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Calculators are to be used ONLY for calculations, not for retrieving constant values.

Write your answers on only a single side of a sheet of paper.

TOTAL # of POINTS AVAILABLE = 65
a priori Passing Grade is ~65% (42.25 points)

Some possibly useful numeric values:
Mars’ orbital velocity on Oct 19, 2014 = 26.0 km per second
Mars' Orbital Semi-major Axis Length = 2.26 x 10 meters  (=1.52 AU)

Mars’ surface gravitational acceleration = 3.72 meters per second per second

_Mars'radius=3395km e

Mars' mass = 6.4185 x 1023 kg

Solar Luminosity = 3.85x1026W
Gravitational Constant = 6.67 x 1011 m3 kg1 52
Stefan-Boltzmann constant = 5.67x108Wm2K+
(zas constant for CO; = 189 J kg1 K1

Solar escape velocity at 1.5 AU ~34km/s
Sun’s mass = 2x1030 kg

Boltzmann’s constant = 1.38x 1023 ] K1 (= 1.38 x 10-16 ergs K1)

The questions below are motivated by the accompanying paper, “Perturbation of the
- Mars atmosphere by the near-collision with Comet C/2013 A1 (Siding Spring)” by Yelle et
al. (Icarus, 2014). Questions WILL NOT deal with any chemistry aspects presented in
the paper’s Section 2.2. '



1) Decipher the name “C/2013 A1 (Siding Spring) “ in the standard form of
comet nomenclature [4 points]

C=a COMET, but NOT a periodic comet

2013 = year of detection/discovery

A = first half of the first month of the year, January 1-15
1 = first comet discovered during that half-month

(Siding Spring) - Observatory of discovery

2) Calculate a numerical estimate of Comet Siding Spring’s Orbital Semi-
major Axis (OSA} length using the information provided in the first paragraph
of the accompanying paper. [Note: assume that Siding Spring’s direction of
travel was 31 degrees of angle away from being directly opposite to Mars’
direction of travel.]  For this calculation assume that ‘Relative velocity’ in the
paper refers to the effective head-on velocity of the two objects in question.

After you have calculated a numeric OSA value, comment on your value
and its physical representativeness compared to the text's Introduction
description of the comet. [10 points, 7/3]

~..Mars’ orbit speed was.26.km/s.- So, Siding Spring's ‘head. on-velocity’ was 30 -km/s.

Siding Spring’s travel was off 31 degrees away from being opposite so Mars’ difectibn, s0
Siding Spring’s full velocity = 30 km/s / (cos 31 degrees} = 35 km/s

Now, Vss=[G Msun ( (2/1.5AU) - (1/054) ) / 1.49 x 1011 meters]% = 35000 m/s

for which 0SA = - 29 AU... and a NEGATIVE OSA is not physical... which is consistent with
Siding Spring being a ‘hyperbolic’ orbiting comet which indicates that on its inbound leg it is
not ‘permanently’ bound to the Sun.. its orbit eccentricity value is greater than 1.0

The solar escape velocity at 1.5 AU is ~34 km/s, so Siding Spring’s 35 km/s speed is in excess of
the solar escape velocity

3) Section 2.1 of the paper discusses the observed ‘production rates’ of comet
nuclei when they are located at a heliocentric distance of 1.4 AU.

a) DESCRIBE two physical processes/conditions that could play a realistic
role in causing comet nucleus production rates to exhibit a range of 4 orders
of magnitude variation at 1.4 AU among comets. [4 points] -



I} comet’s that possess a greater ratio of dust-to-ice at their surfaces would be expected to
exhibit smaller production rates because less solar flux would go directly into ice
heating/sublimation, and an overlying layer of dust above ice can act as an insulating layer as
well as a vapor barrier with the net result being smaller magnitude production rates;

ii) comets are not all identical in composition; differing water ice abundances would affect the
detected sublimation rates,.. some of this can be related to i} above but some also to different
dynamical classes of comets with different formation scenarios (different radial distance of
formation could affect ices available)

iii) A short period comet would likely arrive at 1.4 AU with a warmer temperature than would
a long period comet so there might be a temporal lag for longer-period comet’s to achieve as
large a production rate as a shorter period (‘warmer’} comet though the ‘lag deposit’
discussed below for 4b) could become an issue for shorter period comets

NOTE THAT NUCLEUS SIZE would not itself explain the range of production rates since
nucleus sizes range over an order of magnitude but two orders of magnitude would be
necessary to account for the 104 range in production rate

b) EXPLAIN why Jupiter family comets apparently exhibit a tendency to
possess 1.4 AU production rates at the smaller magnitude end of the
production rate range mentioned in the paper. [3 points]

Jupiter family comets possess small orbital periods (aphelion of ~5.2 AU} and thus experience

- many periapse sublimation episodes during some finite period of time, making them more

likely to have accumulated a surface ‘lag’ of dusty materials which can inhibit the deposition
of sunlight upon ice as well as forming a crust through which sublimed water vapor must
diffuse. The paper does make the point that since Siding Spring is a dynamically ‘young’ comet
it can be expected to exhibit a higher-end production rate magnitude.

4a) CALCULATE an estimate for Siding Spring’s nucleus surface Radiative
Equilibrium Temperature when it was located at Mars' distance (1.52 AU}
from the Sun; assume no coma was present. State any assumptions you make
in setting up and conducting your calculation. [8 points]

Fsotar (1 - Albedo) wRss? = 4 w Rss? 0 Test

[ (601.9 Wm?) (0.95) (Rss?) / (4 0] JV/2 = Tss

Ts=223K

Assumptions: Comet nuclei are dark, so assume low albedo value {0.05)

Assume IR emissivity = 1.0
Assume fast rotator’



b) Now, qualitatively consider that Siding Spring’s nucleus is enveloped in a
coma that has a radially integrated optical depth of 1.0 at visible and UV
wavelengths. Assume that the coma’s opacity is caused only by dust particles
that are each 1.0 micrometers in diameter, that the particles’ single scattering
albedo = 0.9999, and that the particles’ asymmetry parameter = 0.0 .

For the above described coma conditions, QUALITATIVELY DESCRIBE if
(and WHY) the resultant Siding Spring nucleus surface Radiative Equilibrium
Temperature when at Mars’ OSA will be greater than or less than the correct
non-coma temperature answer for question 4a) above. [5 points]

The effects of the coma are primarily to scatter solar flux. Since the asymmetry parameter
indicates that one-half of the scattered solar flux WILL NOT impinge upon the nucleus
(because it will be scattered in the backward direction) the effect of the coma will be to
REDUCE the nucleus Equilibrium Temperature since less solar flux will reach the nucleus

¢) Now, NUMERICALLY ESTIMATE the scale factor by which the coma effect
will change the nucleus’ surface Radiative Equilibrium Temperature for the
coma conditions described above. Assume each photon is scattered at most
only one time. [6 points]

Effect of dust scattering will be to reduce the solar flux reaching the nucleus’ surface.. single
scattering albedo of 0.999 implies most impinging flux is not absorbed by the coma, and the
asymmetry parameter of 0.0 implies equal forward and backward scattering, so....
Unimpeded solar flux getting to surface ~ 1/e (‘what gets through unaffected’ = ¢’*)

Scattered flux is ~(1-1/e) and % of this gets to the surface, so total flux getting to the
surfaceis: 1/e+ ¥%(1-1/e) =% +1/2e = 0.68 of what impinged upon the surface without a
coma.

Since the Equilibrium Temperature is proportional to Freceed®??, resuitant equilibrium
temperature is 0.68%25 of the correct value, or 0.9, s0 0.9x223 =203 K

5) Explain the physical condition which causes the unperturbed Mars
atmosphere molecular number density vs altitude curves in Figure 3 (color
figurel) to exhibit different slopes for the different molecular species at
altitudes above ~125 km while they exhibit the same slope at altitudes below
~125 km. {5 points}

above an altitude of ~125 km atmospheric constituents are no longer well mixed but rather
begin to exhibit vertical number density variations that are molecular or atomic weight
dependent, so the more massive species exhibit the smallest scale heights/steepest abundance
slopes; the atmospheric level below which species are well mixed and above which specie
abundances become mass dependent is known as the ‘homopause’



6) a) WRITE a definition for the ‘Atmospheric Scale Height' . [4 points]

Atmospheric Scale Height is the geometric distance within an atmosphere for which the
atmospheric pressure (or density) varies by a factor of e or 1/e for downward or upward
displacement respectively, This geometric ‘thickness’ is dependent upon the ‘gas constant’ of
the atmospheric gas, upon the temperature of the gas, and upon the local gravitational
acceleration.

Scale Height, H = Ryas T /g with resultant units in meters for input values in the mks system

b} The solid curve in Fig 2 displays the atmospheric temperature structure for
‘unperturbed’ atmosphere conditions, and the authors indicate that a nucleus
production rate of 1027 s’ does not noticeably perturb the atmosphere {end of
page 207).

Use the information provided in Figure 11 to CALCULATE the average
atmospheric temperature in the 150-250 km altitude range that would

correspond to a Siding Spring nucleus production rate of 5 x 1028 s-1, The

atmospherlc densnty at 150 km altitude is an unchangmg value of 1.13 x 109

kg m 3 R - S . T e
The difference between the correct calculated temperature and 200 K is an
indication of the effect of the comet coma'’s interaction with Mars’ atmosphere.

[6 points]
250 km density for 10?8 51 production rate = 7 x 1013 kg m-3

p(250 km) = p(150 km) e~ (“2/ H)

7x 1013 kgm3=1.13 x 109 kg m3 e (100000m /H)

H=135x10"#m

and

H=Reo2T/g, soT=[135x10*mx(3.72ms?) / 189 kg K1] =266 K

This assumes that COz remains the dominant gas.. but as is indicated in Figure 3 CO;
dominated only up to ~200 km, and thereafter 02 becomes important. Indication of this

gaseous change and its effect upon the calculation was positively taken into account for
grading.



7a) The concept of Jean’s Escape from Mars’ atmosphere is invoked in the
paper (first complete paragraph on page 205 and the final paragraph on that
page, and beneath Fig. 2 on page 206), as is as the concept of the ‘exobase’ (to
the left of Fig 2 on page 206).

PROVIDE DESCRIPTIONS of Jean’s Escape and the exobase, being sure to
mention the important physical processes they account for. [6 points]

Jean’s Escape describes thermal ‘evaporation’ of atoms or molecules from an atmosphere, and
Is based upon a populations’ Boltzmann distribution of thermal velocities and the percentage
of those speeds that exceed the escape velocity (in this instance Mars’ escape velocity). Now,
such ‘escape’ can be inhibited by collisions with other atoms or molecules,.. the ‘exobase’
defines that level in the atmosphere where the mean-free path of atoms or molecules is equal
to or exceeds the atmospheric scale height. this situation statistically indicates that loss-
minimizing collisions are unlikely and escape will occur for upward moving species possessing
thermal speed equal to or greater than the escape velocity

b) Briefly DESCRIBE how these same concepts of Jean’s Escape and exobase
can be applied to the comet nucleus and coma conditions discussed in this
paper. [4 points]

Production of the coma involves gaseous ‘escape’ from the nucleus.. those molecules must have
velocity values greater than the nucleus’ escape velocity.. at a temperature near 200 K
thermal velocity of a water molecule is ~500 m/s which will greatly exceed the nucleus’
escape velacity; most if not all of the gaseous molecules substantially exceed the nucleus’
escape velocity and since gas densities are small in the coma the surface of the nucleus is
equivalent to the ‘exobase’ for the comet
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1. Introduction

Comet Cf2013 A1 (Siding Spring) will have a close encounter
with Mars on October 19, 2014. Traveling on a highly inclined,
129°, hyperbolic orbit, this comet will encounter Mars with a rela~
tive velocity of about 56 km s~ and a close approach distance
between 116,000 and 169,000 km [JPL Small-Body Databasel. The
extended coma will impinge upon the upper atmosphere of Mars
for about 1 h. The flux of mass and energy incident upon the atmo-
sphere will be considerable if the comet is active. This provides the
opportunity to study the upper atmosphere of Mars at a unique
time that could provide insight into physical processes that are
difficult to investigate in normal circumstances. The effects of a
cometary impact on jupiter have been well studied (Harrington
et al., 2004}, but the physical consequences of the transit of a
planet through a cometary coma have not previously been exam-
ined. Moreover, the near-collision with Siding Spring may affect
the atmosphere so that the set of spacecraft currently investigating
Mars may view a perturbed rather than normal atmosphere, This is
especially important for the MAVEN mission, whose focus is the
upper atmosphere of Mars.

Cometary coma contain both dust and gas. Exogenic dust
incident upon a planet will penetrate to the level where friction

* Corresponding author.
E-mail addresses: yelle@lpl.arizona.edu, rogeryelie@gmail.com (R.V. Yelle),

http://dx.doi.org/10,1016/j.icarus.2014.03.030
0019-1035/© 2014 Elsevier Inc. All rights reserved.

with the ambient atmosphere heats the dust to its melting point.
Typically, disintegration of the dust occurs at pressures on the
order of a ubar, in the mesosphere. Gas molecules will be deposited
at much higher levels, where ambient densities are much lower,
and the potential for significant atmospheric perturbations much
higher. The depth of penetration for the gas molecuies can be esti-
mated from their stopping power, which depends on their energy.
Cometary coma at 1.4 AU are predominantly H,0. The kinetic
energy of an Hy0O molecule at 56 km s~ is 293 eV. We estimate
in the next section that H,O molecules with this energy will
penetrate to a column abundance of ~5 x 10’ cm™2 For a input
angle of 60 degrees, this column density corresponds to a pressure
of 6.5 x 107° pbar and an altitude of 154 km for nominal atmo-
spheric conditions. This is in the topside tonosphere, in the heart
of the martian thermosphere.

We consider here the effects of this gaseous input from the
comet coma on the thermosphere of Mars. This rare event may
have both practical and scientific consequences. The time scale of
the atmospheric response to the perturbation is directly connected
to physical processes controlling the upper atmospheric structure.
Observing the time-dependent response to a perturbation provides
different insight on the physical processes than is revealed in
investigations of steady state structure. For example, we show that
the time scale for removal of the H added to the martian atmo-
sphere depends sensitively on the eddy diffusion coefficient, an
important but uncertain parameter in afl models for the Mars
upper atmosphere. In terms of practical consequences, we show
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that, for a sufficiently dense coma, heating of the atmosphere may
raise densities at high altitudes thereby increasing drag on orbiting
spacecraft. This may be important for the spacecraft. In addition, it
may be the simplest way to measure the thermal time constant for
the response to the perturbation.

In order to address these questions we first consider the charac-
teristics of the energy and mass input to the atmosphere. We then
describe 1D atmospheric models that provide quantitative
estimates of the atmospheric response to the perturbations. The
results of the models and the implications for observations are
discussed in Sections 4 and 5.

2. Mass and energy deposition

The thermosphere of Mars is rich in O and it is unlikely that the
contributions from the comet could significantly alter the O inven-
tory. The H abundance in the unperturbed atmosphere is much
smaller and the cometary contribution can be significant. Temper-
atures can also be strongly affected because of the large kinetic
energy of the impacting molecules. In the calculations that follow
we consider perturbations of both H density and temperature in
the Mars upper atmosphere caused by the influx of cometary H,C.

2.1. Mass and energy fluxes

The flux of mass and energy into the martian atmosphere
depends on the activity of the comet, most conveniently described
by the Hy0 production rate. Production rates of cbserved comets
vary widely from 10°° to 10°° molecules 5~* at 1.4 AU, with a ten-
dency for Jupiter family comets to have lower rates (A'Hearn et al,,
1995; Fink, 2009). Siding Spring is a dynamically new comet and
the rate may be significant. We show that rates below 10%7 s~
have little effect on the martian atmosphere and for rates larger
than 10°° s~ the perturbation to the atmosphere is so extreme
that the models used here are probably no longer valid; thus, we
consider production rates in the 10%-10?® range in our
calculations,

We adopt a simple model for the spherical expansion of the
coma to estimate the fluxes incident upon the atmosphere. With
this model the H;0 number density at a distance r from the
nucleus is

P
N=Zzrew M

where P is the H,0 production rate and U the outflow velocity of the
coma. The fiux of H into the atmosphere is

PV
Fi = 2VN = —, (2)
and the flux of energy
1 3 M 0PV3
Fe =gV N = g @

Adopting a production rate of P=10"s' as a typical value,
U=1kms™' (Tenishev et al, 2008), and r=130,000km and
V=56kms~! for the separation and relative velocity between
Siding Spring and Mars gives values at the closest approach of
N=47cem3, Fy=52x108em2s!, and Fe=12x10"erg
cm~2 s-!. The time-integrated values for the H and energy input
are 3.7 x 10" em-2 and 8.7 x 10% erg cm—2.

We are not aware of any quantitative information on the coli-
sion rates or products for a 300 eV collision between H,0 and CO,
molecules; therefore, we base our discussion on some general prin-
ciples. The kinetic energy of the impacting H;0 is well above the
dissociation and ionization energies of the molecule, Possible prod-
ucts of collisions include H,0*, H, OH, H", OH", and OH". Repeated

collisions could results in further fragmentation. As ions travel
through the martian atmosphere they lose energy both through
electronic excitations and momentum transfer to the ambient mol-
ecules, primarily CO,. The altitude of deposition is determined by
the stopping power, given by

%m Np(Se + Sn). (4)
where S, and 5, are the electronic and nuclear stopping cross sec-
tions and Ny is the density of molecules encountered (Johnson,
1990). We estimate the stopping power from empirical equations
that match experimental measurements at higher energies (10-
10° keV) {Johnson, 1990; Ziegler, 1980, 1984), as measurements
below 1 keV are not available. The stopping power is then used to
calcudate the column abundance required to stop the oxygen ions.
Our calculations of the stopping power of CO, for 0" {ons is shown
in Fig. 1. These should also be approximately correct for H,O", OH"
or OH™ because the calculations depend primarily on mass and the
mass of these ions is similar. A rough estimate for the range of the
ions can be obtained from the ratio of the original energy to the
stopping power, 300 eV/6 x 107 eV cm 2 ~5 x 10" cm~% H frag-
ments from the precipitating molecules will have less energy
because of their smaller mass and therefore have a smaller range.
We assume that the H atoms are carried along with the heavier O
atom fo the deposition altitude, when in fact some of the H may
be deposited at a significantly higher altitude. The errors associated
with this assumption are unlikely to be larger than a factor of 2 and
therefore are tolerable for this initial study.

2.2. Chemical considerations

compilations of B
neutral chemistry an tabase KIDA (Wakelam, 2012,

unless mentioned otherwise.

istry. H® does
initiated by.i

1o E 3
t 0"+CO, ]

Totol Cross Section

Rrad =

1

Cross section {eV em')

107" L t I
0.1 1.0

10.0 100.0
Energy (keV)

Fig, 1. The stopping power of CO, for O fons.
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The importance of these reactions has been emphasized by Matfa
et al. (2013), OH" is reactive with all major martian neutral spegles
ary in this case, hydrogen is transferred into the OCOH", NH"Aand
HCY" ions:

OH*\t CO, - OCOH" -+ 0 {R3)
OH' AN, — NH* 40 (Rd)
OH' + €0 — HCO* +0 (K5)
OH' + 0\~ 0; +H ({R6)

H20" does\not react with either CO5, N; or O but it gees with CO
according ta the following reaction:

H,O" + CO -\ HCO* + OH (R7)

OH" and H,0" Yire also at the origin of H atoms and o a much fesser
extent Hz, throygh electron dissociative recombigation (Mul et al.,
1983: Mitchell, {990; Rosén et al., 2000):

OH' +e" -0+ {R8)
H,0"+e- —O+H+H {R9a)
—OH+N, (R9b)
= O+ H,, (RSC)

Therefore, the new speties created in reagtions (R1)-(R7) inciude
the NzH*, OCOH" and H{O" ions, while r¢actions (R8) and (R9a-b)
essentially lead to produgtion of H atormng.

NoH" formed in reactipn (R4) is a sgcondary source of OCOHY
and HCO* according to the following rfactions:

NoH* +C0Oy; — OCOHT + N}
NyH* + C0 — HCOY + N,

(R10)

It can also be transformed intd neytral species by dissociative elec-
tron recombination,

N2H++ek — Ny +H
— NH + N,

(R12a)
{R12b)
essentially H atoms as far ashydro¥en is concerned, (R12b) being a

marginal channel. OCOH" fgrmed in\reaction {R3) and (R10) is con-
verted to the end product Of the ionchemistry, HCO",

QCOH* + CO — HCO' +L0;, {(R13)
OCOH* + O — HCO' +0, (R14)
and to H and OH via glectron recombindtion:

QCOH* +e- - CO40+H {Ri5a)
— C0 + OH {RI50)
—C0; +H {R15¢)

Finally, HCO" foymed in reactions (R1), (R5) (§7), (R11), (R13) and
(R14)} does not feact with any of the major constituents of the mar-
tian atmosphete and its fate is to recombine wibjy electrons:

HCO' +e~ A CO+H (R16a)
— C+OH (RI6D}
0 +CH (R160)

The H i HCO™ is therefore mostly converted to H atgms and to
some lower extent to OH, channel (R16c) being negigible {Le
Padellfe et al,, 1997; Geppert et al., 2005). Therefore, the\ultimate
fate gf H*, OH" and H,0" ions on Mars is to be converted to I atoms
and/a smaller fraction of OH radicals, via the formation of\;H",
OCOH" and HCO™ and their subsequent dissociative electron redom-
bijnation products,

Interestingly, the reactivity of H atoms with the miajor asmyg-
spheric constituents, (0 and N,, is extremely weak (Baulch

et al., 2005; Caridade et al, 2005). H atoms can react with CO
and 0,

HCO+0 — O, +H (R19a)

— (0 +0H (R191)
OH+C0—-CO: +H (R20)
OH+0-—-0;+H (R21)

OH™ is another gossible product of the H,0\ precipitation. The
chemistry of QK™ is not nearly as well constraihgd as that of H+,
as is always/the case when it comes to negative ions (Vuitton
et al., 20091 Several types of reactions can be envisigned, such as
ion-neufpdl reactions, citarge exchange reactions,
ion-ion recombination

2.3. Impflications for the armosphere

In summary, the precipitating H0 molecules should penetrate
to the ~150 km level, depositing energy, H, and O atoms. H atoms
are siable in the upper atmosphere and can only be lost by
diffusion to the exosphere or lower atmosphere. Over the lifetime
of the influx, approximately 3.7 x 10" cm2 H atoms and
8.7 » 10? erg cm~2 will be deposited in the atmosphere. The abun-
dance of H and thermal energy in the unperturbed atmosphere
above 150km are 1.1 x 10" cm=2 and 1.8 x 10% erg cm™2; thus,
the cometary input may significantly perturb both the H and
energy balance in the atmosphere. The transport of heat and minor
constituents in the upper atmosphere are dominated by diffusion
and the time constant for these processes can be estimated from
tp ~ H* /K, where K is the eddy diffusion coefficient, which we
use here to estimate the diffusion rate in the upper atmosphere.
Adopting typicat values of H=13km and K = 10° em? s~ {Nair
et al., 1994} gives tp ~ 4.5 h, a factor of several longer than the
coma inferaction time of ~1 k. Thus the cometary input is compa-
rable to the inventory of H atoms and energy in the upper atmo-
sphere and is deposited over a period of time short compared
with the vertical fransport times. As a consequence, we expect con-
siderable perturbation of the upper atmosphere for a sufficiently
active comet,

3. Model description

We study the perturbations from the comet with a 1D time-
dependent mode! for the upper atmosphere. There will, of course,
be 3D effects that can only be simulated by a GCM, but these are
neglected for this exploratory study. The differences between 1D
and 3D simulations can be factors of several in terms of heating
rate and constituent densities, which are considerable, but the
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current uncertainty on the cometary production rate is several
orders of magnitude. A 1D moedel allows us to investigate, without
too much computational overhead, the likely effects of the near
collision and should point the way to more precise simulations
should the effects prove interesting.

Our 1-D model of the martian upper atmosphere calculates
temperature and composition by solving the coupied, time-depen-
dent energy balance, diffusion, and continuity equations. The
model domain covers the 100-250 km altitude region at a resolu-
tion of 1 k. We fixed the pressure at the lower boundary of the
model atmosphere to 0.05 ubar. We treat the atmosphere as
plane-parallel and hydrostatic, but allow H to diffuse through the
background atmosphere and to escape. We consider only thermal
escape at the Jeans rate. We calculate both steady-state solutions
and time-dependent selutions in response to the variable cometary
input. The time-dependent solutions are calculated with a Crartk-
Nicholson integration scheme. The steady-state solutions are
derived from the same model but without comet inaput and run
until time derivatives are insignificant.

The mean thermal state of the marfian upper atmosphere can
be understood as a balance among heating due to absorption of
solar EUV and near IR radiation, thermat conduction, and radiative
cooling from the v; bending mode of CO,, excited primarily by col-
lisions with atomic oxygen (Bougher et al,, 1999, 2000, 2002). The
time-dependent thermal baiance equation is:
pr%% = Quv + Quir + Qi + Qron 'f‘%krg (5)
where Qpy represents sclar UV heating and is obtained by calculat-
ing atmospheric absorption of solar radiation at wavelengths
shorter than 200 nm with a uniform heating efficiency of 20%
{Huestis et al., 2008). We use TIMED/SEE Level 3 solar spectral
irradiance data taken on 19 June 2013 during moderate solar condi-
tions to represent solar output (Woods et al., 2005). CO, absorption
cross sections are obtained from Parkinson et al, {2003) and were
measured at a temperature of 195K, quite close 1o the tempera-
tures in the Mars upper atmosphere. Caiculations are performed
on a wavelength grid with 1 nm spacing. Qu;; represents sofar heat-
ing in the near IR bands of CO- at 4.3 pm, 2.7 um and shorter wave-
lengths {Lopez-Puertas and Lopez-Valverde, 1995).- We do not
calculate this rate from first principles however, bug rather param-
eterize it as a constant times the square of the CO, density with the
constant adjusted to give a temperature of 120 K at the hase of our
model. This heat source is only important near the base of our
atmospheric model and more complex calcuiations are not war-
ranted because our focus is on higher altitudes in the thermosphere,
The {ast term on the RHS of Eq. {5) represents heating due to the
divergence of the thermal conduction flux with ky, the thermal con-
duction coefficient, calculated as the weighted average of conduc-
tivities for CO, (Vesovic et al.,, 1990) and O {Daigarno and Smith,
1962). Qcoy represents the heating rate associated with the comet
and is set to zero for the steady-state simulations.

The radiative cooling rate, Qg is derived from the excitation of
the 15 um bending mode of CO, resulting from collisions with
other CO; molecules or with atomic oxygen, neglecting subsequent
re-absorption and re-emission:

Al g ( hV)
=—hv-—L8 SLN(CO, ) ex 6
Qe Ao+ Cro 2o {C0y) exp ©T (6)
where A;jg = 1.35 571 is the Einstein transition probability for the v,

band of CO;, Cyp is the collisional de-excitation rate for the excited
state, and g, /g, = 2 is the ratio of the statistical weights for the
excited and ground states. The collisional de-excitation rate is given
by

Cio = koN(0) + keo, N(CO3) 0]

where ko and keo, are the rate coefficients for collision de-excitation
of CO; by 0 and CO; respectively. De-excitation by collisions with O
is far morve efficient than for collisions with €O, and the latter can
be neglected without affecting the solution. Though k;, is fast, the
rate i5 uncertain. Successful Mars GCMs adopt a value of
3% 107% em3 s (Bougher et al. 1999, 2000; Gonzilez-Galindo
et al., 2005}, but the most recent laboratory measurement finds a
value of 1.5 < 107" cm? s~ (Castle et al,, 2012, In contrast, analy-
sis of satellite observations of C0» 15 um band limb emissions in
the terrestrial atmosphere by Feofilov et al. (2012) require a value
of 5x10 ¥ cmds!. Qur reference model uses a value of
3x 1072 em® 571 in accord with other Mars studies, but we also
examine how atmospheric temperatures depend on this parameter,

The density profiles are calculated by solution of the time-
dependent continuity equation

ANz, £) AD;(z, 1)

TG Tt 8)
whiere the flux, &z, t} is given by
e()N(Zf (1-5—0(;) ar
% "d‘N (z t) 1 1 18T
(N0 -1, ©)

In these equations N;(z,t) is the density of the ith species, P; is the
production rate due to cometary input, T is the temperature,
H; = kT/m;g is the scale height of the ith species in the diffusion
dominated region of the atmosphere, D; is the diffusion coefficient
for the ith species calculated from

D= /f bu) (10)

\l“‘-

wlhiere tiie sum is over the main constituents of the martian upper
atmosphere (CO; and O] and by are the binary diffusion parameters,
with a tamperature dependence given by b = AT, We adopt values
of (4, 5) = (5.51 x 10'%, 0.841), (4.87 x 107, 0.841) and (5.70 x 107,
0.708) for 0-CO,, H-CO,, and H-O. These values are taken from-
Banlc et al. (1973). The value for 0-CO; is assumed equal to that
for O-Ar, the value for H-CQ; is assumed equal to that for H-No.
Binary diffusion parameters for H are rarely measured and the val-
ues quoted above are estimated based on measured values for self
diffusion. The parameter  in Eq, {9) is the thermal diffusion factor,
assumnted equai to 0 for O and —0.25 for H. The eddy diffusion coef-
ficient K in the reference model is assumed to be equal to a constant
value of 108 cm® 57 for the reference model {Nair et al., 1994), but
we also consider smaller and larger values.

The distribution of O is calculated by specifying a mole fraction
at the lower boundary. Our reference model adopts a value of
5 x 107°, which produces a density at the exobase of 107 em™3 that
agrees with the vaiue determined from analysis of observations of
the Of resonance line at 130.4 nm (Stewart et al., 1992; Chaufray
et al,, 2009), The escape flux of O from the top boundary is set to
0 because the feans escape velocity for O is infinitesimal. For H
we ytifize two different boundary conditions, depending upon
the simulation. For the atmosphere unperturbed by cometary input
we fix the H mole fraction at the lower boundary to a value of
2.5 % 1075, which produces a density at 250 km of 1 x 10° cm™2
consistent with values determined from observations of H Lyman
alpha erissions (Chaufray et al, 2008) for the cold, dominant
population of H at the exobase. This lower boundary condition
represanis a source of H in the lower atmosphere, ultimately from
H,O photolysis, that diffuses to the upper atmosphere. When
calculating the effects of cometary input however, we set the

altitude derivative of H density to zero at the lower boundary, This
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represents H deposited in the upper atmesphere diffusing to the
lower atmosphere at the fastest possibie rate. The 1 depasi Leﬁ in
the upper atmosphere will diffuse to the lower atmosphe
because the cometary input is too small to alter the ; fdensity :
the atmosphere as a whole, it can only perturh the invenrory in
the less dense upper atmosphere, Thus, the enhancement of 5 in
the upper atmosphere creates a gradient in the H wmoie fraction
that drives a downward flux, The H also diffuses upward o the
exobase where it is subject to escape. Here we adont a5 zn upher
boundary condition that H escape at the jeans velocity for both
steady-state and time-variable simulations. The H distribudien in
the cometary input models is the sum of the steady-state s.omn.ms
with the fixed density fracticn boundary condition amd the time-
variable solutions with the fixed gradient houndary condition. This
is permissible as long as H is a minor component of the upper
atmosphere. In this situation, the problem is linear in the & density
and solutions due to the different sources of H can be combined
with simple addition.

The pressure distribution in the atmosphera is azsumed o be
hydrostatic at each time step, The time constant o re-astabiish
hydrostatic equilibrium is roughly the atmespheric scale height
divided by the sound speed, or ~30 s, which is smail compared
with the interaction time of ~1 k. The total atrnospheric density
is obtained from pressure using the ideal gas law, This, combined
with solutions to Eq. {9), provides the mole fractions of 34 constit-
uents, the mean molecular weight of the atmasphere, and com-
pletes specification of the atmospheric parameters.

Because of the uncertainties in the mass and energy aeposition
profiles we model them in a simple way, adopting Chapman-fke
profiles:

Qeom = QNexp(—on/p,} 1D
Py =P.Nexp(-an/jt,) (12)

where N is the local atmospheric number density, # is the overfiead
atmospheric column denisity, and g, the average cosine of the inci-
dence angle. The parameters ., and P. are adjusted sc that the col-
umn-integrated heating and H production rates are eauas! o the
(time-dependent) incident fluxes in fgs. 2 and 3. The peak altitude
for this profile is determined by the effective cross section ¢. Eased
on the discussion of stopping power above, we adopt ¢ = 2 x 107"
cm? for the calculations presented here.

The coma of Siding Spring will rain down over eesentially one
hemisphere on Mars. The sub-comet latitude and west longitude
at the time of closest approach are —3.6° and 22.4°, corresponding
to a solar local time of 5:30 AM, just before dawn. The bombarded
hemisphere is therefore roughly half iluminated. In order to madel
the average effects of the cometary input over the hombarded
hemisphere we adopt p, = 1/2 and scale the H production rates
and heating rates by 1/2, the ratio of the projected area o the sur-
face area of one hemisphere. In adopting this vaiue we are assum-
ing that the mass and energy deposited by the comet stay
primarily in the sub-comet hemisphere, i.e. that bovh smd energy
are transported vertically rather than horizontaily cver the time
scale of the encounter. The alternate assumprion, that ho nf:o.na!
transport dominates, would imply a scaling factur 2 wnally,
we note that the heating efficiency of 293 eV H,0 moiecules is
unknown and we adopt value of 50%. With these assumptions,
an H,0 production rate of 10*% s~ translares fo a column-
integrated H deposition rate of 2.8 x 10° em~* 571 and 2 column-
integrated heating rate of 0,03 erg cm™ s~ at closest appioach.

4, Results

Fig. 2 shows temperature profiles for our steady-state modeal for
several values of ky. For these calculations we assume o soar
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Fig- 2. Temperature profies of medel unperturbed atmospheres for three different
0-C0- de-excitation vates, The solid, dashed, and dot-dashedlines correspands to
0-C0; de-excitation rates of 3.0x 107 cmis™!, 15x 107 em3s-!, and
8.0 % 107 em? s,

zenith angle of 60° and scaie heating rates by { to represent a global
average. The density profiles corresponding to the reference model
of ko = 3 % 1077 =2 -1 are shown in Fig. 3. The calculated exo-
spheric temperature of 202 X for the reference medel is in rough
accord with other atmospheric models and with observations
{Bougher et al.,, 2000; Leblanc et al,, 2006) while the temperatures
fiear the lower boundary are near the mean of SPICAM occultation
lesu!ts { Forget et al., 2009). The H escape flux from this model is

7% 107 ci~? 571, which is somewhat smaller than the lmiting
I!u.\ vaiue of 4.5 % 107 ¢cra~? s7%. Thus, H escape from this steady-
state miodel is limited primarily by the Jeans velocity at the exo-
base with a smaii contribution from diffusion.

Fig. 4 shows the various terms in the energy equation. In
steady-state there is a precise balance among all terms, with solar
UV heating and the dwergeme of the thermal conduction flux
dominating at most altitudes. Radiative cooling in the v; band of
0z makes a significant contribution at altitudes below 160 km.
Heating in the near IR bands of CO- is only important in a smafl
aktitude range near the iower boundary. The rates calculated here
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Fig. 3. Profiles of the €0y, O, and H densiry for the unperturbed model acmosphere
(soiid lines) and a perturbad modet for a production rate of 16%% 577 at the time of
neak temperature perturbation (dashed lines): €9;-green, O-blue, and H-red. (For
interpretation of the referenices w color in this figure legend, the reader is referred
to the web version of this articie.)
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Fig. 4. Terms in the energy balance eguation for the steady-state atmosphere {solid
lines) and perturbed atmosplhere {dashed lines) at the tirme of the peak temperature
perturbation: Qu-red, Qpe-green, Qup-biue, Qegy-magents, and thermal conduc-
tion-biack. (Far interpretatior: of the references to color in this fgure legend, the
reader is referred to the web version of this article.)

are in excellent agreement with the results of Bougher et al. (199%)
when proper account is taken of diurnal averaging,

Fig. 5 shows the comet’s energy flux at Mars and the raselting
thermal evolution of the atmosphere for & comet production rate
of 10%8 51, Peak temperatures occur 25 min after closest approach
and are elevated by about 32 K relative to the unperturbed atmo-
sphere. The heating drops rapidly after the comet passes Mars with
a time constant of roughly 1h; however, the atmosphere’s
response lags considerably taking about 2.2 h to decrease by a fac-
tor of e. As shown in Fig. 4, heating due to the comet is confined o
altitudes above ~150km and is balanced primarily by thermal
conduction, which transports the energy downward to ~130 km
where it is radiated away by (O, The temmperature profile is

assentiaily isathermal above 160 km because of the efficiency with
which therma| conduction redistributes energy. Temperatures are
unpertured below 130 km because the energy from the comet
never reaches those levels,

Fig. 6 shows the evolution of H density in the upper atmo-
seners. The maximuam enhancement in H densities is a factor of
1.8. These are reached approximately 77 min after closest
apnroach. The density perturbation decays away with an e-folding
tim= ot 11.8 h. Fig. 7 shows the H flux in the atmosphere for several
times auring and after the cometary input. During the encounter, H
flows zrimarily upward. For exampie, at the time of the peak H
density perturbation the maximum upward and downward fluxes
are 1.2 10°cm~2s ! and 4.0 x 107 cm-2 571, respectively. How-
ever, it is more difficult to diffuse downward, through higher den-
sity. and the downward fluxes persist for a longer time, Integrated
aver 2 net enhancement in the H escape rate due {o come-
tary ir estimated to be 5 x 10%° atoms while 7 x 10* atoms
fow 1o the iower atmosphere,

The differences in the temporal behavior of temperature and H
density are striking. The perturbation to H density persists approx-
imazely five times tonger than the perturbation to temperature for
this maodel This is a consequence of the different sinks for energy
and H density. The exira heat in the atmosphere is conducted to
~130 km vhere it 15 radiated away, whereas the extra H atoms
must diffuse through the lower boundary to, eventually, be lfost
to chemistry in the lower atmosphere. Thus, although thermal con-
ducrion and molecular diffusion have comparable efficiencies, the
distance betwesn source and sink for energy is smaller than that
or H.

‘The sizes of the temperature and density perturbations depend
sensitively on the cometary activity. This is shown in Fig. 8, For an
.0 protuction rate of 10% s the temperature perturbation is
anly

v ~3 ¥ and the H enhancement only ~10%. It is likely that these
perturbations would be undetectable against the background of
normeal atmospheric variabifity. For an H,O production rate of
10°% ¢ the temperature perturbation is over 300K and the H
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enhancement more than a factor of 3. The tempevature and B den-
sity perturbation behave differently with increasing
input. Temperatures tend o rise rapidly because the worea
temperature causes an increase I scale height resulting in
altitudes for the energy disposition. This energy must
downward over a larger distance to reach the raaiztive layer.
Thermal conduction over this larger distanca resuks in 4 larger
temperature rise. The increased scale height means that the
volume of the upper aimosphere also increases. This represents a
dilution of the effects of the cometary H and the i1 RN
density is smaller than it would be if the temperanirs «
remain constant.
The large temperatures pradicted by the madeis with

tion rates ~10% 5~ are uniikely to be realistic. Such !
ature differences would produce a pressuze gradient that
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Fiz. & [a) The temperarure perturbation at 250 km as a function of the cometary
HL,G production rate. () The matic of H densities In the periurbed and unperturbed
aimespheres as a tunction of cometary H;G production rate.

drive sirong veriical andfor horizoma! winds, modifying the
energy balance in the atmosphere. Thus, the resuits for these large
production rates should not be interpreted quantitatively but do
indicate that the perturbations to the atmosphers would be
axtreme.

Fig. 9 chows how the time constant for the dacay of the temper-
ature perturbation depends on the O-C0; de-excitation rate. The
dependence, in fact, is quite weak. This indicates that the rate at
which energy is lost from the upper atmosphere {above 150 km)
is limited prirmarily by thermal conduction, with the efficiency of
the radiarive processes plaving oniy a minor role. The time con-
ctants for the decay of the thermal perturbation depends only
weakiv on the size of the perturbation. For production rates of
2% 16" znd 3% 19% we calculate fme constants that differ by
nnly a few percent from the value gquoted above for a production
rate of 1988 51
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aft,

diffusicn coefficient is anether uncertain parameter in
he upper armosphere of Mars. In these 1D models the
ion coefficient represents mixing processes due to both
motions and atmoespheric waves {Bougher et al., 19388,
2000; Gonzédlez-Galindo et al, 2009} Fig. 10 shows the
dependence of the relaxation time for the H density perturbation
ar a fu in'l of the eddy diffusion coefficient. Here, the depen-
dence i3 guite SUONg, va.n;:nﬂ from 65 h te € h for K varying from
107 cm " to 3 10°cm~? 5. The eddy diffusion coefficient
has a streng affect on the altitude prefile of minor constituents
in steady-state models but its efiects can be difficult to separate
from similar effects produces by an escape f{iux, or by chemical
sources and sinks in the atmasphere. Thus, determination of this
gime constant would provide a useful censtraint on these pro-
c \s with the temperature perturbation, the time scales for
docay of {he = perturbation is essentially independent of the com-
.3 mraduction rare for the range of parameters considered

large e

Hons for obgeyvations

The perturbations discussed above may be observable with
! future spacecraft at Mars or with HST. The most

rrard approach is te monitor the atmospheric drag on
taft. OF the currenily active missions the Mars Rec-
Orbiter (MRO) has 2 periapse altitude of 250 km and
unched Mars Volatile and Evelution {MAVEN) space-
fr is planned to have a periapse aititude for most of the mission
30 . MAYEN s due to arrive at Mars on September 19, 2014,
; one moenth before Siding Spring. The orbital periods of
IAVEN are 3 and 4.5 h, respectively, slightly longer than
2l time constants caicidated here hut much shorter than
» vimze constant. Fig. 11 shows the enhancement in
'sity at 250 km due to the comet as a function of the
iton rate. Our model predicts that drag forces on orbit-
aeecratt wanld increase by facrors of 1.6 to 40 at 250 km for
.0 procaction rates of 10%8-10%° em™% Atmospheric densities
aecar 150 ke are affected far iess strongly, increasing by only 20%
i H.0) nroduction rate of 107 om~? Of course, the MAVEN
arbir Wil e aifected by increased drag at the higher altitudes
and these can be used to infer density changes (Forbes et al,
we expect that hoth MRO and MAVEN could sense

chapge he ahﬂ’w‘a‘qe"ﬂ due fo cometary input.

MAVEN ziso carvies an jon-neutral mass specirometer {NGIMS,
’m’wafteu et al, 2014) that could vield interesting constraints on
fhe m ;gar aumosghere and 1onesph31h Currently, the
NGUAS covar is scheduled for rejease 2 days before the comet

. Measuremems of CO; density can be anaiyzed to
the temperature profile of the aomosphere to search
ns cue to the comet. NGIMS cannot measure H or
he effect of increased H density should be apparent in
the lanosphesic composition. Recently Matta et al. (2013) have
shown thai e ionospheric composition of Mars depends sensi-
tively gn the H and Hp density in the atmosphere, and species such
28 HOOT shieuld respond stron gly to H density variations. The vari~
ations fn ¥ density due Lo the comet input provide an ideal oppor-
tupity 1o test this theory.
The iacroased i abundance may also be directly detectable
4 Lyman aiphe observations of Mars either with HST or
soctromater on MAVEN, Because H Lyman alpha is opti-
celly thick io altitudes zbove the exobase, increased H in the
unper atmosphere will appear prirnarily as an increased in the
size of the H covona rather than an increase in brightness. A factor
of 2 increass in the exobase density impiies that the altitude of
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6. Suminary and toncinsions

The impact of HzO from the coma of Comet Ci2012 At C'G:ng
Spring on Mars will cause significant perturbations of t
atmosphere if the cometary production rate is of o
or larger. The 283 eV H.O molecules wi ii 3? IEate o ihe
6.5x107° ;,Lbar level or rcun'hly 150 km, whic e

= e

and the Eempe. ature increase ‘Jv ~3G K
1028577, The temperature perturbations wili
the H density perturbacicn for ~1840 La

rates will cause larger perwurbations, with ess
time constants. For praduction rates of 10 s ! ¢

that the temperature of the uaper zimosphers w;il i
500 K, which 1s so large thav a 10 maodel is likely
priate. It does indicate however that the largest i]f(r-;y H
tion tates can cause exireme perturbations to fhe
Drag forces at 250 ko onr orbiting spaczorait in
of 1.6 to 40 for production rates from 10°% to 1077 57, but drag

forces at 130 km increase by enly 20% o7 a produciion mic of
1029 -1

aredicts

s G over

If the production rate of Comet Siding Spring 13 12rge
cause observable pertirbations, inore comureher
be required, including 3-D effecs, tore sopiisticated =e
sition calculations, etc. The models presented here deimonstrate
that perturbations to the atmosphere ve significant and can
persist for significant lengths of tirne. Future observations of Com
Siding Spring can constrain production rates and Come Comocs-
tion, allowing the response in the martian upper armosphers ©
be a probe of the processes controfling s thermospheric
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