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Abstract

The thin atmosphere of Neptune’s moon Triton is dense enough to ablate micrometeoroids as they pass through. A combination
orbital velocity around Neptune and its orbital velocity around the Sun gives a maximum meteoroid impact velocity of approx
19 km s−1, sufficient to heat the micrometeoroids to visibility as they enter. The ablation profiles of icy and stony micrometeoroi
calculated, along with the estimated brightness of the meteors. In contrast to the terrestrial case, visible meteors would extend ve
the surface of Triton. In addition, the variation in the meteoroid impact velocity as Triton orbits Neptune produces a large variati
brightness of meteors with orbital phase, a unique Solar System phenomenon.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The meteoric influx into the terrestrial atmosphere, an
its consequences within the atmosphere and ionosphere
been well studied, with data from satellites, rockets, lid
and photometric observations (see reviews by Grün e
(2001), Murad and Williams (2002)). By comparison, rela-
tively few measurements of the micrometeoroid fluxes in
outer Solar System are available (Grün et al., 1985, 20
There are also possibly important consequences of m
oroid input to the atmospheres of minor bodies in the
lar System. The effects of meteoroid input on planets o
than Earth have only deduced from models. Neverthe
these models indicate that micrometeoroids lead to sig
cant phenomena in all planetary atmospheres. For exam
Ip (1990a) and Molina-Cuberos et al. (2001) have hi
lighted some of the properties of meteoroid impacts w
the Titan atmosphere and showed that the meteoric i
could produce a significant perturbation in the atmosph
or ionosphere of a minor planet in the Solar System.
effects of meteoroids at Triton, the only other moon in
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Solar System with a substantial atmosphere, have not
previously studied and are the subject of this paper.

Triton orbits Neptune in the far reaches of the Solar Sy
tem. Although micrometeoroids hitting the atmosphere a
celerated only by the weak gravity of Triton would not
heated to evaporation, the combination of the microm
oroid’s orbital velocity, Triton’s orbital speed, and the gra
itational accelerations of Triton and Neptune results i
sufficiently high velocity of impact that some particles a
heated to visibility. Triton is in a retrograde orbit about Ne
tune and in synchronous rotation, with one side continuo
facing Neptune. Micrometeoroids will be swept up by
leading face of Triton, which is therefore the location wh
most meteors would be seen. The Triton–Neptune co
uration and Triton’s thin, but not insignificant, atmosphe
make a unique environment in the Solar System for stud
meteor physics.

Two radio occultation electron density profiles and s
eral theoretical model ionospheres have been publishe
Triton (Tyler et al., 1989; Lyons et al., 1992; Ip, 1990b). A
show a prominent main layer consisting likely of either C+
or N+ located above an altitude of 200 km. The ionizat
is caused by a combination of solar radiation and energet
electron precipitation. Below 200 km, the occultation mea
surements indicate a possibility of additional, lower altitu

http://www.elsevier.com/locate/icarus
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ion layers (Lyons et al., 1992). These low-altitude lay
could consist of metal atoms and metallic compounds
behind by ablating micrometeoroids that had been photo
ized by the solar UV irradiance. Remnants of meteoro
or the recondensed products of the ablated material, c
also serve an important role as nucleation sites of the c
particles that cause the haze layers observed in Triton’
mosphere (Yelle et al., 1995).

A theoretical investigation of the brightness and f
quency of meteors in Triton’s atmosphere would illustr
some of the expected consequences of that meteoroi
put. With this goal in mind, a study of the meteor product
and meteoric input at Triton was done to determine the
ative importance of each of thepossible meteoric ionizatio
processes and to isolate those processes that require
tional research. When further observations are made o
Triton environment, the results of this study will provid
a basis for better defining the micrometeoroid distribut
in the outer Solar System. In this work we will focus
the visibility of meteors in Triton’s atmosphere, because
its unique spatial distribution compared to other Solar S
tem atmospheres. In the process we will infer their poten
ionospheric and haze contributions.

2. The atmosphere of Triton

Only a few atmospheric mass density profiles for the2-
dominated atmosphere of Triton have been published.
density and temperature models of Krasnopolsky and Cr
shank (1995) are used in this meteor ablation study.
altitude dependence of the density, temperature, and
sure of this model agrees with the observations of Broad
-

i-

-

et al. (1989) and is similar to the model of Strobel and Su
mers (1995). The mixing ratio of the most important min
species is roughly 10−4 (CO, Krasnopolsky and Cruikshan
1995; CH4, Strobel and Summers, 1995). At such sm
concentrations the minor species do not play an impor
role in meteor ablation, which depends only on the colu
mass density of the atmosphere. The model in Fig. 2
Krasnopolsky and Cruikshank (1995) was digitized to p
vide a computer-accessible profile of temperature, pressur
and mass density as a function of altitude (Fig. 1).

The likely existence of meteors in Triton’s atmosph
can be demonstrated by comparing the properties of
ton’s atmosphere with other, meteor-producing, planetar
mospheres. The local atmospheric column mass density
parameterizes the rate of meteoroid ablation (Bronshten
1983, Section 3) in that meteors occur at similar colu
densities in any atmosphere. However, pressure is a m
accessible atmospheric parameter. These two quantitie
closely related as shown in Fig. 2, which depicts the colum
mass density as a function of pressure for several planet
Triton.

Terrestrial meteors are formed at an altitude of roug
90 km, corresponding to a pressure of 2 µbar. This
responds to an estimated altitude of 30 km in Triton’s
mosphere. Two effects will shift the actual meteoroid ab
tion altitude at Triton away from the terrestrially inferred l
cation. Due to the lower impact speeds at Triton (see bel
a meteoroid of a given mass will penetrate to a higher p
sure in Triton’s atmosphere than the Earth’s. Also, beca
of Triton’s lower gravity compared to those of the plane
a given column mass density is intercepted by a meteo
at a lower pressure on Triton than in other atmosphere
ank
Fig. 1. The variation of mass density (ρ, bottom scale) and temperature (T , top scale) in Triton’s atmosphere from Fig. 2 of Krasnopolsky and Cruiksh
(1995). Below the lowest altitude resolved by the digitization process the temperature is assumed constant and the density varies exponentially with altitude.
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artian
st
Fig. 2. A comparison of column mass in several atmospheres. The© symbol indicates a surface. Triton’s atmosphere is described in Fig. 1 above; the m
atmosphere is discussed in Pesnell and Grebowsky (2000); the cytherean model was computed using the VTS3 model described in Hedin (1983); the terrerial
model is the MSIS model (Hedin, 1987) evaluated at mid-latitudes for moderate solar activity; the jovian model is from Kim et al. (2001).
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can be seen in Fig. 2. The known Triton surface pressu
∼ 10 µbar and the observed ablation of meteoroids at a p
sure 10× smaller in the terrestrial atmosphere offers stro
evidence for the presence of meteors at Triton.

To characterize the meteor intensity at Triton relative
Earth we will refer it to a hypothetical sensor on the surf
of Triton. The altitude of ablation determines the effect
viewing area of a meteor detector provided by such an
strument. Assuming the opening angle of the detector is◦
and the ablation altitude is 30 km, meteors over an are
3 × 103 km2 could be seen by the detector. A more int
esting aspect of meteors at Triton is their closeness to
surface. As will be shown, meteoroids could create obs
able meteors almost to the surface. In contrast, the brightne
of terrestrial meteors measured from the ground are us
normalized to an altitude of 100 km (Öpik, 1958).

3. Micrometeoroid environment at Triton

Comets and massive asteroids have bombarded the
and other planets since the beginning of the Solar System
In today’s Solar System, impacts of large, crater-produc
or atmosphere disrupting bodies are rare events that
only an ephemeral effect on a planetary atmosphere
ionosphere during their initial passage. On the other han
smaller interplanetary particles continuously pelt the p
ets, providing a persistent source of dust and metallic at
in all planetary atmospheres. Using Triton’s surface as
observation post to study the flux of micrometeoroids in
outer Solar System would provide higher meteor count r
than on spacecraft due to the large field of view of the imp
zone and ability to continuously integrate a known volu
-

h

e

of space. The composition and velocity distribution of
impacting particles can be deduced from these observat
which would provide valuable information on the Kuip
and Oort clouds.

Interplanetary particle mass flux distributions at Neptu
derived by Moses (1992) from the measured interplane
distribution of Grün et al. (1985), were used to estimate
occurrence rate of visible meteors in Triton’s atmosph
Moses (1992) assumed two velocity populations of micro
eteoroids: Oort cloud particles, whose orbits have high
centricities and random inclinations; and Neptune fam
particles, with more circular, prograde, low-inclination
bits. The impact rates for the Oort cloud and Neptune fa
lies of micrometeoroids are shown in Fig. 3.

A higher-speed population of micrometeoroids, wh
velocities indicate an origin outside of the Solar Syst
(Taylor et al., 1996), has low flux compared to the as
oidal and cometary populations and was not considere
our study.

Assumptions that were used for estimating the effect
gravitational focusing of meteoroids and variations of th
number flux distribution with position in the Solar Syste
have an estimated factor of∼ 10 uncertainty in our result
(Moses, 1992). The total mass flux intercepted by Tr
from the combined mass flux distribution is approximat
5 kg s−1, assuming an impact area ofπR2

T .
Due to the addition of Neptune’s and Triton’s orbital v

locities, the velocity of an incoming meteoroid relative
Triton can be sufficient to strip electrons off the ablated m
terial via impact ionization with Triton’s atmosphere. T
ionization of the atmospheric gases will be less importan
Triton due to the smaller typical velocity. For the average
restrial meteoroid (with incoming speed∼ 20 km s−1) this
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Fig. 3. Estimated impact rate of micrometeoroids onto Triton’s atmosphere. The two mass flux distributions defined by Moses (1992) were extended to higher
masses and converted to a number flux. That flux was then multiplied by 60, to convert to a count per minute, and byπ(30× 105)2, the effective area of a
surface-based detector with an opening angle whose half width is 45◦ and an ablation altitude of 30 km.
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impact ionization process is the source of the meteor t
that are detected by both opticaldetectors and radar. At Tr
ton, the modulation of the impact velocity with changes
the orbital phase of Triton about Neptune will cause me
ors to be more visible when Triton is moving in the progra
heliocentric direction (between Neptune and the Sun).

The impact speeds (vI ) of meteoroids on Triton depen
on the heliocentric velocity of the meteoroid far from Ne
tune (�vm), the heliocentric velocity of the Neptune–Trito
system (|�vp| = 5.5 km s−1), the angle (θ ) between�vp and
�vm, the orbital velocity of Triton around Neptune (|�vs | =
4.4 km s−1), and the phase of Triton’s orbit (φ, measured
from the point where Triton crosses Neptune’s orbit o
bound). All velocities are assumed to be in the orbital pl
of Neptune and values are from Tholen et al. (2000).
magnitude ofvI is

(1)v2
I = v2

T ,g + v2
N,g + ∣∣�vm − (�vp + �vs)

∣∣2

= v2
T ,g + v2

N,g + v2
m − 2vmvp cosθ + v2

p + v2
s

(2)+ 2vs

[
vp sinφ − vm sin(φ + θ)

]
,

wherevT ,g = 1.45 km s−1, the escape velocity of Triton an
vN,g = 6.34 km s−1, the velocity required to escape fro
Neptune’s gravity at Triton’s orbit. Figure 4 illustrates t
various quantities and their relationships.

The magnitude ofvm ranges from 7.74 km s−1, the peri-
helion velocity of a parabolic, heliocentric orbit with a pe
ihelion at 30 AU (the Oort cloud particles of Moses (199
to 2.97 km s−1, the aphelion velocity of an elliptic, heliocen
tric orbit with a perihelion at 5.2 AU (the orbit of Jupiter) an
an aphelion at 30 AU (the Neptune family of Moses (199
Figure 5 showsvI as a function ofθ for |�vm| = 5.47 km s−1,
corresponding to the orbital speed of a micrometeoroid
circular orbit at 30 AU, striking Triton at an angleθ .

For the maximum speed of a meteoroid of|�vm| =
7.74 km s−1 the relative impact velocity reaches almos
19 km s−1 while even for the lower limit|�vm| = 2.97,
vI > 10 km s−1 (sufficient for ablation) for at least som
orbital phases and values ofθ . We will use vI = 10 and
15 km s−1 as examples.

The composition of the incoming meteoroids can ra
from icy to stony to metallic. Iron meteoroids are rare in
Solar System and were not considered. At 1 AU the st
chondrites are the most common. At 30 AU icy partic
may be the most common. We will consider the brig
ness of both stony and water ice micrometeoroids ente
the atmosphere of Triton with values ofvI derived above
A summary of typical physical properties of the stony a
icy meteoroids is in Table 1. These values are adapted fro
Moses (1992) and represent the limits of meteor visibility
Triton’s atmosphere.

4. Physics of meteors at Triton

A meteoroid ramming into a dense atmosphere hea
the kinetic energy of impacting atmospheric gas is conve
into internal energy. This produces melting and evapora
of surface material (Öpik, 1958). Impacts of atmosphe
gases can also sputter material off of the particle. The
process of losing surface material is called ablation.

The equations describing theacceleration, heating, an
mass loss of a micrometeoroid along its path through
atmosphere are well established. The form of those e
tions used in this study are discussed by Pesnell and
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Fig. 4. A schematic showing the definition of velocities in the Neptune–Triton system and the angle of impact (θ ) used to calculate the impact speed at Tri
(vI in Eq. (2)). Neptune and Triton are shown as circles, the orbit of Triton around Neptune as a dashed line and the orbit of the Neptune–Triton system ad
the Sun as a dotted line (not to scale). The left set of vectors show thatθ is the angle between�vm and�vp . The right set of vectors shows an example that g
the relative impact velocity of meteoroids toward Triton before they areinfluenced by the gravitational acceleration of either Triton or Neptune. The thin line
is an intermediate construction.

Fig. 5. The variation of relative impact speed with angle of impact (θ ) and orbital phase of Triton (φ) for vm = 5.47 km s−1, the orbital speed of a circula
orbit at 30 AU. Four values ofφ (in ◦) are listed in the legend box whileθ is treated as a continuous variable.

Table 1
Material properties of meteoroids

Material logPv (dyne cm−2) Qevap(ergs gr−1) µ ρm (gr cm−3) ε cV (ergs gr−1 K−1)

Rock 13.176–24605/T 7.4× 1010 50 3.4 0.8 9.6× 106

Ice 11.5901–2104.2/T 2.65× 1010 19 1.2 0.9 4.2× 107

Values adapted from Moses (1992). Symbols represent the vapor pressure (Pv ), heat of evaporation (Qevap), mean molecular mass (µ, in amu), mass densit
(ρm), emissivity (ε), and specific heat (cV ).
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rom
Fig. 6. Several forms of the luminous efficiency used in Eq. (3), shown as a function of the meteoroid velocity. The top two curves in the legend are f
Bronshten (1983) and the bottom two curves are from Adolfsson et al. (1996). The curves that increase with velocityare appropriate for stony meteoroids
while the curves that decrease with velocity are used with icy cometary material. For meteors in Triton’s atmosphere possible values ofτ will vary from 0.04
to 0.4%.
se
nsity
ro-

lar
i-
1
ete-
Ni
teor
ok
an
e
t

es-

ist-
en
and
ra

be
ere
ses

rk-

oid
e

s

ci-
m

o-

an

ter-
e
d
rs
a-

inty

een
at-

as-
rves
bowsky (2000). To study the visibility of meteors, tho
equations are augmented by an estimate of the inte
of emitted radiation. Emission line spectra of meteors p
duced by stony micrometeoroids at Triton will be simi
to those at Earth as the N2-dominated atmospheric contr
butions are nearly the same for both bodies. Roughly/2
of the spectral intensity of a meteor due to a stony m
oroid resides in many, low-intensity lines of Fe, Cr, and
(summarized in Bronshten (1983); an example of a me
spectra due to a slow meteor is found in Millman and Co
(1959)). The Ca II H and K lines at 3698 and 3934 Å c
be the brightest spectral features. Other strong lines includ
the Na I doublet at 5890/5896 Å and the Mg I triplet a
5184/5173/5167 Å. The transmitivity of the N2-dominated
atmosphere of Triton should be similar to that of the terr
trial atmosphere.

Water-ice meteoroids will have emission spectra cons
ing of N2 lines from the atmosphere and lines of hydrog
and oxygen. Unlike the terrestrial case, where the O
O2 lines are dominated by atmospheric emissions, spect
at Triton would contain only the meteoric O and O2 compo-
nents. Indeed, one major effect of meteoric input could
the deposition of oxygen-rich material into the atmosph
of Triton, similar to the atmospheres of the gas giants (Mo
et al., 2000).

The intensity of radiation seen by a scotopic (or da
adapted) eye is approximated by applying theS filter de-
scribed by Öpik (1958). The fraction of the lost meteor
kinetic energy that is radiated in the spectral range of thS

filter is

(3)IS = −τS
v2 dm

ergs s−1,

2 dt
wherev is the instantaneous velocity andτS is the luminous
efficiency. Forms ofτS for several meteoroid composition
are shown as a function ofv in Fig. 6.

Typical values ofτS are near 10−3, independent of the
composition of the meteoroid, for the relative impact velo
ties of visible meteors at Triton. Using the relationship fro
Öpik (1958, Eq. (8.21)),IS is converted to the absolute sc
topic magnitude of a source at a distance of 100 km (MS),
corrected for the use of a different detector, and then to
apparent magnitude at the surface of Triton:

(4)mapp=
MS︷ ︸︸ ︷

24.3− 2.5 logIS + Mcc︸︷︷︸
color

+
distance︷ ︸︸ ︷

5 logz/100.

The color correctionMcc transformsMS into a photographic
magnitude and was estimated to beMcc = −1.m8 by Jac-
chia (1957). A bare CCD covers a larger wavelength in
val than either theS filter or photographic emulsions (se
Fig. 3.2 in Howell (2000)) soMcc may be underestimate
for an unfiltered CCD used asa meteor detector. Meteo
with mapp> 7.5 will be visible to a ground-based observ
tory on Triton. The accuracy ofMS was estimated as 0.m5 by
Öpik (1958) and we use this as an estimate of the uncerta
in mapp.

5. The visibility of meteors at Triton

Trajectories of spherical particles with masses betw
10−11 and 10 g were integrated through the Triton
mosphere to obtain ablative mass loss curves for each
sumed meteoroid composition and velocity. Those cu
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off
Fig. 7. Calculated variation of mass for stony meteoroids entering Triton’s atmosphere at 10 (solid) and 15 km s−1 (dashed). The initial masses can be read
of the top axis.
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were then used to estimate the brightness profiles for m
ors at Triton using Eqs. (3) and (4). Trajectories were sta
at an initial altitude of 400 km with an angle of incidence
45◦. The calculations were stopped when the altitude of th
meteoroid reached an altitude of 1 km. Initial speeds cho
were 10 and 15 km s−1, representative of entry speeds in
Triton’s atmosphere. The adaptive stepsize Runge–Kutt
gorithm described by Pesnell and Grebowsky (2000)
used to integrate the ablation equations in time along
meteoroid’s trajectory, ensuring that the rapid acceleratio
region will be accurately resolved. Due to the low velocit
of the incoming particles, sputtering contributes little to
ablation process. Fragmentation of the micrometeoroids wa
not considered as the particle masses were deemed too
to break up when subjected to the dynamic pressure o
try. The properties used for the stony and icy meteoroids
listed in Table 1.

The variation of the mass ofthe meteoroids was ca
culated as a function of altitude for masses in the ra
10−4–1 g. Although masses less than 10−2 g do not produce
meteors visible at the surface of Triton, information fro
smaller masses is useful when interpreting the results o
calculations. Masses above 1 g also create visible me
but they only strike Triton at most once every 5–10 hour

Mass variations for stony meteoroids are shown in Fi
for initial velocities of 10 and 15 km s−1 and 5 initial masse
logarithmically spaced between 10−4 and 1 g. The smalles
mass (10−4 g) ablates to almost the value predicted by
analytic meteor equation (Eq. (27) in Hughes (1978)) as
be seen in Table 2.

Remnant fractions are predicted by the meteor equa
by assuming a balance betweenfrictional heating and evapo
rative cooling. By including radiative cooling in our nume
-

ll

s

Table 2
Remnant fractions of meteoroids at Triton

Mass (g) Stony Icy

10 km s−1 15 km s−1 10 km s−1 15 km s−1

10−4 0.66 0.25 9.6× 10−2 5.1× 10−3

10−3 0.58 0.21 9.7× 10−2 5.1× 10−3

10−2 0.61 0.24 0.10 5.1× 10−3

0.1 0.76 0.42 0.14 5.6× 10−3

1.0 0.92 0.71 0.32 3.1× 10−2

M.E. 0.43 0.15 9.5× 10−2 5.0× 10−3

M.E. is the remnant fraction using the meteor equation in Hughes (1
and does not depend on the initial mass of the bolide.

ical calculations, the remnant fraction in the stony mete
has increased above those in the meteor equation. Icy
ticles have a lower heat of evaporation (Qevap) and ablate
more completely than stony particles (see Fig. 8).

Therefore, as the brightness of a meteor is directly rel
to the mass loss rate (see Eq. (3)), icy meteoroids will cr
brighter meteors. The approximate altitude of the brigh
meteor is where the rate of decrease in the mass is gre
Figure 8 shows that icy micrometeoroids withm ∼ 10−2 g
will create meteors between altitudes of 20 to 40 km.
anticipated meteoroid fluxes in the outer Solar System,
crometeoroids near this masswill be the largest source o
visible meteors. Hence, the altitude of 30 km is the estim
average location for meteor-producing ablation. Stony
crometeoroids also have meteor-producing mass loss in
altitude region (see Fig. 7).

Figure 9 shows the brightness of meteors from water
micrometeoroids initially moving at 10 and 15 km s−1. For
both values of the initial velocity, meteoroids with ma
> 0.1 g will make it to the surface while still ablating (s
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at
Fig. 8. Calculated variation of mass for ice meteoroids entering Triton’s atmosphere at 10 (solid) and 15 km s−1 (dashed). The initial masses can be read
of the top axis.

Fig. 9. Calculated brightness of icy meteoroids entering Triton’s atmosphere at 10 (a) and 15 km s−1 (b). Both panels showmapp, the apparent magnitude
the surface, andMS , the “absolute” magnitude of a meteor at a distanceof 100 km, as solid and dashed lines, respectively.
at
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Fig. 8). This would result in those meteors being visible
the surface. Figure 9 shows that these near-surface me
have very long lengths. This would allow surface obser
tions of the entire trail to easily resolve the time depende
of the chemistry and diffusion processes. In particular,
traviolet radiation emitted by the meteor that cannot be s
from surface meteor observations at Earth would be obs
able at Triton.

Comparing the luminosity effects of meteoroids w
m = 10−2 g at different phases of Triton’s orbit around Ne
s
tune (�vs ) would show the dependence of the drag force
the initial velocity. ForvI = 15 km s−1, them = 10−2 g me-
teoroid shows only a modest enhancement inmappoverMS .
The evaporation of this meteoroid occurs above an
tude of 20 km. By contrast, the same mass withvI =
10 km s−1 starts to ablate 10–20 km lower in altitude a
continues to ablate until the surface. When viewed fr
the surface, the brightness ofthe slower meteoroid actuall
has a minimum at an altitude of 5 km where the pr
imity to the surface overcomes the decrease in abla
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Fig. 10. Calculated brightness ofstony meteoroids entering Triton’s atmosphere at 10 (a) and 15 km s−1 (b). Both panels showmapp andMS as solid and
dashed lines, respectively.
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mass loss (and meteor intensity) with time along the tra
tory.

In contrast, a 1 g icy meteoroid continues to ablate to
surface and has a roughly 10 magnitude enhancement
brightness as it nears the surface (Figs. 9a, 9b). Even th
slower meteoroids with this mass ablate at a lower altit
(higher column density), meteors with both initial velociti
as seen in Figs. 9a, 9b, exhibit large enhancements in br
ness due to their proximity to the surface.

The brightness of stony meteoroids (chondrites) as
pass through Triton’s atmosphere are shown in Fig. 10
with the icy meteoroids in Fig. 9, meteoroids withm >

10−1 g strike the surface while still ablating. Meteoroi
with m � 10−2 g will produce visible meteors all the wa
to the surface, although those withm = 10−2 g would be
marginally visible without the proximity effect.

6. Further implications

In addition to visible meteors, there are other anticipa
effects that incoming meteoroids have on the atmosphe
Triton. For example, layers of metallic ions and molecu
may be persistent features of Triton’s atmosphere. Me
lic ions, such as Na+, Mg+, Ca+, and Fe+ would be cre-
ated both during the ablation process and by ionizatio
the deposited neutral material while it is diffusing throu
the atmosphere. Solar ultraviolet radiation that is not
sorbed by the N2-dominated atmosphere of Triton is o
source of ionization. Each metallic ion species would
produced at a different altitude in the atmosphere as
optical depth for the ionizing radiation varies from spec
to species (as illustrated for the terrestrial atmospher
h

-

f

Swider (1969)). This is in contrast to the metallic ions
the Earth’s atmosphere, which are generated by cha
exchange with ambient ionospheric species and are clo
spaced in altitude, but it is similar to the martian atmosph
(Pesnell and Grebowsky, 2000). Charge exchange can
ionize the ablated metallic atoms in Triton’s ionosphere i
the metal atoms exist in a region with a substantial c
centration of ambient ions. Cosmic rays penetrate to
surface of Triton and will ionize many of the gas spec
(including the metallic species) in the lower reaches of
atmosphere.

Mixed with and extending below the metallic ion lay
could be a neutral atomic layer, and below that, mole
lar metallic compounds. The detailed chemistry of the c
version from atomic to molecular compounds is depend
on reactions with somewhat uncertain rates (especial
the exceedingly low temperatures of Triton’s atmosphere
but the topside of the metal atom ion layer is itself c
trolled by fairly simple chemistry not affected by these u
certainties (Pesnell and Grebowsky, 2000). Condensa
of ablated atoms and molecules into dust as well as
tachment of metallic ions onto dust would also have
mospheric consequences. In the terrestrial atmosphere
processes could be seeds of cloud formation, such as
tilucent clouds (Hunten et al., 1980). Hence, if ablated
terial could form ions and charged particles near Trito
surface they could serve as nucleation centers to gen
the haze layers observed in the atmosphere (Yelle e
1995). Finally, most metallic molecular compounds wo
be transported downward and form condensates on the
face of Triton. These aspects are currently being m
eled.
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7. Conclusions

We have modeled the brightness of meteors in Trito
atmosphere as observed from the surface of the sate
Meteors would be readily visible from the surface whet
they were composed of water ice or rock. Meteoroid mas
greater than 10−2 g would form visible meteors, particularl
when Triton’s orbit around Neptune carries it between N
tune and the Sun. At this orbital phase the orbital motion
Triton around Neptune and Neptune/Triton around the
combine to yield maximum meteoroid impact velocities
almost 19 km s−1.

The presence of meteors is just one aspect of the
nificance of meteoroids in the thin atmosphere of Trit
Introducing meteoric material into the atmosphere of gas
ant planets has been predicted to have profound implica
for the chemistry within those atmospheres (Moses, 19
Moses and Bass, 2000; Moses et al., 2000). In particular
oxygen and carbon atoms presentin large quantities in both
stony and icy micrometeoroids would be ablated into the
mosphere to form H2O, CO, and CO2. The thermal structure
of Triton’s atmosphere is formed by a balance between
energy inputs (solar EUV radiation and energetic partic
from Neptune’s magnetosphere) and emission in a CO
tational band (Müller-Wodarg, 2002). Introducing O fro
meteoric material (and possibly C) could act to cool T
ton’s atmosphere. Whether the amount of oxygen injec
into these atmospheres is sufficient to generate the obse
amounts of those molecules is an active research que
(Grebowsky et al., 2002) whose answer depends on the
tual amount of injected material. Although not on any c
rent planned mission, surface-based measurements o
ablating particles in Triton’s atmosphere could provide
rect observations of this input.
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