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We present an improved model for interplanetary dust grain fluxes in the outer Solar System constrained
by in situ dust density observations. A dynamical dust grain tracing code is used to establish relative dust
grain densities and three-dimensional velocity distributions in the outer Solar System for four main
sources of dust grains: Jupiter-family comets, Halley-type comets, Oort-Cloud comets, and Edgeworth-
Kuiper Belt objects. Model densities are constrained by in situ dust measurements by the New
Horizons Student Dust Counter, the Pioneer 10 meteoroid detector, and the Galileo Dust Detection
System (DDS). The model predicts that Jupiter-family comet grains dominate the interplanetary dust
grain mass flux inside approximately 10 AU, Oort-Cloud cometary grains may dominate between 10
and 25 AU, and Edgeworth-Kuiper Belt grains are dominant outside 25 AU. The model also predicts that
while the total interplanetary mass flux at Jupiter roughly matches that inferred by the analysis of
the Galileo DDS measurements, mass fluxes to Saturn, Uranus, and Neptune are at least one
order-of-magnitude lower than that predicted by extrapolations of dust grain flux models from 1 AU.
Finally, we compare the model predictions of interplanetary dust oxygen influx to the giant planet atmo-
spheres with various observational and photochemical constraints and generally find good agreement,
with the exception of Jupiter, which suggests the possibility of additional chemical pathways for
exogenous oxygen in Jupiter’s atmosphere.

� 2015 Elsevier Inc. All rights reserved.
1. Introduction

Interplanetary dust grains pervade the Solar System and are an
important driver of several physical processes. These include, for
example, the production of tenuous rings and dusty exospheres
around planetary satellites (e.g., Thiessenhusen et al., 2002;
Verbiscer et al., 2009; Hedman et al., 2009; Poppe and Horányi,
2011), the spatial and compositional evolution of Saturn’s main
planetary ring system (Durisen et al., 1989; Cuzzi and Estrada,
1998; Estrada et al., 2015), the possible injection of meteoric metal
ions into the magnetospheres of the giant planets (Christon et al.,
2015), and the alteration of neutral chemistry and ion densities
in the atmospheres of the giant planets and Titan through meteoric
ablation (e.g., Moses, 1992; Feuchtgruber et al., 1997, 1999; Moses
et al., 2000; Moses and Bass, 2000; Molina-Cuberos et al., 2001).
The interplanetary dust grain environment in the inner Solar Sys-
tem has been the subject of extensive modeling (e.g., Grün et al.,
1985; Divine, 1993; Kortenkamp and Dermott, 1998; Dikarev
et al., 2005; Nesvorný et al., 2010), in situ flux measurements
(Dietzel et al., 1973; Love and Brownlee, 1993; Hillier et al.,
2007; St. Cyr et al., 2009; Poppe et al., 2011), and remote sensing
observations (Leinert, 1975; Hauser et al., 1984; Hahn et al.,
2002; Janches and ReVelle, 2005; Janches et al., 2006). Addition-
ally, it has been recently shown from a comparison of dynamical
modeling and observations by the Infrared Astronomical Satellite
(IRAS) that for the inner Solar System, interplanetary dust is mainly
supplied by Jupiter-family comets, with small additional contribu-
tions from asteroids and Oort-Cloud comets (Nesvorný et al.,
2010).

The picture for the outer Solar System, however, is not as clear.
Extending from approximately 35 to 50 AU, the Edgeworth-Kuiper
Belt (EKB) is thought to be the main source of interplanetary dust
grains in the outer Solar System, with some cometary contribution(s)
as well (Landgraf et al., 2002). EKB grains, produced through
either mutual EKB object collisions and interstellar/interplanetary
dust bombardment (Stern, 1996; Yamamoto and Mukai, 1998;
Poppe, 2015), diffuse throughout the EKB region and the outer
Solar System as they are subjected to a variety of forces, including,
but not limited to, solar and planetary gravitation, solar wind and
Poynting–Robertson drag, and stellar radiation pressure (Burns
et al., 1979; Gustafson, 1994; Horányi, 1996). As dust grains spiral
in from the EKB region under the influence of Poynting–Robertson
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drag, their motion is often dominated by resonant gravitational
interactions with Neptune, which serve to trap grains in mean-
motion resonances (MMRs) outside of 30 AU (Liou and Zook,
1997, 1999; Moro-Martín and Malhotra, 2002, 2003), a
phenomenon which may be observable in observations of other
nascent exozodical disks (e.g., Greaves et al., 1998; Wyatt et al.,
1999; Lisse et al., 2007a, 2008, 2009, 2012; Stark and Kuchner,
2008; Moro-Martín et al., 2010). Eventually, the grains break free
of these resonances to continue their progression inwards past
the outer planets, before either being ejected from the Solar
System by one of the planets (usually Jupiter or Saturn) or making
their way into the inner Solar System. More recent dynamical mod-
els have begun to explore the role that grain–grain collisions have
on the equilibrium density, especially in the Edgeworth-Kuiper
Belt where Poynting–Robertson decay times are equal to or
significantly longer than expected collisional destruction times
(Stark and Kuchner, 2009; Kuchner and Stark, 2010; Vitense
et al., 2014). Some recent dynamical dust models have used either
in situ dust density measurements (i.e., Pioneer 10/11 meteoroid
detectors and the New Horizons Student Dust Counter) or remote
sensing observations of zodiacal brightness to constrain the pro-
duction rates of various interplanetary dust grain sources
(Nesvorný et al., 2010; Han et al., 2011).

In light of the fundamental importance of interplanetary dust
grain fluxes on various planetary processes in the outer Solar Sys-
tem, the recent developments in the understanding of how grain–
grain collisions affect dust grain densities, the availability of both
in situ and remote sensing constraints on various sub-
populations of the interplanetary dust, and the long-persisting
overall uncertainty of outer Solar System dust fluxes, we are moti-
vated to develop a comprehensive model of the interplanetary dust
grain environment in the outer Solar System. The model presented
here combines the main interplanetary dust grain sources, relevant
physics for both dust grain dynamical evolution and collisions, and
several in situ constraints on dust densities. Section 2 describes the
model, including the parent source bodies and the dynamical evo-
lution of the dust, Section 3 describes the model results and the
constraints imposed by available measurements, Section 4 com-
pares the influx of oxygen from interplanetary dust grains to the
atmospheres of the outer planets with observational constraints,
and Section 5 discusses the results and presents conclusions.
Table 1
A description of the various dust grain sources used in the model. See Appendix A for
a full discussion.

Type Description

Edgeworth-Kuiper Belt See Table A.3
Jupiter-family comets f ða; eÞ from Levison and Duncan (1997)

dNðiÞ / sinðiÞexp�0:5ði=rJ Þ2

Halley-type comets 20 < P < 200 years, (7:5 < a < 34 AU)
0:9 < e < 0:99

dNðiÞ / sinðiÞexp�0:5ði=rH Þ2

Oort Cloud comets 1000 < a < 10;000 AU
dNðqÞ ¼ 1þ ffiffiffi

q
p

; q < 2 AU; 2:41ðq=2Þc; q > 2 AU
� �

dNðiÞ / sinðiÞ
2. Model description

The dust dynamics model is built on that used previously in Han
et al. (2011), Poppe and Horányi (2012), and Poppe (2015) with
several important enhancements. These include more accurate,
observationally-constrained EKB object (EKBO) parent body popu-
lations (Petit et al., 2011), modeling of cometary dust grain sources,
and the inclusion of a collisional algorithm for Edgeworth-Kuiper
Belt dust grains (Stark and Kuchner, 2009; Kuchner and Stark,
2010). Individual dust grains are launched from a collection of par-
ent bodies (see Section 2.1 and Appendix A) and their trajectories
are traced using a Bulirsch–Stoer step-size controlled integrator
(Press et al., 2007). The equation of motion for an individual dust
grain is given by,

€rs ¼ �GM�
r3s

rs �
X4
i¼1

GMi

r3i
ri þ 1

m
FL

þ pa2d
mc

SQpr 1� ð1þwÞ _rs
c

� �
r̂s � ð1þwÞ _rs

c

� �
; ð1Þ

where rj; _rj, and €rj are the position, velocity, and acceleration vec-
tors of the dust grain with respect to the Sun (j ¼ s) or the outer
planets, Jupiter to Neptune, (j ¼ i), M� and Mi are the masses of
the Sun and the planets, respectively, FL is the Lorentz force, S is
the radiation flux density, Qpr ¼ 1 is the radiation pressure coeffi-
cient (typically valid for aJ0:5 lm), and w ¼ 0:35 is a constant
ratio between solar wind drag and Poynting–Robertson drag
(Burns et al., 1979; Gustafson, 1994; Liou et al., 1995). The Lorentz
force is FL ¼ qð _rs � BÞ, where q is the grain charge and B is the inter-
planetary magnetic field. We use the interplanetary magnetic field
model described by Landgraf et al. (2000) and assume a constant
electrostatic potential on all grains, / ¼ þ5 V, yielding a size-
dependent grain charge, q ¼ 4p�oad/ (Horányi, 1996). Modeled
grain sizes span from 10�12 g to 10�5 g in half-logarithmic intervals
(i.e., ½10�12;10�11:5;10�11; . . . ;10�5:5;10�5� g), which assuming a den-
sity of q ¼ 2:5 g cm�3 spans sizes from approximately 0.5 lm to
100 lm. In terms of the ratio of the radiation pressure force
to the solar gravitational force, b, the particles range from 0.46 to
0.0023.
2.1. Dust grain sources

The model includes four separate dust grain source popula-
tions: Edgeworth-Kuiper Belt objects (EKBOs), Jupiter-family
comets (i.e., Levison and Duncan, 1997), Halley-type comets, and
Oort-Cloud comets (Oort, 1950; Francis, 2005). Each of these pop-
ulations contributes dust to the interplanetary medium either
through active outgassing or disruptive outbursts in the case of
comets or from either mutual collisions (Stern, 1996) and interstel-
lar or interplanetary dust grain bombardment in the case of EKBOs
(Yamamoto and Mukai, 1998; Poppe, 2015). An accurate descrip-
tion of the parent body orbital distributions is essential to model-
ing dust grain equilibria in the Solar System, as dust grains ejected
with different initial conditions can yield significantly different
spatial and velocity distributions. Table 1 summarizes the main
orbital characteristics of each of the dust grain sources, with a full
description provided in Appendix A.

Similar to previous models, we must ensure that enough grains
are simulated to prevent the spurious dominance of individual
grains with relatively long lifetimes due to trapping in MMRs when
calculating equilibrium density and velocity distributions
(Moro-Martín and Malhotra, 2002). For EKB grains, which are par-
ticularly susceptible to capture in MMRs and therefore have longer
lifetimes, we ran approximately 2500 grains for each size bin, yield-
ing roughly 37,500 EKB grains in total. For JFC and HTC grains, with
relatively shorter dynamical lifetimes, we ran 6000 grains per size
bin for each type, for a total of nearly 100,000 grains for both types.
For OCC grains, we ran 1200 grains per size, except for the largest
three grain sizes (10�6; 10�6:5, and 10�5 g, or equivalently 50, 70,
and 100 lm), where we doubled the number of grains (2400 per
size bin). The additional grains for these largest sizes were deemed
necessary based on inspection of equilibrium densities with only
1200 grains, which suffered from somewhat poor statistics. For all
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cometary sources (JFC, HTC, and OCC grains), we did not apply a
weighting for the dependence of cometary dust grain emission
and outburst activity as a function of distance from perihelion. This
choice is motivated by the observations of cometary activity at dis-
tances greater than individual comet perihelia (e.g., Fulle, 1992;
Sekanina, 1996; Kelley et al., 2013).

2.2. Collisional algorithm for EKB grains

An important improvement of our model here over previous
versions is the inclusion of a collisional grinding algorithm for
EKB grains, adopted from that described by Stark and Kuchner
(2009) and Kuchner and Stark (2010). The necessity of the colli-
sional algorithm is driven by both the relatively long Poynting–
Robertson lifetimes of EKB grains and the extended lifetimes of
EKB grains due to trapping in MMRs with respect to their mutual
collisional lifetimes, especially for larger sized grains. At this time,
we only apply the collisional model to the EKB grains and not other
sources. Our implementation closely follows that of Stark and
Kuchner (2009), who showed via extensive testing and comparison
to analytic expressions (where available) that the algorithm pro-
duces both a unique and correct solution for collisional effects on
a debris disk (given certain conditions on the algorithm with
respect to sufficient grain statistics and bin sizes, for example).

First, we run a ‘‘seed” model of all EKB dust grains with no
mutual collisions. We then re-trace each dust grain through the
seed model, calculating the collisional depth, sc;i, for each particle
at time-step i as (adapted from Eq. (4), Stark and Kuchner, 2009),

sc;i �
X
k

nkrkjvi � vkjti; ð2Þ

where nk; rk, and vk are the local density, cross-section, and veloc-
ity of the kth particle in the local bin and ti is the time step of the
grain model. The k index sums over all sizes and types of EKB grains,
from 0.5 lm to 100 lm at the location of the grain at time i. Using
the collisional depth for each grain as a function of time along its
trajectory, we then calculate the weight of the grain, wi, as,

wi ¼ wi�1e�sc;i : ð3Þ
Thus, as time progresses along the dust grain trajectory, the

weight of the particle is decreased according to its probability of
having been destroyed in a mutual collision. Using these newly-
calculated weights, we then re-calculate the dust grain densities
and velocity distributions and repeat the re-tracing of all grains.
Following Stark and Kuchner (2009), this process is iterated several
times (typically 5–6) before the model results come to an equilib-
rium with minimal change (<5%) from one iteration to the next.
Currently, our model does not generate secondary collisional
debris from grain–grain collisions. Collisional fragmentation and
production of secondary debris may be an important factor in
the overall density distributions of grains, especially for smaller
grains (which have sources not only from the parent bodies but
from fragmentation of larger grain sizes); however, as discussed
by Kuchner and Stark (2010), cometary dust grains are often
loosely-bound aggregates of smaller grains (A’Hearn et al., 2005;
Brownlee et al., 2006), which can easily be expelled from the Solar
System via radiation pressure after collisional disruption (i.e.,
so-called b-meteoroids). Additionally, we have not included sizes
larger than 100 lm in either the dynamical modeling or the
collisional grinding algorithm for EKB grains due to computational
constraints. The absence of the >100 lm grain population may
affect the equilibrium distribution of EKB grains somewhat, but
at this time, we feel that most of the effect of collisions on the
EKB grains has been captured using 0.5–100 lm grains. Future ver-
sions of the model, with increased computational resources, should
be able to capture grains up to 1 mm in the EKB.
Fig. 1 shows an example of the collisional algorithm for 30 lm
cold EKB grains. Panel (a), in upper left, shows the seed model of
30 lm cold EKB grains before any collisions are applied. Similar
to previous work (Liou and Zook, 1999; Moro-Martín and
Malhotra, 2002, 2003), strong indications of mean-motion reso-
nances (MMRs) are seen in the equilibrium density distribution
such as sharp structures and edges. The 30 lm cold density is
mainly concentrated from 30 to 55 AU, drops off steeply inside
the orbit of Neptune (dashed line), remains at a fairly constant
level between Neptune and the orbit of Jupiter, before decreasing
again inside 5 AU. Panel (b) shows the 30 lm cold equilibrium den-
sity after the first iteration of the collisional algorithm as described
above. The value printed above the plot (�0.17 for panel (b))
denotes the total fraction of grains relative to the seed model left
in the simulation after collisions have been applied. Thus, for this
initial step, nearly 83% of the 30 lm cold grains have been colli-
sionally destroyed. As noted by Stark and Kuchner (2009), this first
iteration over-estimates the amount of collisions, and thus, the
algorithm is iteratively applied, using the previous density as
input. Such iteration is seen in panels (b) through (f), with the
net remaining density of 30 lm cold EKB grains quickly converging
to �23% of the original density. Collisions have erased nearly all of
the detailed signatures of MMRs, with only slight asymmetries in
the density at both the location of Neptune and 180� from Nep-
tune. The 30 lm cold densities still decline sharply in density
inside the orbit of Neptune, similar to the non-collisional case
(panel (a)). Thus, we are able to reproduce the results of Stark
and Kuchner (2009) and Kuchner and Stark (2010) in finding that
mutual collisional destruction of EKB dust grains can heavily influ-
ence the equilibrium density distributions. We apply the collisional
algorithm to all EKB sizes and sub-types (cold, hot, resonant, outer)
for all results presented below.
3. Model results

3.1. Equilibrium densities

Fig. 2 shows the equilibrium column densities in the ecliptic
plane for 1, 5, 20, and 100 lm grains from the Edgeworth-Kuiper
Belt (EKB), Jupiter-family comets (JFC), Halley-type comets (HTC),
and Oort-Cloud comets (OCC), respectively. Each panel is individu-
ally normalized to its own maximum for comparison. The EKB dust
grain densities, shown in the left-most column, exhibit a strong
dependence on grain size, with smaller grains forming a much
more diffuse cloud throughout the outer and inner Solar System,
while larger grains (starting with �5 lm) showing successively
more trapping outside the orbit of Neptune and less density inside
the orbit of Neptune. For the largest size modeled here, 100 lm,
less than one grain in 1000 is successfully able to reach the inner
Solar System. JFC grains, shown in the second column, exhibit little
variation as a function of size. JFC grain densities peak in the inner
Solar System and extend out to the orbit of Neptune at levels of
only � 10�4. Close inspection reveals evidence of JFC grain trapping
in an MMR just outside the orbit of Jupiter, stronger for larger JFC
grains. HTC grains, in the third column, are also concentrated in the
inner Solar System, yet extend farther out past of the orbit of Nep-
tune, reflecting the larger semi-major axis distribution of Halley-
type comets versus Jupiter-family comets. Some variation is seen
as a function of size, with larger grains tending to have higher
densities farther out in the Solar System, due to the longer Poynt-
ing–Robertson decay time for larger grains. Finally, OCC grain den-
sities, shown in the right-most column, show a strong dependence
on grain size. Smaller OCC grains (�1 lm) have their maximum
density in the inner Solar System while extending well past the
orbit of Neptune at levels of 10�2–10�1. As the OCC grain size



Fig. 1. Successive iterations of the collisional algorithm for 30 lm cold EKB grains (see Stark and Kuchner, 2009). The non-collisional, ‘‘seed” model is shown in upper left,
with successive iterations shown left-to-right, row-by-row. The numerical value above each panel indicates the total fraction of grains present in the model after collisions
are applied relative to the non-collisional case. Thus, for 30 lm cold grains, 23.4% of the grains remain after the algorithm is applied. The dashed line and dot show the orbit
and location of Neptune, respectively.
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increases, the Poynting-Robertson drift time increases and the
grains are in turn more likely to be scattered by Jupiter and/or
Saturn (the so-called ‘‘Jupiter-barrier”) before entering the inner
Solar System. Thus, the maximum density for 5 lm grains and lar-
ger progressively moves outward. For 100 lm, the density peaks
approximately between the orbits of Uranus and Neptune and
declines rapidly within 20 AU. Such a ‘‘rollover” in the OCC density
distribution was noted previously by Nesvorný et al. (2011) who
found that larger grains were significantly less able to penetrate
into the inner Solar System and cross 1 AU.

3.2. Velocity distributions

In addition to calculating the net interplanetary mass flux to
each of the outer planets, the model also provides three-
dimensional velocity distributions for each species as a function
of heliocentric distance. From the model, we select all grains that
cross within 0.5 AU of the orbit of any of the outer planets and
compute the relative impact speed at each planet’s Hill radius
before any local gravitational acceleration. Fig. 3 shows the
10 lm speed distributions for each dust grain family at each outer
planet, where we have normalized each individual distribution so
that

R1
0 f ðsÞds ¼ 1, where s is the impact speed, for comparison.

At Jupiter, the velocity distributions for each species range from
fairly slow JFC and EKB grains, with median impact speeds of 3.7
and 5.3 km/s, respectively, to HTC grains with a moderate median
speed of 14 km/s, to OCC which have the fastest speed distribution
with a median of 23 km/s. At Saturn, EKB grains are slowest with a
median speed of 3.1 km/s, followed by JFC, HTC, and OCC grains at
respective median impact speeds of 6.6, 11, and 16 km/s. All four
species have much slower relative impact speeds at Uranus and
Neptune given the greater heliocentric distance and slower Kepler
velocities. EKB grains impact with a very low 1.0 km/s, JFC and HTC
grains have approximately 4 km/s median impact speeds, while
OCC tend to impact around 8.6 km/s. The mean speeds reported
here are not perfect indicators as many of the distributions have
extended tails or are non-Maxwellian. The OCC grain speed distri-
butions show a subtle two-peaked distribution (for example, at
Jupiter there is a main OCC speed peak at � 26 km/s and a smaller
secondary peak at 11 km/s). This is due to the presence of a dom-
inant retrograde component and a smaller prograde component in
the OCC population. The variations in impact velocity distributions
both across species and at each outer planet implies a variable
amount of gravitational focusing of the incoming IDP flux within
each planetary system, discussed further in Section 3.6.

3.3. Constraints on the outer Solar System dust environment

3.3.1. In-situ constraints
In order to accurately construct a model of interplanetary dust

fluxes in the outer Solar System, we must use all available con-
straints on the dust grain densities. Such information, however,
is fairly limited, especially for the outer Solar System. Nevertheless,
we briefly review the available constraints. In-situ interplanetary
dust measurements have been made on several spacecraft in the
inner Solar System (i.e., Helios, Ulysses, Galileo, Cassini, etc.) yet
fewer in the outer Solar System. The Voyager 1 and 2 spacecraft
reported observations of impact-produced plasma detected by
the plasma wave instrument (Gurnett et al., 1997). Despite travel-
ing significantly out of the ecliptic plane, the inferred dust density
for � 10�11 g grains remained essentially constant, implying that
this population of grains originated most likely from cometary
sources with a wide range of initial inclinations, as opposed to
planetary and asteroidal sources that are mainly limited to the
ecliptic plane. The Pioneer 10 and 11 spacecraft both carried mete-
oroid detectors that measured the impact flux of approximately 5



Fig. 2. The equilibrium density distributions for Edgeworth-Kuiper Belt (EKB), Jupiter-family comets (JFC), Halley-type comets (HTC), and Oort-Cloud comets (OCC) for 1, 5,
20, and 100 lm, all normalized to their respective maximum for comparison.
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and 10 lm radius grains, respectively, as a function of heliocentric
distance (Humes, 1980). Pioneer 11 made continuous measure-
ments out to approximately 9 AU while Pioneer 10 reported mea-
surements to nearly 18 AU. More recently, the New Horizons
Student Dust (SDC) reported measurements of the cumulative flux
of 0.5–5 lm dust grains from inside the orbit of Jupiter to almost
30 AU (Horányi et al., 2008; Poppe et al., 2010; Szalay et al., 2013).

Among these measurements, we use only the Student Dust
Counter and Pioneer 10 results to constrain the model. For Pioneer
11, we considered the revised analysis of impact fluxes presented
in Dikarev and Grün (2002), who attempted to account for the ini-
tial uncertainty in the number of active detection cells in the
instrument; however, the interplanetary dust fluxes derived in
Dikarev and Grün (2002) are higher than those of Pioneer 10
(Humes, 1980). Given that Pioneer 10 measured a smaller grain
size than did Pioneer 11, this yields an inconsistency in that the
equilibrium interplanetary dust grain size distribution should
decrease with size, yet the combined results of Pioneer 10 from
Humes (1980) and Pioneer 11 from Dikarev and Grün (2002)
would imply a size distribution that increases with size. Such a
result is clearly unphysical and thus, we do not include Pioneer
11 data in our analysis. Additionally, we do not use the Voyager
1/2 measurements due to significant uncertainty in the measured
grain size.

At Jupiter, the Galileo Dust Detection System (DDS) made obser-
vations of several dust populations in the jovian system, including
measurements of impact-induced ejecta clouds around three of the
Galilean moons: Europa, Callisto, and Ganymede (Krüger et al.,
1999, 2000, 2003). These ejecta clouds have then served as a means
to estimate the total mass flux into the jovian system, through a
series of data-model comparisons (Krivov et al., 2002; Sremčević
et al., 2003, 2005). Krivov et al. (2002) estimated a total mass influx
at Jupiter of approximately 7� 10�13 g m�2 s�1 while a later anal-
ysis by Sremčevič et al. (2005), which incorporated asymmetries
in the incoming primary dust populations, suggested that the total
mass flux to Jupiter estimate be revised slightly downward to



Fig. 3. The 10 lm velocity distribution for each family of dust grains at each of the giant planets, at the Hill radius before any local gravitational acceleration. Each individual
distribution is normalized such that

R1
0 f ðsÞds ¼ 1, for comparison.
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approximately 3� 10�13 g m�2 s�1. This estimate provides an
important data point in calibrating the absolute flux and density
of interplanetary dust grains in the outer Solar System and will
be used to compare with our model.

3.3.2. Remote sensing constraints
One important constraint that drives some of the relative dust

production rates in our model is the recent finding by Nesvorný
et al. (2010) regarding the ultimate source of the interplanetary
dust complex in the inner Solar System. Using a dynamical model
and mid-infrared thermal emission observations from the IRAS
satellite, Nesvorný et al. (2010) determined that Jupiter-family
comets are the main source of interplanetary dust grains in the
inner Solar System. Asteroidal and long-period comets were also
found to contribute, although at relatively small levels (<10%).
These results serve as an important overall consistency check on
our model at 5 AU. While our model is not specifically suited for
the inner Solar System in that it does not include asteroidal sources
or gravitational forces from the inner terrestrial planets, our model,
as described below, qualitatively matches that of Nesvorný et al.
(2010) near Jupiter.

Finally, another method of determining upper limits to dust
fluxes to each of the outer planets is available through the use of
atmospheric compositional measurements. These constraints have
come from a variety of observations including the Infrared Space
Observatory (ISO), Spitzer, Herschel, and Cassini Composite Infrared
Spectrometer (CIRS), for example (see Section 4). Early ISO obser-
vations reported the presence of external H2O and CO2 in the atmo-
spheres of all the giant planets and Titan (Feuchtgruber et al., 1997,
1999) and attributed the presence of these molecules to the influx
of external material, one source of which could be interplanetary
dust (other sources include local ring particles and gases, satellite
material, i.e., from the plumes of Saturn’s moon Enceladus, quasi-
steady delivery from small comets, or punctuated, bulk delivery
from large cometary impacts). In addition to the well-known
Shoemaker-Levy 9 impact at Jupiter, there exists evidence of large
cometary impacts at the other giant planets (i.e., Lellouch et al.,
2005; Hesman et al., 2007; Cavalié et al., 2010); thus, the total
inferred molecular influx most likely cannot be solely attributed
to that of interplanetary dust grain influx and ablation. Neverthe-
less, these observations do set upper limits to the net influx of
exogenous oxygen. In Section 4, we compare our modeled influx
of oxygen to each of the outer planet atmospheres with observa-
tional and photochemical modeling constraints.
3.4. Model constraints

Previous work has made progress towards identifying the major
populations of dust grain sources in the Solar System and their rel-
ative levels of contribution. Nesvorný et al. (2010) have shown that
JFC grains are the dominant contributor to the zodiacal cloud in the
inner Solar System via comparison to IRAS observations, and thus,
we expect that JFC grains will predominantly contribute at Jupiter.
Landgraf et al. (2002) have suggested that for �5 lm grains, come-
tary grains dominate inside 7 AU while EKB grains are dominant
outside of 7 AU. Theoretical analyses have provided estimates for
the 0.1–10 lm production rate for the entire Edgeworth-Kuiper
Belt for two different processes: (1) Stern (1996) provided an esti-
mate of 8:6� 104–2:9� 107 g/s for dust grain production from
mutual EKBO collisions and (2) Yamamoto and Mukai (1998)
showed that similar levels, 3:7� 105–3:1� 107 g/s, could be pro-
vided by interstellar bombardment of EKB objects. A comparison
of New Horizons SDC data to an earlier version of the dynamical
dust model presented here yielded EKB production rates in line
with both the Stern (1996) and Yamamoto and Mukai (1998) esti-
mates of approximately 8:9� 105 g/s for 0.1–10 lm grains (Han
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et al., 2011), although we note that this version of the model did
not include mutual EKB grain–grain collisions.

We focus first on the in situ measurements by the New Horizons
Student Dust Counter (SDC) and the Pioneer 10 (P10) meteoroid
detectors. Using the three-dimensional density and velocity distri-
butions obtained from our dust model, we trace the trajectory of
each spacecraft though the model for all dust species (EKB, JFC,
HTC, and OCC) for all relevant sizes. For SDC, we include dust
grains with radii, 0:5 < a < 5 lm (Horányi et al., 2008), while for
Pioneer 10, we select the cumulative flux of grains, a > 5 lm
(Humes, 1980). For all grain families, we assume a production mass
distribution of the form dM=dm / m�a=3, where a ¼ 2:5 (i.e.,
Borkowski and Dwek, 1995). Note that this is not the instantaneous
mass distribution at any point in space after the grains have under-
gone migration from their parent bodies, but rather the initial dis-
tribution of grains produced from the objects themselves. We also
quote all production rates as the 0.1–10 lm production rate in
Fig. 4. (a) and (b) The v2 goodness-of-fit results for Pioneer 10 data-model
comparison, as described in the text. (c) Best-fit model fluxes compared to Pioneer
10 flux measurements from Landgraf et al. (2002).
order to establish comparisons with previous theoretical work
(Stern, 1996; Yamamoto and Mukai, 1998). Both instruments,
SDC and P10, are assumed to point directly along the spacecraft
velocity vector with instrument field-of-views (FOV) of 2p str.
The velocity of the spacecraft is vector added to the dust grain
velocity distribution at each point along the respective spacecraft
trajectory and the resulting net flux computed. In order to deter-
mine the best fit to both the Pioneer 10 and SDC data, we compute
v2 goodness-of-fit statistics for each spacecraft separately (Press
et al., 2007).

Fig. 4 shows the results of the v2 goodness-of-fit calculation for
Pioneer 10. For this calculation, we chose to first fit the data to only
JFC and EKB fluxes, as Nesvorný et al. (2010) have shown that JFC
fluxes must dominate in the inner Solar System and EKB fluxes
should dominate for the far outer Solar System. The results of the
JFC-EKB fit are shown in Fig. 4(a) as a color contour of the v2 value
relative to the minimum. For this fit, we find a well defined, local
minimum for both the JFC and EKB productions rates at
Np;JFC ¼ 0:7� 106 g/s and Np;EKB ¼ 1:1� 107 g/s. For reference, we
also plot the 2�minðv2Þ and 10�minðv2Þ contours as dashed
and dot-dash lines, respectively. In order to also constrain the pos-
sible contribution of OCC grains, which Nesvorný et al. (2010) have
suggested contribute <10% to the interplanetary dust density, we
have conducted a second v2 goodness-of-fit test, with the JFC pro-
duction rate frozen at the best-fit value from the first test and
allowing only the EKB and OCC production values to vary. The
results of this test are shown in Fig. 4(b). For this case, the best-
fit EKB production rate is approximately 107 g/s. OCC production
rates higher than � 5� 104 g/s can be immediately ruled out as
the v2 value rapidly rises (indicating a poorer fit) for higher OCC
production rates, while lower production rates (even down to zero)
are feasibly allowed by the v2 fit. Interestingly, the maximum value
allowed by the v2 fit for the OCC production rate, � 5� 104, is
roughly 10% of the best-fit JFC production rate, well in line with
the findings of Nesvorný et al. (2010), and thus, we adopt this
OCC production rate in our best-fit model (see Table 2). It should
be emphasized, however, that this adopted production rate is an
upper limit and future observational constraints (e.g., Cassini dust
measurements at Saturn) may place more stringent limits on this
value.

Fig. 4(c) shows a comparison of the data and best-fit model val-
ues for the >5 lm flux to Pioneer 10 as a function of heliocentric
distance. The modeled fluxes are a mixture of JFC, OCC, and EKB
grains, with each family contributing to the observed fluxes at
varying levels as a function of heliocentric distance. Inside of
approximately 7 AU, JFC grains dominate the P10 flux while OCC
grains contribute roughly 10%. Between 7 and 15 AU, a mixture
of JFC, OCC, and EKB grains contribute at nearly equal levels to
the observed flux. Beyond 15 AU, JFC and OCC grains both decline
Table 2
Dust production rate constraints from the v2 goodness-of-fit tests to both SDC and
Pioneer 10 data.

Dust grain family 0.1–10 lm Production
rate [g s�1]

Mass dist. slope
(dM / m�a=3)

Edgeworth-Kuiper
Belt (EKB)

6� 106—1� 107 a ¼ 2:5

Jupiter-family comets
(JFC)

0:7� 106 a ¼ 2:5

Oort-Cloud comets
(OCC)

< 5� 104 a ¼ 2:5

Halley-type comets
(HTC)a

< 1� 104 a ¼ 2:5

a The HTC production rate is estimated to be no larger than �1% of JFC grains
based on Nesvorný et al. (2010).
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while EKB grains become the dominant source of flux. We also
have plotted a 1% contribution from HTCs based on the constraints
of Nesvorný et al. (2010), shown in red, which do not appreciably
contribute at all to the P10 flux. The roughly equal contribution
of various dust grain sources to the observed P10 meteoroid flux
matches the conclusion drawn previously by Landgraf et al.
(2002), who modeled dust grains from three sources: comet 29P/
Schwassman-Wachmann-1 (similar to JFC grains in our model),
comet 1P/Halley (HTC grains), and the Edgeworth-Kuiper Belt
(EKB grains). We note that results of Nesvorný et al. (2010) would
suggest that the HTC grains do not significantly contribute to P10
fluxes as used in Landgraf et al. (2002); rather, the OCC grains pro-
vide an additional source of cometary flux to P10.

For SDC, whose measurements span from approximately 5 AU
to 30 AU (neglecting the inner Solar System measurements
reported by Poppe et al. (2010)), we fit the results to EKB grains
only. This choice is motivated by simple inspection of the flux
curves as a function of heliocentric distance. The cometary sources
all drop steeply as a function of heliocentric distance while only
the EKB grains are relatively flat, similar to the data. The results
of the SDC v2 fit are shown in Fig. 5(a). The v2 curve has a mini-
mum at Np;EKB � 6� 106 g/s, only a factor of approximately two dif-
ferent than the independently obtained EKB production rate from
Pioneer 10 data. Fig. 5(b) shows the best-fit flux from the model
compared to the SDC data as a function of heliocentric distance,
where we have used the best-fit production rates for JFC and
OCC grains obtained from the Pioneer 10 fit. The model shows an
Fig. 5. (a) The v2 goodness-of-fit results for SDC data-model comparison. (b) Best-fit mo
et al. (2013).
excellent fit to the SDC data, with the exception of two points
between 5 and 10 AU. EKB grains dominate the SDC flux over all
other species throughout the Solar System at fluxes of approxi-
mately 5� 10�4 m�2 s�1. JFC grains contribute approximately half
the flux of EKB grains at 5 AU, but rapidly drop off as a function
of heliocentric distance. OCC grains contribute to the observed
SDC fluxes at a maximum of only 10% at 5 AU, and also decline
as a function of distance. HTC grains contribute <1% and are not
shown in Fig. 5(b). Finally, Table 2 summarizes the resulting
best-fit production rate (characterized as the production rate of
0.1–10 lm grains), for each family, as determined by the v2 fits
to both SDC and Pioneer 10.

3.5. Fluxes to the outer planets

Using the production values derived for each dust family sum-
marized in Table 2, we compute the density and flux to an object
on a circular orbit as a function of heliocentric distance, shown
in Fig. 6. The density of 2 lm and 5 lm grains, panels Fig. 6(a)
and (b), respectively, are constant within one order of magnitude
throughout nearly the entire Solar System. Densities inside 5 AU
are dominated by JFC grains while EKB grains dominate outside
5 AU. OCC grains contribute to the 2 lm and 5 lm grain density
around 5–10 AU yet are much less than the EKB density beyond
10 AU. As the grain size increases, the JFC density dominates
increasingly over the other populations inside of 10 AU while the
EKB grains dominate significantly outside 10 AU (the exception
del fluxes compared to SDC flux measurements from Poppe et al. (2010) and Szalay



Fig. 6. The densities (a–d) and fluxes (e–h) of 2, 5, 20, and 100 lm grains as a function of heliocentric distance. Fluxes are computed to objects on a local, circular keplerian
orbit.
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being for �20 lm OCC grains which have similar density to EKB
grains between 10 and 20 AU). Across all sizes, HTC grains con-
tribute only a trace amount of density. The dust grain flux to a cir-
cular orbit shows somewhat different trends than the density due
to differing velocity distributions between the populations (see
Section 3.2 and Fig. 3). For example, OCC grains between 2 and
20 lm have fluxes greater than that from EKB grains between
approximately 5 and 30 AU, despite having lower densities. This
increase is governed by the OCC grain velocity distribution (see
Fig. 3) which is much higher in magnitude due to the very high
eccentricity of the parent OCC bodies compared to the EKB objects.
What is most evident from the fluxes in Fig. 6 is that multiple
sources of dust grains can contribute to the flux to an object in
the outer Solar System depending on the orbital distance and dust
grain size, rather than a single population that is easily extrapo-
lated in either grain size and/or distance.

By summing over masses, we can compute the 0.5–100 lm
interplanetary dust grain mass flux to objects on circular orbits,
assuming no gravitational focusing, as a function of heliocentric
distance, shown in Fig. 7. The total mass flux over all dust grain
sources is shown as the dashed line, with individual contributions
in color. JFC grains comprise a majority of the flux within 10 AU,
followed by OCC grains between 10 and 25 AU, and EKB grains out-
side of 25 AU. Notably, the flux drops steeply as a function of helio-
centric distance from the inner Solar System out to 10 AU. The flux
from OCC grains remains relatively flat between 5 and 30 AU and
contributes significantly to mass fluxes at Saturn, Uranus, and Nep-
tune. Finally, the mass flux has a broad secondary peak at approx-
imately 40–42 AU in the heart of the Edgeworth-Kuiper Belt. We
also plot two comparisons: (1) the dash-dot line shows the Grün
et al. (1985) interplanetary dust flux for radii between 0.5 and
100 lm, extrapolated from 1 AU assuming that the flux scales as
r�0:5 (equivalent to assuming a constant dust density and radially
decreasing heliocentric velocity), and (2) the upside-down triangle
denotes the inferred 0.5–100 lm mass flux into the jovian system
(note that the 0.5–100 lm is estimated to be roughly half the total
mass flux reported in Sremčevič et al. (2005)). We also note that
the inferred mass flux at Jupiter derived by Sremčevič et al.
(2005) is uncertain to roughly an order-of-magnitude due to
uncertainties in the ejecta yield and assumptions made about the
incoming interplanetary dust grain velocity distribution.

Based on the Pioneer 10 and SDC in situ constraints, the model
underestimates the mass flux to Jupiter in comparison to the
Sremčevič et al. (2005) 0.5–100 lm inferred flux by approximately
a factor of four. Considering the 2� v2 contours from Fig. 4 as a
measure of the fit uncertainty, we find that themaximummass flux
to Jupiter within error bars is approximately 1:0� 10�13 g m�2 s�1

compared to the Sremčevič et al. (2005) flux of 1:5� 10�13 g m�2 s�1.
We tested the sensitivity of the flux at Jupiter as a function of



Fig. 7. The 0.5–100 lm unfocused mass flux [g m�2 s�1] as a function of heliocentric distance, shown as the total (dashed line) and as contributions from each dust grain
species (colored lines). The upside-down triangle marks the inferred 0.5–100 lm IDP flux at Jupiter from Sremčevič et al. (2005), the dash-dot line is the 0.5–100 lm flux from
Grün et al. (1985), scaled as r�0:5, and the solid circles denote 0.5–100 lm unfocused mass flux to each of the giant planets from the best-fit model results (c.f., Table 2). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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the mass distribution slope, a, for JFC grains, since they dominate
the flux to Jupiter. A shallower slope (i.e., a < 2:5) would allow
for a better simultaneous fit of both the Pioneer 10 and SDC data
and the 0.5–100 lm flux at Jupiter. Indeed, we found that a value
of a � 2:0 for JFC grains achieves such a simultaneous agreement.
In truth, we find that such a change to the JFC production slope is
somewhat arbitrary and that the disagreement between the mod-
eled flux and the Sremčevič et al. (2005) inferred flux is more likely
a factor of uncertainties in one of several places, including the Pio-
neer 10 and SDC in situ measurements, the Galileo measurements,
or the dynamics of dust grains in our model (i.e., collisional prod-
ucts, grain densities, etc.).

Applying the in situ SDC and Pioneer 10 constraints, the model
makes a significant prediction: namely, that the fluxes to Saturn,
Uranus, and Neptune are at least an order-of-magnitude less than
that expected from a simple extrapolation of dust grain flux mod-
els for the inner Solar System (e.g., Grün et al., 1985) and possibly
lower, since the OCC contribution is only an upper limit. The flux of
JFC grains decreases faster than r�0:5 as would be expected for the
assumption of a constant density (i.e., the heliocentric velocity
scales as r�0:5). Furthermore, the flux provided by both OCC and
EKB grains outside of Jupiter’s orbit is insufficient to bring the
interplanetary dust grain mass fluxes up to the extrapolated val-
ues. This depletion in mass flux is mainly driven by lower fluxes
at higher grain masses (a � 100 lm) as opposed to smaller grains
that are directly measured by both SDC and Pioneer 10 and remain
relatively constant in flux in the outer Solar System.

3.6. Gravitational focusing and planetary fluxes

While Fig. 7 shows model results for dust fluxes at the Hill
radius of each of the outer planets, it is important to take into
account the role of gravitational focusing in enhancing the dust
flux within each planetary system. As dust grains enter a planetary
system, the local gravitational force accelerates the grains and
increases the overall magnitude of the flux by a factor of,
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where r is the distance from the central body, Rp is the planetary
radius, vescðrÞ is the escape speed at distance r, and v1 is the dust
grain speed at infinity (Spahn et al., 2006). Note that in the limit
of r � Rp, this expression reduces to that derived in Colwell
(1994); however, for r � RP , the solution diverges from the
Colwell (1994) approximation by up to a factor of two. Slower grain
populations at the planet’s Hill radius will experience higher flux
increases due to gravitational focusing. The combination of several
dust grain sources each with different speed distributions (see
Fig. 3) at the Hill radius implies that the relative combination of
fluxes from different sources may change at each planet as a func-
tion of planetary radial distance.

At each planet, for each grain type (EKB, JFC, OCC, HTC) and size,
we have calculated the gravitationally focused flux as a function of
distance from the planet. Fig. 8 shows the 0.5–100 lm gravitation-
ally focused mass flux as a function of distance for each dust grain
source at each planet. In many cases, the increase in flux due to
focusing can be over an order-of-magnitude. At Jupiter, both the
JFC and EKB fluxes are heavily focused (� 100�) due to their low
relative impact speed while the OCC grains gain only a factor of
two. JFC grains dominate the flux throughout the jovian system
including at the four Galilean satellites. At Saturn, the EKB and
JFC populations are focused the most and the OCC population is
focused only slightly. By coincidence, each of these three sources



Fig. 8. The 0.5–100 lm focused mass flux at each outer planet as a function of radial distance from the planet center. Individual dust families are marked in color, with the
total mass flux denoted by the dashed line. At each planet, locations of some relevant satellites are noted. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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have nearly identical fluxes at one Saturn radius. OCC flux tends to
dominate outside of the orbit of Enceladus (�4 RS), with a nearly
equal mixture of EKB, JFC, and OCC flux inside the orbit of Ence-
ladus. At Uranus, EKB grains are most heavily focused (�80�),
while OCC, JFC, and HTC grains have smaller focusing factors.
OCC fluxes, which are dominant at the Hill radius by almost an
order-of-magnitude over EKB grains, dominate the flux outside
�10 RU , within which they are overtaken by the focused EKB flux.
Finally, at Neptune, EKB and OCC grains represent nearly equal
fluxes at the Hill radius, yet due to the very low impact speed of
EKB grains compared to OCC grains at Neptune, the EKB grains
are heavily focused and represent the dominant IDP flux within
the neptunian system.
4. Comparison to atmospheric oxygen influx constraints

Feuchtgruber et al. (1997, 1999), using observations by the
Infrared Space Observatory (ISO), reported the surprising presence
of water vapor and carbon dioxide in the atmospheres of Jupiter,
Saturn, Titan, Uranus, and Neptune. Given that H2O condenses
deep in the tropospheres of the giant planets and that upwelling
of oxygen species from the deep interiors of the giant planets is
expected to be inefficient, this argued strongly in favor of the deliv-
ery of oxygen (possibly in the form of H2O, CO, or CO2) from exoge-
nous sources. These exogenous sources include direct cometary
impact, such as the Shoemaker-Levy 9 impact at Jupiter (e.g.,
Zahnle and Mac Low, 1994; Orton et al., 1995), planetary ring or
satellite debris and neutrals, such as the E-ring and neutral torus
at Saturn (Jurac and Richardson, 2007; Cassidy and Johnson,
2010; Fleshman et al., 2014), or ablation of interplanetary dust
grains (e.g., Moses, 1992, 1997). With the calculations of
gravitationally-focused interplanetary dust fluxes to each of the
outer planets, Fig. 8, we can compare to oxygen influx rates
inferred from a combination of infrared observations and associ-
ated photochemical modeling. We take the gravitationally focused
mass flux at one planetary radius for each outer planet and assume
that oxygen comprises half of the total dust composition by num-
ber for typical dust grain compositions (Jessberger and Kissel,
1991), although variability in this fraction has been observed in
the composition of other cometary ejecta and extrasolar debris
disks (i.e., Lisse et al., 2006, 2007b).

Fig. 9 compares the net oxygen influx of interplanetary dust
grains predicted from this model (black) with various observa-
tional and photochemical modeling based constraints for each of
the outer planets. For our model, we have roughly assumed an
order-of-magnitude uncertainty, since the various sources of error
from both the model assumptions and the fits to the data are dif-
ficult to quantitatively combine. At Jupiter, our model predicts a
net O number influx from IDP ablation of approximately
1� 107 cm�2 s�1. In comparison, Lellouch et al. (2002) have placed
an extremely stringent upper limit on H2O influx to Jupiter of
< 8� 104 cm�2 s�1 and Bézard et al. (2002) have placed oxygen
influx limits at 1:5� 10� 106 cm�2 s�1 from observations of CO.
The upper limit on H2O influx from Lellouch et al. (2002) is rather
surprising given that the IDP flux at Jupiter is perhaps the best con-
strained from among the outer planets given the in situ measure-
ments by the Galileo DDS instrument (Krivov et al., 2003;
Sremčevič et al., 2005). Various possibilities for the apparently
large CO/H2O deposition ratio at Jupiter have been considered by
Bézard et al. (2002), including a compositional difference in grains
ablating in Jupiter’s atmosphere, efficient production of CO during
grain ablation at Jupiter due to higher incoming velocities, and
finally, the impact of km to sub-km sized comets, which are known
to more efficiently produce CO from available oxygen via shock
chemistry (Zahnle, 1996). We note that our model predicts that
Jupiter receives nearly all of its IDP flux from a single source,



Fig. 9. A comparison of equivalent oxygen number flux predictions from this model (black) with various constraints on oxygen influx to each outer planet based on
observations and photochemical modeling.
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namely the Jupiter-family comets, while the other giant planets
have IDP influx dominated by Oort-Cloud cometary grains and
EKB grains. Despite this, fundamental IDP grain compositional dif-
ferences of the order necessary to produce a CO/H2O deposition
ratio consistent with Bézard et al. (2002) (CO/H2O � 30) are hard
to consider seriously, even though varying C/O ratios in cometary
dust have been observed (e.g., Lisse et al., 2007b). Compositional
differences between JFC and EKB dust are also hard to envision
since JFCs are thought to be EKB objects themselves that have
‘‘leaked” into the outer Solar System (Levison and Duncan, 1997).
Favorable production of CO over H2O during IDP ablation may be
possible due to the higher relative atmospheric impact velocities
at Jupiter compared to the other giant planets (since CO production
is favored at higher temperatures), yet Bézard et al. (2002) rightly
note that the temperature difference is relatively modest. In sum,
the only way to satisfy both the IDP influx rates presented here
and the low H2O influx constraints of Lellouch et al. (2002) is for
the incoming oxygen to be efficiently converted to CO or seques-
tered as metal oxides or silicates, yet there are currently no avail-
able models for the immediate fate of the ablated species in the
meteor trail with which to validate this theory.

At Saturn, we predict an oxygen influx of approximately
1� 105 cm�2 s�1. Observations put the oxygen influx to Saturn’s
atmosphere at more than an order-of-magnitude higher near
4� 106 cm�2 s�1 (Feuchtgruber et al., 1997; Moses et al., 2000;
Cavalié et al., 2010). This difference is not entirely surprising given
the injection of water ice and gas from Enceladus, which dominate
the influx of water to Saturn’s atmosphere (i.e., Cassidy and
Johnson, 2010; Fleshman et al., 2014), although, ‘‘ring rain” from
Saturn’s main ring system (Moore et al., 2015) or direct cometary
impacts (Cavalié et al., 2010) may also contribute substantial
amounts of oxygen to the atmosphere. While not shown in Fig. 9,
our model predicts an oxygen influx from interplanetary dust grain
ablation to the atmosphere of Titan of approximately
4� 104 cm�2 s�1, nearly an order-of-magnitude less than that
required from analysis and photochemical modeling of Herschel
observations of water vapor in Titan’s atmosphere (Moreno et al.,
2012). Thus, a similar conclusion can be drawn for Titan as for
Saturn, namely, that Enceladus-originating water vapor most likely
dominates the oxygen influx to Titan.

The observed flux of exogenous oxygen to Uranus is consistent
with a dominant source from ablation of interplanetary dust, with
our prediction of 1:2� 105 cm�2 s�1 agreeing with the
Feuchtgruber et al. (1997) H2O/CO2, Cavalié et al. (2014) CO, and
Orton et al. (2014) H2O/CO/CO2 results. Cometary impacts must
certainly deliver some oxygen to the atmosphere of Uranus similar
to that seen at Jupiter (e.g., Zahnle and Mac Low, 1994; Orton et al.,
1995) and suspected at Neptune (Lellouch et al., 2005; Hesman
et al., 2007; Luszcz-Cook and de Pater, 2013); however, if inter-
planetary dust grain ablation is currently providing the bulk of
external oxygen to Uranus, then one can estimate the length of
time since the most recent cometary impact. If we assume that
cometary impact produces predominantly CO, use an eddy diffu-
sion coefficient of Kzz ¼ 2400 cm2 s�1 (Orton et al., 2014), and esti-
mate the distance between the splash-back region of the cometary
impact (� 0:01 mbar) and the tropopause to be d � 350 km, then
the diffusion time for CO to reach the tropopause is

s � d2
=Kzz � 16;000 yr. This timescale is significantly longer than

that calculated for mean cometary impact times from Levison
and Duncan (1997), who estimated an impact rate of
1:3� 10�3 yr�1, or one comet every 700 years. Thus, it seems
entirely likely that both interplanetary dust grains and direct
cometary impacts may deliver appreciable amounts of oxygen-
bearing species to the atmosphere of Uranus.

At Neptune, our model predicts an oxygen influx of
7� 105 cm�2 s�1, which is in line with constraints of H2O influx
from Feuchtgruber et al. (1997), yet is two orders-of-magnitude
less than that required for CO abundance by Lellouch et al.
(2005). While not shown on Fig. 9, Hesman et al. (2007) have put
forth an even higher CO influx requirement of nearly
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1� 1010 cm�2 s�1 based on more recent observations by the James
Clerk Maxwell Telescope (JCMT). Such a discrepancy between the
H2O and CO influx to Neptune, as well as the derived vertical pro-
file for the CO, which shows the bulk of the CO to be confined at
relatively high altitudes (i.e., it has not diffused into the lower
stratosphere), is thought to be strong evidence for a recent come-
tary impact in the atmosphere of Neptune, since CO is more effi-
ciently produced via shock chemistry upon cometary impact than
during meteoroid ablation (Zahnle, 1996) and has not yet diffused
into and condensed in the troposphere. While interplanetary dust
grains will ablate and serve as a source for both H2O and CO, the
very high CO/H2O ratio implies the need a greater source of CO.
We interpret the comparably low oxygen influx from IDPs at Nep-
tune relative to that required from atmospheric observations as
further supporting evidence of a ‘‘recent” cometary impact at Nep-
tune (i.e., Lellouch et al., 2005; Hesman et al., 2007; Luszcz-Cook
and de Pater, 2013).
5. Discussion and conclusion

The model presented here is an important step towards fully
understanding the interplanetary dust environment in the outer
Solar System. The model builds on improvements in the ability
to model the physics of interplanetary dust grain dynamics, the
availability of in situ and remote-sensing constraints, and recent
updates in our knowledge of the distributions of dust grain parent
bodies (i.e., Appendix A). By including the grain–grain collisional
algorithm introduced by Stark and Kuchner (2009), we have more
accurately modeled the distribution and flux of EKB grains specif-
ically. We have confirmed their results that these collisions play a
significant role in re-shaping the EKB dust disk and must be
accounted for in all future models. While we have not at this time
included collisions either within or between the other populations
(JFC, OCC, HTC), we know that they most likely play some role in
altering the equilibrium density distributions for these species.
At 1 AU, Grün et al. (1985) have calculated that the particle colli-
sional time is equal to the Poynting–Robertson drag time for grains
with m � 10�5 g (� 100 lm). Grains smaller than this drift into the
Sun faster than they can be collisionally destroyed while larger
particles cannot. In the outer Solar System, the (typically) lower
dust fluxes imply that collisional frequencies would decline; how-
ever, Poynting–Robertson drag lifetimes also increase proportional
to the initial semi-major axis of a dust grain (Wyatt and Whipple,
1950), and thus, collisions may still play an important role in shap-
ing the OCC and JFC density distributions in the outer Solar System
(as also noted by Nesvorný et al. (2010, 2011)). Future develop-
ment of the model will couple all sizes and types of dust grains
in a fully self-consistent collisional algorithm.

Our model predicts that dust grain fluxes to the outer planets
are typically a mixture of grains from different sources, with the
exception of Jupiter, which is dominated by the influx of Jupiter-
family comet grains. Saturn appears to sit at the threshold where
JFC, EKB, and OCC grains all contribute within one order-of-
magnitude of each other, while Uranus and Neptune have contri-
butions mainly from EKB and OCC grains (noting again that the
OCC contribution is only an upper limit and may be lower). Dis-
tances beyond Neptune, i.e., the Edgeworth-Kuiper Belt itself, are
dominated by EKB grains with 0.5–100 lm mass fluxes only
slightly lower than that at 5 AU. Also of importance is the discrep-
ancy between our model and the extrapolated Grün et al. (1985)
interplanetary dust flux. The model disagreement is not surprising,
given that the sources and dynamics of dust grains in the outer
Solar System are significantly different than those at 1 AU. While
such an extrapolation has been necessary given the long-
persisting uncertainties in outer planetary dust fluxes, the model
presented here shows that more accurate estimates of dust influ-
xes to the outer planets are now available.

Our model will continue to be tested by the New Horizons Stu-
dent Dust Counter, which will return to making routine dust flux
measurements after the Pluto encounter of mid-2015 (Horányi
et al., 2008; Stern, 2008). As SDC continues out of the Solar System,
the measured fluxes should remain constant until approximately
45 AU, at which point they begin to decrease. This is in contrast
to the flux predicted by Vitense et al. (2014), who predicted that
SDC should measure a ‘‘clump”, or increase, in the 0.5–5 lm flux
centered around 30 AU up to approximately 10�3 m�2 s�1. The dif-
ference may be partially due to different collisional algorithms
used here and in Vitense et al. (2014). Here, grains are allowed to
collide with any other size grain, while in Vitense et al. (2014),
grains are limited to only collide with those of the same size. On
the other hand, Vitense et al. (2014) allows for collisional produc-
tion of grains, while we do not consider such a source at this time.
Nevertheless, the true test for the presence of such ‘‘clumps” is in
the data itself. SDC data out to 30 AU have not indicated the pres-
ence of such structures. Future measurements in the upcoming
years will reveal whether any such structures exist further out.
Our model also predicts that Pioneer 10 would have observed a
nearly fivefold increase in the IDP flux between approximately
25 and 45 AU (see Fig. 4), had the instrument not ceased working
at 18 AU.

Additional in situ constraints on the model can be imposed
through the analysis of Cassini Cosmic Dust Analyzer (CDA) data
at Saturn (Srama et al., 2004). While Cassini CDA made measure-
ments of interplanetary dust fluxes during the cruise portion of
the mission between Jupiter and Saturn and found both bound,
prograde dust grains (assumed to be from a cometary source such
as the JFC) and interstellar dust grains (Altobelli et al., 2007), the
somewhat poor statistics prevent a rigorous comparison with our
model. CDA measurements taken in orbit around Saturn, however,
do have the ability to add important additional data to the model.
Preliminary analysis of the CDA data have shown the ability to
detect exogenous dust particles at Saturn with CDA (Kempf et al.,
2013), and continued analysis will hopefully provide more strin-
gent constraints on the dust influx to Saturn and in turn further
advance our knowledge of dust densities and fluxes throughout
the outer Solar System.

Finally, we have used the model-predicted influx of interplane-
tary dust grains to each outer planetary system to estimate the flux
of exogenous oxygen to each of the outer planet atmospheres.
Starting with Neptune, we find that while the oxygen delivered
by interplanetary dust is in agreement with H2O delivery estimates
from Feuchtgruber et al. (1997), the delivered oxygen is several
orders of magnitude smaller than that required to produced the
observed CO in the atmosphere (Lellouch et al., 2005; Hesman
et al., 2007; Luszcz-Cook and de Pater, 2013). We interpret this
as further evidence of CO generation due to a large, recent come-
tary impact. At Uranus, oxygen influx from IDPs matches well with
inferred steady source influxes from observational constraints
(Feuchtgruber et al., 1997; Cavalié et al., 2014; Orton et al.,
2014), yet impact rate studies for the outer Solar System would
also suggest that km and sub-km sized comets may deliver a nearly
equal amount of oxygen (Levison and Duncan, 1997; Zahnle et al.,
2003). At both Saturn and Titan, interplanetary dust influx con-
tributes approximately one order-of-magnitude less oxygen than
is required from observations (Feuchtgruber et al., 1997; Moses
et al., 2000; Cavalié et al., 2010), further confirming the unique role
that the Enceladus neutral water torus plays in hydrating the sat-
urnian system and atmosphere (Jurac and Richardson, 2007;
Cassidy and Johnson, 2010; Fleshman et al., 2014). The greatest
discrepancy is found at Jupiter, where our modeled interplanetary
dust flux is several orders-of-magnitude greater than water influx
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constraints derived by Lellouch et al. (2002), yet in line with the CO
observations by Bézard et al. (2002). Bézard et al. (2002) may be
correct that the observed jovian CO is mainly delivered by km
and sub-km sized comets; however, it is also possible that the oxy-
gen from incoming interplanetary dust grains is efficiently con-
verted to CO during or after the ablation process. Regardless, the
oxygen from the incoming dust grains clearly does not end up as
water in Jupiter’s hydrogen-dominated atmosphere, and alterna-
tive fates for the oxygen components of the interplanetary dust
grains must be considered.
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Appendix A. Description of model dust grain sources

A.1. Edgeworth-Kuiper Belt (EKB)

Our understanding of the spatial, orbital element, size, and
compositional distributions of the various sub-populations of
EKBOs is an active and evolving research area and thus, it is impor-
tant to update dust grain models with the latest information. The
necessity of individually modeling dust production from each of
the various EKBO sub-populations is driven by fundamental differ-
ences in the EKBO sub-population orbital element distributions
that contribute to significant differences in the resulting micron
and sub-micron sized dust distributions (i.e., Kuchner and Stark,
2010; Vitense et al., 2010; Han et al., 2011). Here, we use results
from the Canada–France Ecliptic Plane Survey (CFEPS) of EKBOs
conducted from 2003 until late 2009 and reported variously in
Jones et al. (2006), Kavelaars et al. (2009), Petit et al. (2011), and
Gladman et al. (2012). Specifically, we employ the model results
from Petit et al. (2011), which are constrained by CFEPS
observations.

There is an abundance of nomenclature with regards to various
sub-populations of EKBOs, many of which have different interpre-
tations depending on the author. Given this, as well as the complex
nature of the EKBO distributions determined by Petit et al. (2011),
we give a detailed description here of the sub-populations used in
our model (essentially those from Gladman et al. (2008) and fur-
ther detailed in Petit et al. (2011)). At the highest level, the EKB
can be divided into three categories: Resonant, Scattered/Scatter-
ing, and Classical. Dynamically speaking, the Resonant population
are those EKBOs currently in resonance with Neptune (i.e., 2:1,
3:2, etc.) and the Scattered/Scattering population are those objects
currently undergoing or having undergone scattering (within
10 Myr) by Neptune, as determined by orbital integration simula-
tions. (We note that the Scattering/ed population defined here is
not the same as the Scattered parent population used in our previ-
ous work (Han et al., 2011; Poppe and Horányi, 2012; Poppe,
2015), but rather a more specific sub-set of EKBOs.) All other
objects (i.e., those not in resonance or currently scattering off of
Neptune), fall into the classical belt. The classical belt is further
sub-divided into a fairly detailed set of sub-components as deter-
mined by Petit et al. (2011). The breakdown of the classical belt
is governed by the semi-major axis, a, and eccentricity, e, of the
EKBOs:
1. Inner classical belt: objects with a > aN and a < 3 : 2 Neptune
MMR, where aN is the semi-major axis of Neptune.

2. Main classical belt: objects with a > 3 : 2 Neptune MMR and
a < 2 : 1 Neptune MMR.

3. Outer classical belt: objects with a > 2 : 1 Neptune MMR and
e < 0:24.

4. Detached classical belt: objects with a > 2 : 1 Neptune MMR
and e > 0:24.

The eccentricity cutoff between the outer and detached belts
(e ¼ 0:24) is an arbitrary distinction as noted by Gladman et al.
(2008); thus, similar to Petit et al. (2011), we group the outer
and detached components together (and for simplicity, refer to this
as just the ‘‘outer” population). The main classical belt is further
sub-divided into three components which are necessary to repro-
duce the observed CFEPS EKBO distributions. These sub-
components include:

1. Kernel: A dense, low-inclination (i < 10	), low-eccentricity
(e � 0:05) population spanning semi-major axes of 43.8–
44.4 AU.

2. Stirred: A low-inclination (i < 10	), moderate-eccentricity
(0 < e < 0:15) distribution spanning semi-major axes of
approximately 42–47 AU.

3. Hot: A relatively higher-inclination (0 < i < 35	), higher-
eccentricity (0 < e < 0:25) population spanning semi-major
axes of 40–47 AU.

These sub-components are those graphically shown in Fig. 4 of
Petit et al. (2011). Using these observational constraints on the par-
ent EKB distributions, we have constructed a model for the relative
dust production rates from each EKB sub-population. These calcu-
lations, detailed below, represent an improvement upon simply
taking the relative number distribution of EKB objects by consider-
ing the detailed physics of ejecta dust production (which depends
on the relative EKB size distributions in addition to their number
distributions).

A.1.1. EKB relative dust family production rates
While previous work has typically used the ratio of the number

of EKB objects between different sub-populations as a proxy for the
relative dust production rates, the information provided by Petit
et al. (2011) regarding the size distributions of each EKB sub-
population allows us to quantify relative dust production rates
more accurately. Specifically, dust production rates from EKBOs
(or indeed, any airless object) depend not only on the number of
such objects, but also the total surface area available (i.e., cross-
section) for incoming bombardment and ejecta production and
the likelihood that impact ejecta can escape the local gravitational
potential well of the target object. In addition to determining the
relative orbital structure of the EKB, Petit et al. (2011) have also
calculated de-biased population estimates as a function of lumi-
nosity, H. To translate the population greater than a given luminos-
ity to that greater than a given diameter, we assume an albedo of
0.05. Assuming the size distribution of each sub-population is a
power-law (allowing for the possibility that each sub-population
may have different power-law exponents), we extrapolate the
results of Petit et al. (2011) for each sub-population to obtain the
cumulative size distribution, Nð> DÞ, as a function of diameter
from 5 to 500 km. The formula for the cumulative size distribution
is given by,

log10 NiðDÞ ¼ ai þ biD; ðA:1Þ
where D is the EKB diameter and ai and bi are coefficients for the ith
EKB sub-population determined from Petit et al. (2011). We plot the
distribution for each sub-component (seven in total) in Fig. A.1(a).



Fig. A.1. The (a) cumulative number distribution of EKB objects, (b) the differential
surface area distribution, and (c) the differential dust flux production distribution,
all as a function of the EKBO diameter shown for all seven EKBO sub-populations.
Panels (a) and (b) are in physical units, while panel (c) is in arbitrary units.
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The largest population by number is the main stirred component,
with more than 5� 106 objects greater than 5 km diameter. Other
significant populations include the main kernel, outer, and resonant
populations.
Table A.3
A comparison of the various sub-populations of the Edgeworth-Kuiper Belt and their relat

EKB sub-population Description

Main inner aN < a < 3 : 2;
Main classical hota 3 : 2 < a < 2 : 1; e < 0:25; i < 3
Main classical stirreda 3 : 2 < a < 2 : 1; e < 0:25; i < 1
Main classical kernela 3 : 2 < a < 2 : 1; 0:02 < e < 0:0
Main outer a > 2 : 1 with f ðaÞ / a�2:5;
Scattered/ing Undergoing Neptune scattering
Resonant In resonance with Neptune

a See Petit et al. (2011) for a detailed description.
Starting with the cumulative size distribution, NiðdÞ, for each
population shown in Fig. A.1(a), we define the differential EKB size
distribution as,

dNiðDÞ
dD

¼ Ai10
biD; ðA:2Þ

where Ai ¼ 10ai . Convolving this with the surface area as a function
of diameter yields the differential surface area distribution,
dSiðDÞ=dD, given as,

dSiðDÞ
dD

¼ 4pD2 dNiðDÞ
dD

ðA:3Þ
¼ 4pAibiD

210biD ðA:4Þ
Fig. A.1(b) shows the differential surface area distribution as a

function of diameter for each sub-population with most distribu-
tions peaking between 50 and 100 km. While the available surface
area does give a strong indication of the relative dust production,
we must also account for the ability of freshly-created ejecta to
escape the local gravitational potential of the parent EKBO. This
in turn depends on the velocity distribution of the impact ejecta.
Yamamoto and Mukai (1998), using cratering experiments and
theory from a variety of sources (e.g., Housen et al., 1983; Lange
and Ahrens, 1987; Frisch, 1992; Eichhorn and Grün, 1993), have
derived the dependence of the escaping fraction of impact ejecta,
f, on the escape velocity, vesc , as either f / v�2

esc for hard, icy surfaces
or f / v�1:21

esc for a layer of icy particles. If we adopt a layer of icy
particles as the surface structure (given the likely surface garden-
ing from impacting micrometeoroids), the differential flux of
escaping ejecta from EKBs (i.e., those grains injected into the EKB
dust disk), dCiðDÞ=dD, as a function of EKB diameter can be derived
as,

dCiðDÞ
dD

¼ D�1:21 dSiðDÞ
dD

ðA:5Þ
/ AibiD

0:7910biD: ðA:6Þ
The family of curves for each EKB sub-population is shown in

Fig. A.1(c). For all populations, the curves are fairly broad between
5 and 200 km diameter, with much of the <200 km population con-
tributing to EKB dust generation. Finally, in order to estimate the
relative weight of each of the sub-populations with respect to
EKB dust disk generation, we integrate each curve from 5 to
500 km and calculate the fraction that each sub-population con-
tributes to the whole. These values are shown in Table A.3. The lar-
gest contributor to the EKB dust disk is the Main classical stirred
population with 49%, followed by the main classical outer, reso-
nant, and main classical kernel populations with 15%, 14%, and
11%, respectively. Smaller contributions come from the main clas-
sical hot, scattering/ed, and main inner populations with 7%, 4%,
and 0.5%, respectively.

In order to reduce the complexity of our modeling, we have not
separately modeled each of the seven EKB sub-populations, but
rather only four, generally based on their orbital element group-
ings. First, we neglect the presence of the main inner population,
ive contributions to the overall EKB interplanetary dust production rate.

Fraction of EKB dust production

0.005
0	 0.07
0	 0.49
8; i < 10	 0.11

0.15
within 10 Myr 0.04

0.14
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as this is projected to contribute <1% of the overall dust production.
Our first population is taken as the main classical kernel popula-
tion, as this population is unique in its confinement in orbital ele-
ment space. For our purposes, we term this the ‘‘cold” EKB
population, accounting for 11% of the overall dust production.
Our second population combines those EKBOs that are dynamically
‘‘hot”, which includes the main classical hot, main classical stirred,
and scattered/ing, accounting for 60% of the overall production.
Finally, we individually model both the main outer population
(15%) and the resonant population (14%), as each of these has a
unique orbital element structure. For the resonant sub-
population, we follow previous work and select individually
known resonant EKBOs as source bodies. Thus, these four
groupings (cold, hot, outer, and resonant) comprise the parent
EKB populations used to seed our dust dynamics model, summa-
rized in Table A.3.
A.2. Jupiter-family comets (JFC)

The secondmain source of dust grains included in the model are
the Jupiter-family comets (JFC). Jupiter-family comets are objects
believed to have migrated from the Edgeworth-Kuiper Belt under
planetary gravitational scattering, passed through Centaur-like
orbits, and finally, placed in near-Jupiter orbits with orbital periods
typically less than 20 years (although this distinction is arbitrary).
Levison and Duncan (1997) performed a series of Gyr dynamical
simulations following EKB objects that were initially scattered by
Neptune. The orbital element distribution of these simulated
objects were found to be indistinguishable from the observed
Jupiter-family comets, so long as the comets were recorded as
active whenever their perihelion first dropped below 2.5 AU and
that the comets had a median fading time of approximately
12,000 years. While these active JFCs are recognized as the main
source of inner Solar System meteoroid streams (Jenniskens,
2006, 2008), they also must contribute to the dust density complex
in the outer Solar System. Nesvorný et al. (2010) modeled dust
dynamics of grains originating from JFCs (as well as several other
asteroidal and cometary sources) and determined that JFCs are
the dominant contributor to the interplanetary dust complex in
the inner Solar System (�90%) by comparison with mid-infrared
imaging of the zodiacal cloud by IRAS (Hauser et al., 1984; Low
et al., 1984). We follow the work of Nesvorný et al. (2010) by using
orbital element distributions for JFCs derived from the simulations
of Levison and Duncan (1997). These JFCs typically have semi-
major axes smaller than that of Jupiter (aJ ¼ 5:2 AU) and perihelia
ranging from �0.5 to 4 AU. The inclination distribution is modeled

as dNðiÞ / sinðiÞexp�0:5ði=rJ Þ2di, with rJ ¼ 10	, approximating the
results of numerical simulations by Levison et al. (2006) and Di
Sisto et al. (2009). The argument of perihelion and longitude of
ascending node are set to be uniform between ½0;2p�.
A.3. Oort-Cloud comets (OCC)

Oort-Cloud comets originate from the very edge of the Solar
System and are remnant objects left over from the Solar System
formation era (Oort, 1950). Orbital perturbations from passing
stars and galactic tides will occasionally perturb an Oort-Cloud
object onto an orbit with a perihelion within the planetary portion
of the Solar System (<30 AU). Notably, a comparison of the
observed distribution of dormant Oort-Cloud comets and dynami-
cal simulations of the evolution of new OCCs (those comets on
their initial perihelion passage) to returning (and possibly dor-
mant) OCCs has demonstrated that a majority of OCCs must phys-
ically disrupt (Wiegert and Tremaine, 1999; Levison et al., 2002).
As noted by Nesvorný et al. (2010), the physical disruption of OCCs
must generate significant injections of cometary material into the
Solar System. While much of this material may be ejected from
the Solar System due to solar radiation pressure, some material
could serve as an important source of interplanetary dust, both
in the inner and outer Solar System. As discussed above for JFCs,
Nesvorný et al. (2010) used observations of zodiacal cloud bright-
ness obtained from the Infrared Astronomical Satellite (IRAS) to con-
strain the contribution of OCCs to the interplanetary dust complex.
They found that their data are best fit if a small, �10%, contribution
from OCCs are present; although, we do note that this contribution
is somewhat uncertain and should be treated as an upper limit
(Nesvorný et al., 2010).

Given the known outgassing and disruptive behavior of OCCs in
the Solar System, combined with the constraints offered by
Nesvorný et al. (2010), we include an OCC dust source in our
model. Following previous work (Francis, 2005; Nesvorný et al.,
2010, 2011), we model our initial OCC dust grains with a perihelion
distribution of,

dNðqÞ ¼ 1þ ffiffiffi
q

p
q < 2 AU

2:41ðq=2Þc q > 2 AU

	
; ðA:7Þ

semi-major axes between 1000 and 10,000 AU, an inclination distri-
bution of dNðiÞ / sinðiÞ, and uniform longitude of ascending node
and argument of perihelion. We note that while Francis (2005)
found a perihelion distribution power-law index of �0:5 < c <

0:0, yielding a distribution that declines slightly as a function of q,
Nesvorný et al. (2010) used 0:0 < c < 1:0, which is a population that
increases slightly in q. We tested two choices for the slope, c ¼ �0:5
and c ¼ 0:5, and found indistinguishable differences in the OCC dust
grain density and velocity distributions, most likely due to a combi-
nation of the already weak power-law dependence on q and the
rapid scattering of OCC grains by the giant planets, which tends to
weaken the connection of dynamically evolving grains to their exact
parent body distribution. For model results presented here, we used
c ¼ 0:5. Similar to the JFCs, the longitude of ascending node and
argument of perihelion are randomly distributed through ½0;2p�.

A.4. Halley-type comets (HTC)

Halley-type comets, named after the prototypical comet 1P/
Halley, are characterized by orbital periods between 20 and
200 years. The full orbital element distribution of these comets is
not well constrained, and thus, we follow previous work in gener-
ating initial conditions such that the parent bodies have periods,
20 < P < 200 years, are weighted with perihelia dNðqÞ / q, and

have an inclination distribution of dNðiÞ / sinðiÞexp�0:5ði=rHÞ2di,
where rH ¼ 30	 (Levison et al., 2006; Nesvorný et al., 2010). Longi-
tude of ascending node and argument of perihelion are assumed to
be uniformly random. We do note that Nesvorný et al. (2010) have
shown that HTCs have only a minor contribution (<1%) to the inter-
planetary dust flux based on comparison to IRAS observations;
nevertheless, we include this population in our modeling for
completeness.

A.5. Other sources

Several other minor sources of dust grains exist in the outer
Solar System. These potentially include Centaurs (Horner et al.,
2004; Jewitt, 2009), Neptune Trojans, and interstellar dust grains
(Grün et al., 1993). Centaurs have slightly varying definitions based
on their orbital elements, but for simplicity’s sake, Jewitt (2009)
specified Centaurs as those non-resonant objects with both perihe-
lion and semi-major axis between the semi-major axes of Jupiter
and Neptune. These objects are essentially ‘‘leaking” out of the
Edgeworth-Kuiper Belt, although the exact source of Centaurs from
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within the EKB is not yet determined (e.g., Volk and Malhotra,
2008). Centaurs are on highly unstable orbits as they repeatedly
interact gravitationally with the giant planets; indeed, some two-
thirds are typically ejected from the Solar System into interstellar
space (Tiscareno and Malhotra, 2003). The remaining one-third of
Centaurs can become trapped in inner Solar System orbits, termed
Jupiter Family comets (see Section A.2), where they sublimate and
contribute massive amounts of dust to the interplanetary zodiacal
cloud (Nesvorný et al., 2010). Some Centaurs are known to be
active before dynamically reaching JFC status, including objects
such as 39P/Oterma, (2060) 95P/Chiron, and (60558) 174P/Echelus,
with dust production rates estimated between several kg s�1 up to
several tons s�1 (Jewitt, 2009). Dust grains emitted from Centaurs
would be subject to significant perturbations by the giant planets
(similar to the parent Centaurs themselves); however, short-
lived, yet intense, meteoroid streams could be generated by active
Centaurs at the outer planets, a topic that deserves further investi-
gation. For our purposes here, we do not consider dust generation
from Centaurs (either as meteoroid streams or as a contribution to
the background dust density), as the total number of Centaurs
greater than 1 km is estimated to be only �44,000 (Horner et al.,
2004), similar to that of the EKB inner belt, which we have
neglected compared to the other EKB sub-populations. Interstellar
dust grains are also present throughout the Solar System, originat-
ing from near the apex of the Solar System’s relative motion
through the Local Interstellar Cloud (LIC) (Grün et al., 1993,
1994; Altobelli et al., 2005). These grains move along hyperbolic
trajectories through the Solar System, impacting the planets are
relatively large speeds (approximately 26 km/s). Despite their high
speed, the mass flux of interstellar grains is several orders-of-
magnitude lower than that of interplanetary grains (Grün et al.,
1994), and thus, can safely be neglected in the overall calculation
of dust fluxes to the outer planets.
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Sremčevič, M. et al., 2005. Impact-generated dust clouds around planetary
satellites: Model versus Galileo data. Planet. Space Sci. 53, 625–641.
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