS in 1987, and (bottom) the fully formed stream as it appears in April 2004. The particles are color coded where the smallest grains (20,um)
are light blue and the largest particles (100 ,urn) are dark blue.
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month by month from August 1995 through January 1996,
assuming a dust/gas ratio of 1 (following Lisse et aI., 1998;
Jewitt and Matthews, 1999).

The SW3 Earth-crossing dust stream began to form at least
as early as 1930, when its perihelia was 1.01 AU. However,
given that the comet was so inactive that it escaped re-discovery
until 1979, the total mass of the SW3 dust stream prior to 1995
was small in comparison to the amount added during the
disruption event. In fact, over a 4 month period SW3 probably
released an amount ofdust similar to that present in the Earth
crossing GS dust stream. However, with a perihelion of
-0.93 AU SW3 is not nearly so ideally situated in its orbit in
comparison to GS for the creation of an Earth-crossing dust
stream. At present, the Earth passes through the fringe of the

SW3 dust stream, and until 2006 the amount of dust accreted
is likely to be negligible. During its next passage (in 2006),
SW3 will pass within 12 x 106 km of the Earth. It is possible
that SW3 will continue to disintegrate, potentially leading to a
very significant loading of extremely fresh dust into the
atmosphere that year. It is not possible to make any firm
predictions about this event other than that the particles will
tend to be small «20 zzrn, p = 1 or larger particles with lower
density), and have an atmospheric entry velocity -21 km/s.
The Earth will pass through significant portions of the dust
stream created in the 1995 event in 2008-2010, peaking on
June 1 of each year. However, given its greater distance from
Earth orbit, it is unlikely that this dust stream will be significant
in comparison to the GS dust stream.
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l03P/Hartley 2

Comet 103PIHartley 2 was discovered by Hartley in 1986.
During its first two apparitions its perihelion was 0.95 AU,
but a close encounter with Jupiter in 1993 raised it to 1.03 AU
for the 1997 apparition. It is expected that the perihelion
distance will move slightly farther outward to 1.04 AU for its
next return in 2004.

The nuclear radius measurements of Hartley 2 vary from
;:::0.6 to $5.9 km (A'Hearnetal., 1995; Lowry and Fitzsimmons,
2001). There have been few studies of the activity and dust
production of Hartley 2. For the 1998 apparition, Fomenkova
et al. (1999) derived a dust production rate of 45 kg/s when
the heliocentric distance ranged from 1.09 to 1.12 AU. This
dust production rate is -3x lower than that reported for GS.

The Earth passes through the Hartley 2 dust stream on
November 9, with the most significant dust accumulations
occurring in 1991, 1998, and peaking in 2004. However, owing
to the short duration of the streams accumulation, Hartley 2's
significant distance from Earth's orbit, and the reportedly lower
dust loss rate, the maximum flux in 2004 is 20x lower than
that estimated for GS, or -1 part per thousand of the total IDP
flux. Although the Hartley 2 dust stream is far weaker than
the GS stream, the typical atmospheric entry velocity for these
particles is only 15 km/s. These dust particles are thus among
the most pristine cometary dust particles available for terrestrial
collection. Unfortunately, the stream is probably simply too
faint to distinguish from the background.

SOURCES OF UNCERTAINTY

While we are confident that the Earth passes through these
cometary dust streams, a number of critical parameters are
poorly constrained, inhibiting an accurate assessment of the
amount of dust accreted in a given year. Below we consider
the most important sources of uncertainty in parameters relevant
to this model.

Mass Loss Rate

These models follow the evolution of dust particles
continuously released from their parent comets over periods
of decades, but the mass loss estimates rely on a handful of
observations. Reported mass loss rates have stated uncertainties
of 50%, but the true uncertainties for the particle size range
considered here are substantially larger. Total mass loss
estimates are further complicated by episodic increases in the
activity of some comets and cometary disintegration (e.g.,
Crovisier et al., 1996), which can temporarily increase the mass
loss rate by more than an order of magnitude. The situation is
complicated by the fact that we are primarily interested in large
(>20,um) dust particles, which are difficult to observe, and
dust loss rates are most often reported for single-sized
submicrometer grains. While most of the dust surface area is

accounted for by micrometer and submicrometer-sized dust
grains, the majority of the mass is in large (>1 mm) grains.
Recent infrared and submillimeter observations suggest that
optical imaging may underestimate the true dust mass loss rates
by more than an order of magnitude for some comets (Jewitt
and Matthews, 1999; Lisse et al., 1998). Optical imaging is
especially insensitive to large, dark particles such as IDPs. The
mass loss rates used here should thus only be considered as a
guide in producing rough estimates on the density of the
respective dust streams. We have attempted to use conservative
estimates of dust loss rates in this paper, neglecting (for
instance) the probable contribution ofsecondary fragmentation
of large fragments in the cometary dust trails.

Size-Frequency Distribution

Dust in the size range considered here represents a minor
amount ofthe cometary mass loss, which is usually dominated
by approximately millimeter-sized grains. Thus the uncertainty
in the size-frequency distribution results in a significant
uncertainty in the amount ofIDP-sized dust released. The size
frequency distribution is not directly measured, but is an input
model parameter used in deconvolving two color images of
cometary tails. For the GS model discussed above, the power
index used (-3.3; Fulle et al., 1993) indicated that -2.5% of
the dust mass loss was in the 20-100 zzm size range. A slightly
different value of the power index (-3.2 or -3.4) results in a
significantly different relative contribution of small dust (1.6
or 3.8%, respectively). Furthermore, the size-frequency
distribution is observed to be extremely variable between
different comets and even for the same comet at different
heliocentric distances (e.g., Lisse et al., 1998).

Ejection Velocity

The ejection velocity v of dust from a comet is size (s)
dependent and is approximated by a power law, where the
power law index

ologv
u=---

ologs

(Cremonese et al., 1997). The significant uncertainty in this
parameter (-0.5 < u < -0.15) determined with different tail
models, results in significant uncertainty in the ejection velocity.
This uncertainty is most important for the largest grains because
radiation pressure is not as significant (Fig. 1). While different
assumed ejection velocities would result in qualitatively
different dust streams, this does not change the basic result
that dust streams form quickly. Variation in the ejection velocity
could result in somewhat different size-frequency distribution
of the dust encountered by the Earth, but this has a relatively
minor impact on the overall dust flux.
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Effect of Jupiter
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Background Flux

Jupiter is well known to have a dominating affect on the
orbital evolution of IDPs from short-period comets. This is
due to the combination of Jupiter's strong gravitational field
and the proximity ofcometary dust particles' aphelia to Jupiter's
orbit. Cremonese et al. (1997) have modeled the evolution of
20-200.um dust particles from GS, and found that most of the
largest grains were prevented from spiraling toward the Sun
by perturbations by Jupiter. Nevertheless, the vast majority of
the dust particles are essentially unaffected over very short
timescales « 100 years), although a minor population is likely
to have been removed from the stream. Jupiter has thus had a
relatively small affect on the density ofGS dust near the Earth.

Atmospheric Settling Time

IDPs decelerate at very high altitudes (85-100 km),
impacting a mass of air roughly equivalent to their own mass
with ram pressures at least an order of magnitude lower than
the estimated crushing strength ofcometary meteors (Brownlee,
1985). Theparticlessubsequentlysettleat speedsof approximately
1-10 cm/s to the collection altitude (15-20 km). To first order,
the falling speed at a given altitude can be estimated with
Stoke's law, in which the terminal velocity is given as

gd2 (Pp - Pa )
v = =------=--=----=-

18.u

where g is the gravitational acceleration; d is the diameter of
the particle.zz is the viscosity; and pp and Pa are the densities
ofthe particle and the atmosphere, respectively. Kasten (1968)
used a modified Stokes-Cunningham law to calculate the
falling speeds of spherical aerosol particles in the atmosphere
from 80 to 20 km, providing a first approximation to the
stratospheric residence times ofIDPs. For a 20.um spherical
grain of density 1 g/cm-', the settling time to the collection
altitude is -13 days. Larger particles fall much faster, with 40
and 100.um grains (p = 1 g/cm-') spending about 4 and 1 days,
respectively, settling to the collection altitude. This is a
simplified view, ofcourse, as there is a large range ofmeasured
IDP densities (0.3 to 6.2 g/cm-; Love et al., 1994). The
observed populations of dust particles in the stratosphere are
biased toward low-density particles, because their fall speeds
are lower. The density of cometary dust particles is probably
lower than average IDPs, and their relative abundances are
thus likely to be enhanced. Furthermore, the typically rough,
irregular shapes of most IDPs are expected to result in lower
terminal velocities (Rietmeijer, 1993; Wilson and Huang,
1979), and thus longer stratospheric residence times.
Nevertheless, these rough estimates are useful in considering
the timing and length of collection flights. There is a clear
advantage in collecting large cometary dust particles, because
their lower residence times minimize the dilution with the
background IDP flux.

The conceptually simple task of measuring the mass flux
of interplanetary dust on the Earth has proven to be very
difficult in practice. The most recent efforts include measuring
the abundance of melted micrometeorites in the South Pole
water well (Taylor et al., 1998), radar micrometeor observations
(Mathews et al., 2001), and measurements of impacts on
spacecraft in low Earth orbit (Love and Brownlee, 1993). The
first two methods yield terrestrial mass fluxes an order of
magnitude below that of the spacecraft measurements. In this
paper we relate the estimated flux of cometary dust streams to
that reported by Love and Brownlee (-40 000 tons/year), which
has a stated uncertainty of 50%. Ifthe other measurements are
correct, the estimated relative abundances of dust from these
streams would be l Ox higher. Thus it is possible that in the
>40.um size range, GS could contribute more than haljofthe
IDP flux accreted by the Earth during April 23-24 of 2003.
However, it is difficult to compare theses flux estimates because
only the spacecraft measurements were sensitive to particles
in the size range of stratospheric IDPs. Both the radar and
micrometeoritestudies were most sensitive for particles>1OO.um
in diameter, where there was large discrepancy with the
spacecraft observations.

RELATION TO METEOR STREAMS

It is natural to question whether it is possible to collect
dust particles from meteor streams. Indeed, there have been
attempts over the years to identify meteor remnants on the IDP
collection surfaces (Rietmeijer and Jenniskens, 1998), as well
as dedicated high-altitude aircraft (Zolensky, pers. comm.) and
balloon collections (Noever, 1999). In particular, there has
been a significant effort to collect material from the Leonid
meteor shower.

Unfortunately, the Leonid shower is among the most
spectacular largely because of the very high impact speed of
the meteors (71 km/s), which is far higher than the maximum
survivable entry velocity (deceleration without melting) oflarge
IDPs. The smallest particles in a meteor stream experience
the lowest peak temperatures during atmospheric entry, but in
order to associate collected IDPs with specific streams, dust
settling rates impose a practical lower limit of-20 .urn. Smaller
particles may spend more than 1month settling to the collection
altitude, decreasing their abundance relative to the background.
According to models by Love and Brownlee (1991, 1994), the
maximum survivable atmospheric entry velocity of a 20.um IDP
ofdensity 1 g/cm-' is -26 km/s, although shallower «45°) entry
angles or lower densities (and correspondingly longer settling
times) will result in lower peak temperatures. Of the 50 most
significant visual meteor streams, only six have entry velocities
below this upper limit (Jenniskens, 1994).

Radio meteor studies are far more sensitive than visual
observations, especially for low-velocity meteors, as the
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luminosity of a meteor is roughly proportional to the fourth
power of its velocity (Hughes, 1978). In a compilation by
Sekanina (1976) 275 streams were detected, including 95 with
entry velocities below 26 km/s, and 28 below the entry velocity
of GS dust (18.5 km/s). However, with the few exceptions
discussed in this paper it is very unlikely that any ofthese low
velocity streams could be identified among the stratospheric
collections because (except for a few hours) their activities are
not significantly above background. This underlines the
advantage of searching forfresh dust streams, because at least
in principle these dust particles can be identified even if their
abundance is significantly below the background.

Of the four comets discussed here, three have observed
meteor showers associated with them: 26P/Grigg-Skjellerup
(0 Puppids: Kondrat'eva, 1996; Lindblad, 1987), 73P/
Schwassmann-Wachmann 3 (r Herculids: Drummond,1981)
and 7P/Pons-Winnecke (June Bootids: Drummond, 1981).
Comet I03P/Hartley 2 is a dynamically new comet and has
not yet produced an observed shower. The significant size
difference between a typical meteor particle (-10-4 g; Vemiani,
1973) and stratospheric IDPs (10-10 to 10-7 g) prevents us
from using meteor stream activity to predict the accretion rate
of IDP-sized dust particles from the associated comets. This
is because the large meteor particles are essentially unaffected
by radiation pressure, and have significantly lower cometary
ejection velocities, resulting in much more concentrated streams
than those produced by smaller dust particles. Second, owing
to their low spread in a and e, meteor stream particles take
much longer to spread out along the entire length ofthe stream,
resulting in strong annual variations in activity. This is one of
the reasons why predicting the activity of meteor showers has
proven to be such a challenge.

LABORATORY ANALYSIS

It will probably be necessary to perform thorough, detailed
analyses ofmany dust particles collected by dedicated missions
in order to identify fresh cometary dust particles. Since fresh
dust particles are not likely to be abundant (though it is possible
given the uncertainties stated above), they can only be
recognized by their low space exposure ages. Unfortunately,
the sizes of the particles and the need to distinguish between
relatively short time scales « 102 vs. -103 to 104 years) do not
allow for the use ofcosmic-ray spallation age dating methods.
However, two other techniques hold promise.

Solar Flare Tracks

Dust particles in the solar system are constantly bombarded
by high-energy radiation from the Sun. Iron group nuclei with
energies of order 1 MeV/amu or greater (accelerated in solar
flares) completely penetrate these dust particles and cause
sufficient damage on an atomic scale that a nuclear damage
track may be recorded in silicate minerals (Fleischer et a!.,

1975). Solar flare tracks were first observed in IDPs by Bradley
et al. (1984), and have since been found to be common within
(unmelted) IDPs, occurring in 70% of IDPs with appropriate
track-recording minerals, such as olivine and pyroxene (L.
Keller, pers. comm.). Most of those IDPs that do not contain
tracks have been strongly heated during atmospheric entry, as
evidenced by the formation ofmagnetite rims on their surfaces
and the partial decomposition of Fe-bearing minerals (Keller
et al., 1996). Since solar flare tracks quickly anneal at
temperatures between 500 and 600°C (Fraundorfet a!., 1982),
this provides a useful diagnostic for highly heated particles.

Solar flare tracks accumulate at a rate ofroughly 3 x 105 to
3 x 107 tracks/cm-zyear at 1 AU (Fraundorf et a!., 1980), and
are stable over geological timescales. Thus the density oftracks
can be used to derive an estimate of the space exposure age,
given assumptions about orbital history. Sandford (1986) first
proposed using the abundance of solar flare tracks as a means
to distinguish cometary from asteroidal dust particles. While
most asteroidal dust accreted by the Earth gradually spirals
into the inner solar system under the influence of P-R drag
from the asteroid belt, cometary dust particles tend to have
significantly lower initial perihelia resulting in lower average
space residence ages. For particles with the very low space
residence ages considered here «100 years), the expected solar
flare track density would be <2 x 108 cm-2 for GS dust particles
(taking into account the fact that the particles' average helio
centric distance is >1 AU). This corresponds to <2 tracks/,um2,

roughly the minimum observable track density for most
particles. Most IDPs have track densities consistent with space
exposure ages of order 104 years (L. Keller, pers. comm.).

There are a number of complications to consider when
attempting to measure such low (or nonexistent) track densities.
The observation of tracks first of all requires that the particles
contain appropriate track recording minerals large enough to
provide useful track density constraints. Second, the lack of
observed tracks may be due to unfavorable instrumental
conditions (e.g., specimen tilt), rather than an actual lack of
tracks. Third, as stated above, tracks are quickly annealed when
the particles reach -600°C. Other independent indications of
the temperature history of the particles must be carefully
considered before one can conclude the particle was truly
devoid of tracks. One possibility is to use the abundance of
Zn, which Flynn and Sutton (1992) have shown is lost to
varying degrees from IDPs during entry heating. Finally, it is
possible that even particles with very low space residence ages
will contain track-rich crystals that obtained their tracks in a
pre-accretional irradiation episode, either in the solar nebula
or in an interstellar environment.

Solar Noble Gases

Small particles in space are continually bathed in the solar
wind. With energies in the range of 1 keV/nucleon, solar wind
ions penetrate into the surfaces of the particles up to 100 nm
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depth. Much lower fluxes ofhigher energy (> 10 keV/nucleon)
solar energetic particle (SEP) ions penetrate -1 ,urn into the
grain surfaces. Solar noble gases are present in IDPs in very
high abundances, approaching those observed in lunar soil
grains. Rajan et at. (1977) were the first to measure 4He in a
group of IDPs, providing one of the first lines of evidence
establishing their extraterrestrial origin. Hudson et at. (1981)
subsequently measured the heavier noble gases in another bulk
measurement of 13 particles. The elemental and isotopic
compositions of the noble gases pointed to a combination of
solar and planetary components. Techniques have been
significantly refined since then, and it is now possible to
measure He in individual IDPs. Nier and Schlutter (1990, 1992,
1993) have performed the most extensive studies of He and
Ne in IDPs to date. By developing the capability to measure
the temperature-dependent release ofHe in individual particles,
they established perhaps the most accurate measure of the
temperature history of IDPs.

Dust particles in space at 1 AU have their surfaces saturated
with implanted solar wind on a timescale of a few decades.
Particles in orbits typical of short-period comets will require
-5x longer to become saturated. The abundance ofsolar noble
gases could, in principle, be used as a chronometer for very
short space exposure ages. However, there are a number of
complications that will make this potential difficult to exploit.
As mentioned above, dust particles entering the atmosphere
lose an unknown amount ofgas during drag heating. As with
solar flare tracks, the lack of observable solar noble gas could
simply result from a particle having been highly heated. It
will be necessary to include a detailed independent assessment
of a particle's heating history before concluding that it was
gas-poor prior to atmospheric entry. It is also possible that
gas-poor particles found on the IDP collectors were recently
part of a larger object which may have been in space for a long
period of time. This is certainly the case with cluster IDP
fragments, and in such cases it is clearly necessary to analyze
several fragments in order to assess the true noble gas
abundances. Perhaps the clearest case would be a low, but
measurable abundance of solar wind, coupled with several
indications that the particle experienced a minimum degree of
heating, including the temperature-dependent release of the gas.

Many of these criteria appeared to have been met by
particles analyzed by Nier and Schlutter, collected by NASA
in JunelJuly of 1991. They found that most of the cluster
particles (11 of 12) measured from one collector (L20 11) had
very low 4He abundances in comparison to typical IDPs.
Messenger and Walker (1998) interpreted this as an indication
oflow space exposure age, and using the dynamical arguments
outlined in this paper deduced that a possible source of the
particles was comet 73P/Schwassmann-Wachmann 3.
Subsequent measurements of many fragments from other
clusters from a paired (exposed simultaneously) collector have
been unable to reproduce this surprising observation, leaving
the original interpretation in doubt (Pepin et al., 2000, 2001).

However, since the same (gas-poor) particles have not been
re-measured, the possibility remains that those IDPs are indeed
gas-poor and hence represent fresh dust. Firmer conclusions
will rely on carefully analyzing these and any future samples
by noble gas analysis together with appropriate complementary
techniques (e.g., search for solar flare tracks).

SUMMARY AND CONCLUSIONS

The principal results of this study are that (1) at least four
short-period comets have produced low-velocity, Earth
crossing dust streams in the past century, (2) particles in the
size range of stratospheric IDPs form a complete dust stream
within several decades, and (3) that the flux ofdust from comet
Grigg-Skjellerup (GS) is sufficiently high that its collection is
feasible. The highest flux ofGS dust will occur in April 23-24 of
2003, accounting for 5-50% ofthe total IDP flux on the Earth
in the >40,um size range. These particles will settle to the IDP
collection altitude (20 km) in 1-4 days, on average for particles
of density 1 g cm-3. Although comet Schwassmann
Wachmann 3 has previously been suspected of being the
progenitor offresh dust particles collected in June/July of 1991,
this conclusion is presently uncertain but it is clearly worthy
offurther study. This comet should be carefully watched during
its next return in 2006 because its recent disintegration coupled
with a close encounter with Earth could result in a significant
flux of cometary dust in that year.

Identifying dust particles from these comets does not rely
on them accounting for a majority ofthe dust in the stratosphere
following passage through a dust stream. It should be possible
to distinguish rare fresh dust particles from a complex
background of IDPs from numerous sources and diverse
histories because of their very low space exposure ages, as
indicated by a dearth of solar flare tracks and low abundances
of solar noble gases. Both ofthese measurements are sensitive
to the temperature history of the particles, necessitating
coordinated independent measures of the temperature history
of the grains. Some possibilities include the degree of
magnetite formation, degree of Zn loss, and the preservation
of temperature-sensitive phases.

It is impossible to predict with certainty how much dust
will be collected from these sources because of a number of
poorly constrained parameters. Among the most important
are the cometary dust mass loss rates in the intermediate size
rage 20-100,um and the total IDP flux accreted by the Earth.
Further complications are related to the key observations of
collected dust particles: solar flare tracks and solar noble gases.
It is possible that significant amounts of trapped gases are
already present in cometary dust from a pre-accretional
implantation. Similarly, some minerals in comets are likely to
contain nuclear tracks from pre-accretional irradiation, either
in the solar nebula or in an interstellar environment (e.g.,
Bradley, 1994). The currently active Stardust mission will help
to clarify some of these issues when it returns the first direct
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samples of a comet in 2006, after rendezvousing with comet
8lP/Wild 2 in January 2004.

The Stardust mission will result in a great step forward in
our understanding of the composition of comets, and will
furnish valuable ground truth to studies ofIDPs. Because this
spacecraft will sample freshly released material, we will have
the opportunity to study dust which has not been affected by
present-day solar wind, SEP, or solar flares, providing a
valuable baseline for fresh dust identification. The Stardust
mission has the disadvantage that the material will be collected
in aerogel with an impact velocity of6.2 km/s. Although IDPs
collected in the stratosphere impact the Earth's atmosphere at
2-3x this velocity, they decelerate over distances of several
kilometers, in comparison to the 1 em stopping distance in
aerogel. Until the next-generation cometary sample return
mission occurs (i.e., returning quiescently collected cometary
material), stratospherically collected IDPs will be the most
pristine samples of cometary dust available. Given the
importance and wide-ranging impact of cometary studies, we
feel that several dedicated stratospheric collections will yield
a high value return for the investment-which is very low in
comparison to any space mission. Collecting and identifying
fresh dust from a comet in the stratosphere is certainly not an
easy task, and success is not guaranteed. However, the
imminent passage through the peak of the GS dust stream is
likely to be the best opportunity to collect dust from a specific
comet in the stratosphere for the foreseeable future.
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