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Abstract The infall of dust from the coma of comet C/2013 A1 (Siding Spring) and its subsequent
ablation in the atmosphere of Mars has the potential to affect the abundances of metal species in the
atmosphere and ionosphere. We develop relationships between properties of the dust population in the
coma and densities of metal species in the atmosphere and ionosphere. These can be used to predict
the abundances of metal species in the atmosphere and ionosphere during the encounter. Given
postencounter observations of the atmosphere and ionosphere, they can also be used to infer relevant
cometary properties. Although current predictions suggest that the influx of cometary dust will be
comparable to the sporadic background, the higher entry speed involved, which leads to a greater
production rate of ions during ablation, means that metal ion abundances may be enhanced during and
after the encounter.

1. Introduction
Mars will experience a remarkably close encounter with comet C/2013 A1 (Siding Spring) on 19 October
2014 at a close approach distance of approximately 135,000 km [Yelle et al., 2014; Tricarico et al., 2014].
During this encounter, the flux of interplanetary dust particles onto Mars may increase somewhat. Estimates
of this increase range from practically zero [Ye and Hui, 2014; Tricarico et al., 2014] to more than 4 orders of
magnitude [Moorhead et al., 2014; Moores et al., 2014].

The ablation of interplanetary dust in planetary upper atmospheres introduces metal species into these
atmospheres [Grebowsky et al., 2002]. This is the primary source of metal species in planetary upper atmo-
spheres. When these metal species can become ionized, they tend to form long-lived atomic ions, and
hence metal ions can give rise to noticeable features in planetary ionospheres [Molina-Cuberos et al., 2008].
Indeed, layers of ions inferred to be metal ions have been observed sporadically at altitudes of ∼90 km and
densities of 1010 m−3 on Mars [Pätzold et al., 2005; Withers et al., 2008], distinctly below the two main lay-
ers of the ionosphere that are composed of O+

2 ions, occur at altitudes of ∼110 km and ∼130 km and have
densities on the order of 1011 m−3 [Withers, 2009].

It is therefore worthwhile to consider whether possible increases in the dust flux during the cometary
encounter will affect the ionosphere of Mars.

We aim to develop relationships between properties of the dust population in the cometary coma and
densities of metal species in the atmosphere and ionosphere of Mars. These relationships will serve two
purposes. First, given preencounter estimates of relevant cometary properties, they can be used to pre-
dict the abundances of metal species in the atmosphere and ionosphere during the encounter. Second,
given postencounter observations of the atmosphere and ionosphere, they can be used to infer relevant
cometary properties.

We combine a model of the dust population in the coma (section 2), a model of the ablation of dust particles
in the atmosphere of Mars (section 3), and a model of the chemistry of metal species in the ionosphere of
Mars (section 4) to predict the injection rate of metal species into the atmosphere and the associated den-
sity of metal ions in the ionosphere. Predictions of other effects of this encounter on the atmosphere of Mars
have been made by Moores et al. [2014] and Yelle et al. [2014].

Given the uncertainties that exist regarding many critical properties of dust in the cometary coma, we use
relatively simple models at each step, rather than striving for the most comprehensive model possible.
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This choice results in closed-form analytic expressions for the mass flux of dust particles onto Mars and for
vertical profiles of related quantities. We illustrate the results of this work using benchmark values of
cometary properties. These benchmark values are essentially those of the model of Moorhead et al. [2014],
updated to reflect an improved estimate for the absolute magnitude of the comet and to correct an erro-
neous value for the maximum mass of a dust particle. The suitability of these values, and of the models
themselves, is discussed in section 5. Potential methods by which metal species can be observed in the
atmosphere and ionosphere are outlined in section 6. Our conclusions are summarized in section 7.

2. Dust Population

Moorhead et al. [2014] introduced an analytical model for the dust population in a cometary coma. If the size
distribution of dust particles is given by f (s) = C

(
s∕s0

)−k
, where C is a constant, s is dust particle radius, s0 is

a reference radius, and k is an exponent, then the total number of dust particles in the coma, Ntot, satisfies

Ntot = ∫
smax

smin

f (s)ds (1)

Here smin and smax are the minimum and maximum dust particle radii, respectively. The total mass of dust
particles in the coma, Mtot, satisfies

Mtot = ∫
smax

smin

f (s)4𝜋𝜌s3

3
ds (2)

Here 𝜌 is the mass density of a dust particle. The constant C in the size distribution can be constrained by
the comet’s brightness [Moorhead et al., 2014]:

C =

(
g (1 AU)2 10−0.4(M1−mSun,1 AU)

a (h∕1 AU)𝛽

)(
3 − k

s3
0

)(
s0
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)3−k
⎛⎜⎜⎜⎝
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smin

)3−k
− 1

⎞⎟⎟⎟⎠ (3)

Here g is the fractional dust contribution to the comet’s total brightness, a is the dust albedo, h is the
heliocentric distance, 𝛽 is an exponent, M1 is the comet’s absolute magnitude, and mSun,1 AU is the apparent
magnitude of the Sun at 1 AU. Hence, Ntot and Mtot satisfy

Ntot =

(
1

s2
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If k < 3 and smax ≫ smin, then the last term on the right-hand side of equation (5) reduces to smax∕smin

so that Mtot is proportional to smax and independent of smin.

The number density, 𝜈, of dust particles is assumed to follow 𝜈(r) = Dr−2, where r is cometocentric distance
and D is a constant. Assuming that the coma extends from r = 0 to r = rc, where rc is the coma radius,
integration of the number density over the volume of the coma gives Ntot = 4𝜋Drc. Once Ntot is determined
by the cometary brightness via equation (4) and rc is specified, the values of D and the number density at
any cometocentric distance are also determined. Adoption of parameter values from Table 1 gives values for
Ntot and Mtot of 1.7 × 1017 and 3.1 × 109 kg, respectively. The validity of these numerical results is addressed
in section 5.

For a Mars-comet distance of r, where r < rc , and relative speed vrel, the flux of dust particles incident upon
Mars (number per unit area per unit time) is Dvrel∕r2. The mass flux of dust particles is the product of this
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Table 1. Nominal Values of Input Parameters

Parameter Symbol Value Source

Size distribution exponent k 2.6 Fulle et al. [2000]
Minimum dust particle mass mmin 10−12 kg Fulle et al. [2000]
Maximum dust particle massa mmax 10−3 kg Fulle et al. [2000]
Mass density of dust particles 𝜌 102 kg m−3 Fulle et al. [2000]
Minimum dust particle radius smin 1.3 × 10−5 m 𝜌 and mmin
Maximum dust particle radius smax 1.3 × 10−2 m 𝜌 and mmax
Dust contribution fraction g 1 Moorhead et al. [2014]
Dust particle albedo a 0.04 Fulle et al. [2000]
Heliocentric distance h 1.4 AU Moorhead et al. [2014]
Heliocentric distance exponent 𝛽 2.4 Moorhead et al. [2014]
Absolute magnitude of comet M1 8.6 Jet Propulsion Laboratory (JPL) Small Bodies Databaseb

Apparent magnitude of the Sun at 1 AU mSun,1 AU −26.74 Moorhead et al. [2014]
Radius of coma rc 2 × 108 m Moorhead et al. [2014]
Closest approach distance to Mars r 1.35 × 108 m JPL Small Bodies Databaseb

Speed of comet relative to Mars vrel 5.6 × 104 m s−1 JPL Small Bodies Databaseb

Dimensionless drag coefficient Γ 0.75 Pesnell and Grebowsky [2000]
Dimensionless shape factor A 1.21 Hughes [1992]
Sputtering efficiency Λ 1 Molina-Cuberos et al. [2003]
Latent heat of ablation Q 7 × 106 J kg−1 Pesnell and Grebowsky [2000]
Atmospheric density at surface 𝜌a0 4.1 × 10−2 kg m−3 Seiff and Kirk [1977]
Neutral scale height H 8.2 × 103 m Seiff and Kirk [1977]
Mass fraction of Mg 𝜖 0.143 Pesnell and Grebowsky [2000]
Characteristic velocity for ionization vL 9.4 × 104 m s−1 Lebedinets et al. [1973]

aMoorhead et al. [2014] adopt dust parameters from the model of Fulle et al. [2000], which is based on Giotto data from comets 1P/Halley and
26P/Grigg-Skjellerup, but, in an apparent error of transcription, adopt a maximum mass of 3.1 × 10−2 kg that is 2 orders of magnitude larger than the heav-
iest particle detected by Giotto [Pätzold et al., 1993a, 1993b; Fulle et al., 2000] and more than an order of magnitude outside than the applicable mass range
reported by Fulle et al. [2000] for their model.

bhttp://ssd.jpl.nasa.gov/sbdb.cgi.

and the average mass, which is equal to Mtot∕Ntot. Since Ntot = 4𝜋Drc, it follows that the mass flux Φ (mass
per unit area per unit time) satisfies

Φ =
Mtotvrel

4𝜋rcr2
(6)

Adoption of parameter values from Table 1 gives a mass flux at closest approach of 3.8×10−12 kg m−2 s−1 or,
integrating over the exposed hemisphere of Mars, a rate of 140 kg s−1. The mass accretion rate under normal
circumstances is on the order of 0.01 kg s−1, 4 orders of magnitude smaller [Moores et al., 2014]. The validity
of these numerical results is addressed in section 5.

3. Deposition of Dust in the Atmosphere

Dust particles incident upon Mars will ablate as they enter the atmosphere at orbital speeds. During its
atmospheric entry, the speed V and mass m of a dust particle satisfy [Hughes, 1992]:

dv
dt

= −
ΓA𝜌av2

m1∕3𝜌2∕3
(7)

dm
dt

= −
ΛAm2∕3𝜌av3

2Q𝜌2∕3
(8)

where t is time, Γ is a dimensionless drag coefficient, A is a dimensionless shape factor, 𝜌a is the mass density
of the atmosphere, Λ is a dimensionless heat transfer coefficient, and Q is the latent heat of ablation of dust
particles. Here we have assumed vertical incidence for simplicity. More comprehensive versions of these
equations exist [Pesnell and Grebowsky, 2000; Molina-Cuberos et al., 2003; Whalley and Plane, 2010], but they
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Figure 1. Vertical profile of the mass deposition rate Ψ(z) that results from
the ablation of cometary dust particles in the atmosphere of Mars (black
line). Input parameters, which are taken from Table 1, are discussed in
section 5. The analytical approximation to Ψ(z) is also shown (red line).

are not necessary for this work. Elim-
inating time from equations (7)
and (8) and integrating leads to
[Hughes, 1992]

m = m∞ exp

(
Λ

4QΓ
(

v2 − v2
∞
))

(9)

Here m∞ and v∞ are the preentry
mass and speed of the dust particle,
where v∞ = vrel. Since v = −dz∕dt,
where z is altitude, equation (7) can
be written as

dv
dz

=
ΓA𝜌a(z)v(z)
m(z)1∕3𝜌2∕3

(10)

This can be expressed purely in terms
of altitude z by assuming an exponen-
tial atmosphere, 𝜌a = 𝜌a0 exp (−z∕H),
where 𝜌a0 is 𝜌(0) and H is a scale
height, and using equation (9) to
eliminate m(z).

ΓA𝜌a0

m1∕3
∞ 𝜌2∕3

exp (−z∕H)dz = dv
v

exp
(

Λ
12QΓ

(
v2 − v2

∞
))

(11)

The function v(z) satisfies

ΓA𝜌a0H

m1∕3
∞ 𝜌2∕3

exp (−z∕H) = ∫
v′=v∞

v′=v

dv′

v′ exp

(
Λ

12QΓ
(

v′2 − v2
∞
))

(12)

Once equation (12) has been solved numerically for v(z), equation (9) yields m(z). The function thereby
obtained describes how the mass of a dust particle with preentry mass of m∞ decreases due to ablation
as altitude decreases. Multiplication of the derivative dm∕dz (kg m−1) by the flux of particles with preentry
masses in the range m∞ to m∞ + 𝛿m (m−2 s−1), followed by integration over the entire size distribution func-
tion, yields the mass deposition rate per unit volume (kg m−3 s−1) of cometary dust in the atmosphere, Ψ(z).
This is shown in Figure 1, where parameter values were adopted from Table 1. The maximum mass deposi-
tion rate per unit volume, 1.6 × 10−16 kg m−3 s−1, occurs at 93 km altitude. The validity of these numerical
results is addressed in section 5.

This result for Ψ(z) requires numerical integration to find v(z), followed by numerical integration over the
size distribution. It is desirable to find an analytical approximation to the function Ψ(z) so that predictions
can be updated easily in response to revised input parameters. An analytical approximation will also be
useful for identifying how each input parameter influences Ψ(z). An analytical approximation to Ψ(z) can be
found as follows.

The function Ψ(z) will be most strongly influenced by the behavior of particles of radius scrit, where particles
larger than scrit deliver half the mass flux. That is,

∫
smax

smin

f (s)4𝜋𝜌s3

3
ds = 2∫

smax

scrit

f (s)4𝜋𝜌s3

3
ds (13)

Since f (s) = C
(

s∕s0

)−k
, the smallest particles have negligible effect on the mass flux when k < 3. Hence,

smin can be approximated as zero here, which leads to

∫
smax

0
s3−kds = 2∫

smax

scrit

s3−kds (14)

Thus, scrit∕smax = 21∕(k−4). For k = 2.6 (Table 1), scrit∕smax = 0.61.
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Figure 2. Vertical profiles of the production rates of neutral Mg atoms
(dashed black line) and Mg+ ions (solid black line). Input parameters, which
are taken from Table 1, are discussed in section 5. The corresponding
analytical approximations are also shown (red lines).

The ablation of a particle of radius
scrit, which has a preentry mass of
mcrit, is centered on the altitude zcrit

where the atmospheric density is 𝜌crit.
This critical atmospheric density can
be found by combining equation (8)
and v = −dz∕dt to obtain

dm
dz

=
ΛAm2∕3𝜌av2

2Q𝜌2∕3
(15)

If, in equation (15), −dm and m are
equated to mcrit, −dz to H, and v to
vrel, then the inferred value of 𝜌a is an
estimate for 𝜌crit.

𝜌crit =
2m1∕3

crit Q𝜌2∕3

HΛAv2
rel

(16)

The shape of the function Ψ(z)
can be assumed to be that of a
Chapman function with width

H and peak altitude zcrit. The Chapman function, which is found in many aspects of aeronomy, is
Ch(y) = exp (1 − y − exp (−y)), where y =

(
z − zcrit

)
∕H. Since the column-integrated mass deposition

rate must equal the incident mass flux, we have Ψ = ΦCh(y)∕eH. Figure 1 shows that this estimate for Ψ is
consistent with the result of the more comprehensive and more complicated integration across the size dis-
tribution function. The maximum mass deposition rate per unit volume from the analytical approximation to
Ψ(z), Φ∕eH = 1.7× 10−16 kg m−3 s−1, is within 10% of the actual value of 1.6× 10−15 kg m−3 s−1 and the esti-
mated altitude of this maximum, 92 km, differs from the actual altitude of 93 km by much less than one scale
height (8.2 km).

4. Ionospheric Response

In keeping with prior simulations of the effects of ablated dust particles on the ionosphere of Mars, we focus
on one species, Mg [Pesnell and Grebowsky, 2000; Molina-Cuberos et al., 2003; Whalley and Plane, 2010].
This is abundant (14.3% by mass for chondritic composition, 𝜖 = 0.143), readily ionized, and otherwise
absent from the upper atmosphere [Pesnell and Grebowsky, 2000]. The number of Mg atoms injected into
the atmosphere per unit volume per unit time is simply the ratio of 𝜖Ψ(z) to the atomic mass of Mg, mMg.

The fraction of these atoms that are directly ionized during ablation depends on the speed of the dust parti-
cle at the time of ablation [Molina-Cuberos et al., 2008]. The fraction of atoms ablated from a dust particle of
speed v that are ionized is 𝛽 =

(
v∕vL

)7∕2
, where vL equals 9.4×104 m s−1 [Lebedinets et al., 1973]. At the onset

of ablation, when v = vrel, 𝛽 = 0.17. Given this relationship for 𝛽 , the number of Mg+ ions injected into the
atmosphere per unit volume per unit time can be calculated. The production rate of Mg+ ions can also be
estimated from the analytical approximation to Ψ(z) by using the value of 𝛽 for v = vrel at all altitudes. This
estimated production rate of Mg+ ions is 𝜖Ψ(z)

(
vrel∕vL

)7∕2
m−1

Mg. The predicted production rates of neutral
Mg atoms and Mg+ ions are shown in Figure 2 alongside the corresponding analytical approximations.

Given the input parameters listed in Table 1, the peak production rates of neutral Mg atoms and of Mg+ ions
are 4.7 × 108 m−3 s−1 and 9.1 × 107 m−3 s−1, respectively, at 93 km. If the analytical approximation to Ψ(z) is
used, then these values are 5.1 × 108 m−3 s−1 and 1.0 × 108 m−3 s−1, respectively. For reference, simulations
of the production rate under normal conditions have reported values of 104–105 m−3 s−1 for neutral atoms
and 10 m−3 s−1 for ions [Pesnell and Grebowsky, 2000; Molina-Cuberos et al., 2003; Whalley and Plane, 2010].

Accurate calculation of the vertical profile of the number density of Mg+ ions during the cometary
encounter requires sophisticated chemical models [Pesnell and Grebowsky, 2000; Molina-Cuberos et al., 2003;
Whalley and Plane, 2010] that are capable of handling time-dependent production rates of metal species.
Such models are beyond the scope of this work. However, the Mg+ number density can be estimated to
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Figure 3. Vertical profile of the number density of Mg+ ions (black line).
Input parameters, which are taken from Table 1, are discussed in section 5.
The analytical approximation to this result is also shown (red line).

be on the order of the product of
the production rate of Mg+ ions and
a timescale, where the timescale is
the shorter of the duration of the
encounter and the Mg+ ion lifetime.
Note that this estimate assumes that
the only mechanism for producing
Mg+ ions is direct ionization during
ablation, and it therefore neglects
ions produced from Mg atoms by
photoionization or charge exchange.
To estimate Mg+ densities, we shall
assume that the duration of the
encounter is shorter than the Mg+

ion lifetime, then check the validity of
this assumption.

During the encounter, enhanced dust
influx will persist for on the order of
1 h [Yelle et al., 2014; Ye and Hui, 2014;
Tricarico et al., 2014]. The Mg+ ion

densities estimated using the duration of the encounter as the timescale are shown in Figure 3. Inspection
of Figure 12 of Whalley and Plane [2010] shows that the Mg+ ion lifetimes associated with these estimated
densities are longer than the duration of the encounter, which confirms that it is appropriate to use the
duration of the encounter, rather than the ion lifetime, to estimate ion densities. The peak estimated density
in Figure 3 exceeds the densities of 1010 m−3 seen to date in metal ion layers on Mars by 2 orders of magni-
tude. It also exceeds the typical subsolar peak density of the ionosphere (2 × 1011 m−3). The validity of this
numerical result is addressed in section 5.

In this model, the peak production rate of Mg atoms is 4 orders of magnitude greater than that predicted by
Whalley and Plane [2010] for normal conditions. This raises the question of why the ion densities predicted
in this work are not even larger. The answer lies in the brief duration of the encounter. The encounter does
not last long enough for the elevated Mg production rate to increase ion densities from their background
values to their corresponding elevated steady state values. If the Mg+ ion densities are instead estimated as
the product of the production rate and 105 s, a representative ion lifetime from Whalley and Plane [2010],
then estimated ion densities would be much higher, on the order of 1013 m−3, which greatly exceeds the
typical subsolar peak density of the ionosphere of 2 × 1011 m−3.

Using the duration of the encounter as the appropriate timescale, the analytical approximation to the peak
Mg+ density is

Mg+
max =

𝜖Mtotvrel

4𝜋eHrcr2mMg
×
(

duration of encounter
)

(17)

where r is the closest approach distance and mMg is the atomic mass of Mg. The corresponding peak altitude
is the altitude of maximum mass deposition rate.

5. Caveats

Taken at face value, section 4 predicts that the encounter of comet C/2013 A1 (Siding Spring) with Mars will
increase the density of metal ions in its ionosphere by more than an order of magnitude, with the potential
to drastically perturb the structure of the lower ionosphere. Should these predictions be believed?

The predictions outlined here are based on a succession of simple models (dust population, dust ablation,
and chemistry of metal species). None of them should be considered comprehensive. The results are not
particularly sensitive to the assumed value of mmin. However, for each order of magnitude increase in mmax,
the mass flux and peak deposition rate increase by a factor of 2 and the altitude of peak ablation drops by
6 km. If the density of a dust particle is increased by 1 order of magnitude, then the mass flux and peak
deposition rate increase by a factor of 5 and the altitude of peak ablation drops by 12 km.
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In this model, rc plays a crucial role. If we adopt a value for rc that equals the close approach distance, then
the numerical results of the previous sections only change by a factor of 2. If we adopt a value for rc that is
slightly less than the close approach distance, then no deposition of dust into the atmosphere is predicted
at all.

Estimates of the mass flux of cometary dust onto Mars suggest that the peak flux will be in the range of
“practically indistinguishable from the background” [Ye and Hui, 2014; Tricarico et al., 2014] to “more than
four orders of magnitude greater than the background” [Moorhead et al., 2014; Moores et al., 2014]. The most
reliable estimates are likely to be those based on the most recent observations of comet C/2013 A1 (Siding
Spring) and on the most physically realistic models of dust activity. These estimates suggest minimal accre-
tion of cometary dust by Mars during the encounter and imply that changes in the abundances of metal
species in the atmosphere and ionosphere and in overall plasma densities may be negligible. Hence, the
numerical values predicted in the earlier sections of this work should not be taken literally.

Nevertheless, the comet’s activity could increase unexpectedly prior to its encounter with Mars and the pos-
sibility of accretion of appreciable amounts of metal species cannot be completely excluded. Therefore, the
relationships developed in this work will be useful prior to the encounter for updating predictions of the
abundances of metal species if cometary properties change. They will also be useful after the encounter for
reconciling disparate observations of cometary and Martian properties.

Moreover, the 56 km s−1 entry speed of dust from comet C/2013 A1 (Siding Spring) is exceptionally fast. Of
the predicted Martian meteor showers listed by Jenniskens [2006], only that associated with comet 1P/Halley
has a greater speed. For cometary dust entering at 56 km s−1, 17% of ablated Mg atoms are directly ionized.
For slower sporadic dust particles entering at 10 km s−1, fewer than 0.05% are directly ionized [Pesnell and
Grebowsky, 2000]. Consequently, a mass flux of cometary dust identical to the sporadic background will
more than double the normal Mg+ density.

The discrepancy between the early dust predictions of Moorhead et al. [2014] and those made later by
Ye and Hui [2014] and Tricarico et al. [2014] is readily explained. Moorhead et al. [2014] assumed, based on
comet C/2013 A1 (Siding Spring) being considered a “new, highly active Oort cloud comet”, a nominal coma
radius of 200,000 km, which is twice that of 1P/Halley. Subsequent observations of the comet revealed that
its dust activity is characterized by an ejection velocity on the order of 1 m s−1 [Ye and Hui, 2014; Tricarico et
al., 2014]. If all other forces acting on the dust particles are neglected, a dust particle ejected at 1 m s−1 will
take over 4 years to separate from the nucleus by 135,000 km. Since the comet came within 7 AU of the Sun
for the first time in January 2013, this suggests that the radius of the coma will be significantly smaller than
the nominal value of 200,000 km used by Moorhead et al. [2014] and that few cometary dust particles will
impact Mars. Ye and Hui [2014] estimate that the coma radius will be approximately 70,000 km at the time of
the encounter with Mars.

If the dust number density at closest approach, 𝜈(b), is measured directly by spacecraft during the
encounter, then prediction of the abundances of metal species in the atmosphere and ionosphere does
not require a specific dust population model (section 2). Instead, the analytical approximation to the mass
deposition rate, Ψ(z), can be written as mav𝜈(b)vrelCh(y)∕eH, where mav is the average mass of a dust particle
(i.e., Mtot∕Ntot).

6. Potential Observations

There are several methods by which the effects of the ablation of cometary dust in the atmosphere of Mars
may be observed. Radio occultations by Mars Express, Mars Reconnaissance Orbiter, and other Mars orbiters
can acquire vertical profiles of ionospheric electron density. The Mars Advanced Radar for Subsurface and
Ionosphere Sounding (MARSIS) topside radar sounder on Mars Express can acquire vertical profiles of iono-
spheric electron density down to the altitude of maximum electron density, accompanied by very direct
measurements of the maximum electron density. MARSIS and the Shallow Subsurface Radar (SHARAD) on
Mars Reconnaissance Orbiter can measure the vertical column-integrated electron density, which is gen-
erally proportional to the maximum electron density. Ultraviolet spectrometer observations by the MAVEN
spacecraft may be able to detect resonance lines from Mg and Mg+ at 285 nm and 280 nm [Whalley and
Plane, 2010], respectively, amidst a background of dayglow emissions from CO+

2 ions. In situ measure-
ments by MAVEN’s ion and neutral mass spectrometer (the NGIMS instrument), Langmuir probe (the LPW
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instrument), and thermal ion spectrometer (the STATIC instrument) will have the potential to detect metal
ions, metal neutrals, and enhanced plasma densities, although they will be restricted to altitudes above
the MAVEN periapsis at 150 km. Finally, increased amounts of neutral sodium, another metal, in the atmo-
sphere will increase the resonant scattering of sunlight from the sodium D lines, which may be detectable
by ground-based imaging [Barbier and Roach, 1949]. However, optical emissions from atmospheric “sodium
layers” on another planet has not been observed to date.

7. Conclusions

The mass flux (kg m−2 s−1) onto Mars during the encounter equals mav𝜈(r)vrel. According to the model of
Moorhead et al. [2014], in which the number density of dust in the coma decreases with the inverse square
of distance from the nucleus, this is Mtotvrel∕

(
4𝜋rcr2

)
where r < rc and zero where r > rc.

The vertical profile of mass deposition rate (kg m−3 s−1) can be reasonably approximated by a Chapman
layer shape controlled by the neutral scale height, H. The peak mass deposition rate is the ratio of the mass
flux to eH. The altitude of the peak mass deposition rate is the altitude at which particles of radius scrit are
ablated, where particles larger than scrit deliver half the mass flux. For size distributions characterized by an
exponent k that is less than 3, scrit is on the order of half the radius of the largest dust particle in the popu-
lation. That is, the corresponding mass mcrit is approximately 1 order of magnitude smaller than the mass
of the largest dust particle in the population. The atmospheric density at which the mass deposition rate
peaks is proportional to the latent heat of ablation of a dust particle, to the one-third power of mcrit, to
the two-thirds power of the mass density of a dust particle, and inversely proportional to the neutral scale
height (equation (16)).

The number density of Mg+ ions can be estimated as the product of the production rate of Mg+ ions and
the duration of the encounter. The ion lifetime is not present in this expression because the ion lifetime is
much longer than the duration of the encounter. Even given a prediction of greatly enhanced production
rates of Mg+ ions at closest approach, the encounter is too short for these enhanced rates to increase ion
densities from their background values to their corresponding steady state values. If metal ion densities are
increased during the encounter, then they should remain above background levels for hours to days after
the encounter.

The high speed of cometary dust relative to the sporadic dust means that a much higher fraction of ablated
metal atoms will be directly ionized during the encounter than usual. This factor will increase metal ion
densities even if the cometary dust flux is not significantly larger than the sporadic background. Although
sophisticated models of the chemistry of metal species in the atmosphere of Mars do exist, it would be use-
ful to have simpler models that are crudely accurate and provide simple relationships between deposition
rates and resultant steady state densities. Such relationships would highlight the main factors that control
the densities of metal species and the functional dependencies involved. For instance, there is no straight-
forward way to take previously published predictions of metal ion abundances based on the sporadic dust
influx and estimate how abundances would change if the entry speed was increased to 56 km s−1 while the
flux of dust remained unchanged.

The latest models of the cometary dust population predict minimal enhancement of dust influx above spo-
radic background. However, as Niels Bohr remarked, “prediction is hard, especially about the future,” and
it remains possible that these latest dust predictions will turn out to be incorrect. The relationships devel-
oped in this work can be used to predict the abundances of metal species in the atmosphere should dust
estimates change due to, for instance, a cometary outburst. If elevated abundances of metal species are
observed in the atmosphere during the encounter, they can also be used to constrain the dust population
in the coma.
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