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Crismani, Matteo M. J. (Ph.D., Astrophysical and Planetary Science)
Cometary Gas and Dust Delivered to Mars

Thesis directed by Prof. Nicholas M. Schneider

This thesis investigates the interaction of cometary atmospheres (coma) and debris
streams (meteor showers) on Mars' atmosphere. In this work, we use the close encounter
of Comet Siding Spring (C/2013 Al) with Mars to investigate delivered cometary gas and
dust. This serendipitous encounter occurred at a distance of 141,000 km, three times closer
than distance between Earth and the Moon and was observed by the Imaging Ultraviolet
Spectrograph (IUVS) on the Mars Atmosphere and Volatile EvolutioN (MAVEN) Mission.
The gaseous coma enveloped the planet and Mars passed through the comet’s fresh debris
stream, bombarding the upper atmosphere with cometary dust particles. Dust particles
are liberated from comets as gas sublimates from their surfaces, and these particles evolve
according to their size to form the interplanetary dust environment. As these interplanetary
dust particles sporadically enter the Martian atmosphere, they ablate and form a layer of

meteoric ions, and we detail this discovery and its implications.
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Chapter 1

Introduction

1.1 Overview

Scientific events described by the press as “once in human history” are rarely as fan-
tastic as promoted, but on October 19th, 2014, a comet made a close encounter with Mars,
apparently creating the largest meteor shower in modern times. Through good fortune and
hard work, the science community was prepared to study this fleeting event, and the coor-
dinated observing campaign of several Mars orbiters and Earth observatories was a success.
Discovered in Australia at the Siding Spring observatory, where C/2013 A1 (Siding Spring)
(McNaught et al. 2013)) gets its name, interest was immediately generated in this comet as
the initial orbital solutions suggested a possible impact with Mars. While this prediction
was soon revised with better observations of its orbital ephemeris, comet Siding Spring still
captured the scientific community's attention as the orbital solution demonstrated that this
comet would miss Mars by only 141,000 km, or a third of the distance between Earth and the
Moon. For Mars, the frequency of an encounter this close is between 100,000 and 1,000,00

years (Stokes et al., |2003), and may represent the only such encounter in human history.

1.2 Comets

A comet is a small icy body defined by its orbit, whose eccentricity create a large
hydrogen coma, dust and plasma tails during perihelion passages near the inner solar system.

We distinguish classes of comets by their orbital characteristics and this allows us to infer



gross properties of their formation. There are three primary families of comets, the Oort
Cloud Comets, the Jupiter Family Comets, and the Halley-Type Comets. Jupiter Family
and Halley-Type comets are both classes of short period comets, where the former has low
inclination and the latter has high inclinations, indicating a different origin for these objects.
Oort cloud comets are usually very bright in the night sky (e.g. comet Hale-Bopp) as
they have made very few passages into the inner solar system, and their volatile content has
not been significantly depleted. The Oort cloud is the spherical distribution of small bodies
that orbit the Sun well beyond the orbit of Pluto, with aphelia between 5,000 and 100,000
astronomical units (Levison and Dones| [2014)). Their orbital properties are isotropic; they
have no preferred angle of orbital inclination and are likely formed with the solar system
as a whole. Discovered in 1950 by Jan Hendrik Oort, he noted a few comets with these
properties and made the “reasonable” assumption that such a cloud must contain billions of
these objects (Oort et al [1950). Modern observations cannot verify this supposition in its
entirety, however it is generally accepted that Oort's value of billions is correct (Weissman),
1983). These objects are fairly small individually, and the total contribution of the Oort
cloud is thought to be on the order of five Earth masses (Morbidelli, 2006). When these
objects become perturbed by a passing star or giant molecular cloud, they enter the inner
solar system on highly elliptical, and usually highly inclined, orbits. If an object is traveling
to the inner solar system for the first time, it is defined as a “dynamically new” comet.
Jupiter Family comets are thought to be remnants of Kuiper Belt Objects that were
perturbed by Neptune and subsequently Jupiter to alter their perihelion such that their
orbits visit the inner solar system (Levison and Duncan, [1994). Jupiter Family comets
mostly orbit in the same direction as the planets, have periods shorter than 20 years, and
have inclinations less than 30 degrees from the ecliptic. A majority of these objects are very
faint, as multiple trips to the inner solar system create a rapid depletion of their volatile
content, and those that are depleted of volatiles entirely are considered “dead” (e.g. the

Damocloids).



Halley Type comets have high inclinations, indicating that they are perturbed Oort
cloud comets which have become trapped into short period orbits by interactions with the
gas giants (Sagan and Druyan, [1997). There are subclasses within some of these groups,
such as the sun-grazing comets, whose perihelions are less than the orbit of Mercury and

whose lifetimes are notably shorter because of this (e.g. comet ISON).

1.2.1 Cometary Nuclei

Comets are small objects, usually less than 20 km in diameter, with a great variety
of shapes (cigar-shaped, peanut-shaped, etc.), as they are not sufficiently large to become
spherical due to self-gravity. The atmosphere of a comet is called its coma, which is primarily
comprised of hydrogen due to the dissociation of liberated water ice from the surface of the
nuclei. The currently accepted model for the cometary nucleus suggests that comets are
dirty snowballs comprised of ice, dust, and rock (Whipple, 1950)). Several space missions
(Deep Impact, Rosetta, etc.) have since confirmed this, noting they are primarily comprised
of water ice (75%), dust and rock (25%), and that the nuclei of these comets are very dark,
with albedos of only a few percent.

Compared to freshly fallen snow (90%), or dirty snow (20%), the albedo of comets (~
4%) suggest evolutionary information about these objects. Two proposed mechanisms are
cosmic ray weathering (Johnson et al., [1988) and formation of surface mantle from large
rocks (Panale and Salvail, [1984)). High energy cosmic rays, coming from outside of the solar
system, may irradiate the surface of these objects to form a layer of dark complex carbon
compounds called an irradiation mantle. Such a layer would take millions of years to form,
which may be possible for Oort cloud comets who spend a majority of their lives in the outer
reaches of the solar system. The second mechanism suggests the sublimation of ice leaves
behind large rocks, which cannot be carried by the escaping gas, and these rocks form a shell
around the outside of the comet.

Comets are not usually spherical, and the diversity in their shapes indicates these
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objects do not exist quiescently for the age of the solar system. The compositional nature of
the nucleus is not necessarily known; although recent evidence suggests that comets are likely
conglomerate objects. The break up of comet Shoemaker-Levy before its impact with Jupiter
(Figure and bilobate nucleus of CG 67P observed by the Rosetta mission both suggest
that comets have conglomerate nuclei. Therefore, this material should be well shielded from
solar insolation, and gas from the near surface should serve as a reliable indication of the
formation conditions of the early solar system.

Interest in comets comes primarily from their role in illuminating the important pro-
cesses in solar system formation and evolution. Comets are expected to be some of the most
primitive objects in the solar system, and their composition may be the best representation
of solar nebula. While they likely formed far from the Sun, the ices contained therein are
particularly sensitive to the physical and thermochemical conditions of their formation re-
gion (Bockelée-Morvan et al., 2004)). Because comets are such good proxies for the early
conditions of the solar system, determining their chemical composition is of great scientific
importance, and therefore determining the volatile content of comets is a primary goal for
cometary astronomy. The extent to which cometary volatiles inherited their compositions
from the young disk as opposed to subsequent processing during its time in the solar nebula
is still being understood (Bockelée-Morvan et al., 2004; [Irvine et al., [2000; Lunine and Gau-
tier, |2004). While processing may occur on their surfaces, the majority of cometary nuclei
are considered to be pristine, with the understanding that longer period comets are likely

more pristine than those that have had many passages by the Sun.

1.2.2 Cometary Gas

Sublimation is the primary process by which comets convert solid ice on their surfaces
into the gases we observe in their coma. A coma is the gravitationally unbound atmosphere
of the comet, created by sublimation of surface and sub-surface volatiles. As illustrated in

the phase diagram for water (Figure , water ice is directly converted to gas at 170K in



Figure 1.1: A NASA Hubble Space Telescope (HST) image of comet Shoemaker-Levy 9,
taken on May 17, 1994. When the comet was observed, its train of 21 icy fragments stretched
across 1.1 million km of space, or 3 times the distance between Earth and the Moon. Image

Credit: NASA/ESA



the vacuum of space. Various molecules have their own phase diagrams, and the sublimation
of CO5 and H50O occur at different temperatures, where even at Earth's surface pressure and
temperature, CO4y never becomes a liquid and is instead referred to colloquially as dry ice.

Radiation from the Sun expands spherically, with its intensity decreasing as the square
of the distance from the solar surface. Therefore, this intensity decrease defines the tem-
perature profile in the vacuum of the solar system. Water ice begins to sublimate inside
of the orbit of Jupiter where temperatures from solar irradiation become close to 170K (3
AU) (Kelley et al., 2013). CO begins to sublimate at a distances consistent with insolation
equivalent to 80K, and comets are said to “turn on” CO, production as they enter the inner
solar system from the outside (12 AU). CO5 and CO make up less than 20% of the comet’s
observed sublimation, therefore the activity of the comet is most strongly driven by water.

As the surface of a comet heats up, water ice is converted to gas; this process is defined
as the activity, or water production rate, of the comet. Rotation of the comet causes different
regions to become shaded and unshaded; Sun-facing regions become more active, sometimes
resulting in the formation of jets (Figure . As cometary gas jets turn on, the water
production rate is increased and when cometary dust is dragged along with this gas, the
dust coma may brighten. A majority of the gaseous production is due only to the unshaded
region, and the gaseous coma near the nucleus can be quite asymmetric. When this gas
expands freely in space, these asymmetries diffuse leading to spherical symmetry at large
distances.

Water ice is primarily liberated from the comet's surface, so the atmosphere of the
comet is built up of water and its dissociation products. Water exposed to ionizing radiation
from the Sun is broken up into OH, O, and H, all of which can become ionized and dragged
along with the solar wind. Considering the comet's small mass, it is incapable of retaining
hydrogen, allowing the coma to grow as large as large as 1 AU (comet Hale-Bopp) (Burnham),
2000)). There are two main gaseous components to a comet, its neutral atmosphere, which

is roughly spherical, and its ionized tail, which points away from the Sun, modulated by
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Figure 1.2: (Left) Low pressures found in the vacuum of space indicate that water sublimates
rather than melts. (Right) At the pressure of sea level on Earth, at room temperature, CO4
will turn directly from a solid to a gas. Image Credit: Swinburne University of Technology

Original Processed

Figure 1.3: (Left) Captured March 11, 2014 by NASA's Hubble Space Telescope, comet Sid-
ing Spring is shown at a distance of 353 million miles from Earth. The nucleus is surrounded
by a coma that measures roughly 12,000 miles across. (Right) The comet after image pro-
cessing techniques were applied to remove the hazy glow of the coma revealing what appear
to be two jets of dust coming off the location of the nucleus in opposite directions. Image

Credit: NASA-GSFC



the direction of the solar wind. To a first order approximation, the neutral atmosphere of a

comet is well described by the free expansion model of [Eddington (1910).

1.2.3 Cometary Dust

Comets seen in the night sky are visible only when their surfaces heat up enough to
release dust, which is an efficient scatterer of sunlight. Small solid dust grains are carried
along by sublimating gas and form a dust coma, similar to the gaseous coma but with scales
and densities that are quite different. Dust in space is subject to two forces, gravity and
radiation pressure. Radiation pressure is a minute force that arises when a photon, which
has momentum, is absorbed by an object and momentum conservation affects the object's
trajectory. Radiation pressure becomes important for particles over long time periods or for
those with large surface area to volume ratios, since the inertia of such an object is small
comparatively.

The third major component to a comet, and arguably its most recognizable feature, is
its dust tail. Cometary dust grains initially follow the trajectory of their parent body, but
these orbits are modulated by radiation pressure which acts to sort particles by their size.
Radiation pressure is ineffective on very large particles, and these trail behind the comet in
a debris stream, or dust tail, whereas small particles are swept away and fill the solar system
with dust (Figure [1.6]). These small particles form the interplanetary dust environment and
identifying their parent body rapidly becomes impossible. The larger particles lag behind
the parent body and eventually form a torus of cometary debris, which is observed as a

meteor shower each time a planet passes through it.

1.2.4 Comet Siding Spring

Comet Siding Spring (C/2013 A1) is a dynamically new Oort cloud comet that was
discovered at 7.2 AU, with prediscovery observations out to distances of 10 AU. Siding

Spring is on a retrograde inclined orbit, and has taken millions of years to move from the



Oort cloud toward the inner solar system. It is on a hyperbolic orbit and gets the description
‘dynamically new’, as it has not made any passages through the inner solar system, nor will
it ever return. Since dynamically new comets have never been processed by the Sun, they
preserve important information about the presolar nebula conditions. Typically the study
of such objects is very difficult, due in part to their small number as well as their short
observational opportunities.

The cratered face of the Moon is a constant reminder of the hazard of impacts from
space. Because asteroid impacts are ten times more common than comets (Stokes et al.
2003)), they lead the conversation about threats from near earth objects (NEOs). Unlike
asteroids, comets have gaseous extended coma and long dust tails that interact with planets
during close approaches or passes through one another's orbital paths. Most casual observers
of the night sky are familiar with meteor showers as Earth passing through a comet's tail,
where the comet likely passed the Earth years ago and by tens of millions of kilometers.
Unfamiliar to any living person are the effects of close encounter with Earth, comparable to
comet Siding Spring's with Mars, where the distance between them was so small that the
planet became engulfed in the comet's gaseous coma and immediately passed through the
comet's fresh debris stream.

On Earth, impacts with Siding Spring-size comets occur every 108 years (Stokes et al.)
2003)). Close approaches are more likely, which may play a role in depositing water and
other volatiles in the atmospheres of terrestrial planets or affecting planetary climate with
meteoric clouds. The most recent close approach to Earth was comet D/1770 L1 (Lexell),
which missed Earth by 365 Earth radii (2.3 x 10° km). Based on information from impact
cratering, it is estimated that a close approach of kilometer-sized comets within 25 Earth
radii occurs once every 10° years, and scaling to Mars, this is the same frequency with which

comets come within 50 Mars radii (100,000 km) (Ye and Hui, 2014).
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Figure 1.4: The lightcurve of comet Siding Spring prior to the encounter with Mars. This
work represents the aggregate of professional (purple and blue) and amateur observers (red)
with various observatories, where differences in image processing techniques is the main
source of scatter in the data. The systematic difference between amateurs and professional

reflects the difficulty in proper airmass subtraction associated with the comet going through
perihelion. Image Credit: M. Knight
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1.3 Meteors

Shootings stars are neither shooting or stars, but small dust grains entering the at-
mosphere at orbital velocities, and are technically called meteors. Although meteors have
been observed since ancient times, they were perceived in the West as an atmospheric phe-
nomenon, similar to lightning. In 1807, Benjamin Silliman was the first to argue that a
meteorite fall in Weston, Connecticut was associated with a cosmic origin (Silliman and
Kingsley, [1869). In November 1833, a spectacular meteor storm occurred where observers
across the eastern United States observed thousands of meteors seeming to originate from a
single point in the sky, the constellation Leo (Asher} [1999) (Figure [L.7)).

Most meteors appear sporadically, without a preferred origin in the sky, as the distribu-
tion of interplanetary dust particles is roughly isotropic. Meteor showers are the exception,
where dust particles can be traced to their parent body as originating from a common
location on the sky, called the radiant. For example, the Leonids originate near the constel-
lation Leo every year between November 15 through 20, when the Earth passes through the
Halley-type comet 55P /Tempel-Tuttle's debris stream. The Leonids are known for generat-
ing bright meteors due to their high relative velocity relative to the Earth, 72 km/s, which
increases the fraction of dust particles that are ionized. It was this meteor shower that was
observed in 1833, and then predicted again for 1866, which firmly established the exogenous
origin of meteor showers. However, they retain their historical atmospheric nomenclature,
as their name “meteor” comes from the Greek word “uperewpo(” which means “raised from
the ground”.

Visible meteors occur when dust grains, between the size of a sand grain and pea,
enter the atmosphere at speeds of 10-70 km/s, compressing the air in front of them, which
heats to more than 2000 K. The outer layers of the grain begin to vaporize, in a process
called ablation, releasing atoms from the minerals found inside the grains. The heating of

the atmosphere also ionizes the ambient gases, creating an ionization trail which can last up
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Orbits of Earth and Comet Tempel-Tuttle
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Figure 1.6: The orbit of Earth and comet 55P/Tempel-Tuttle, demonstrating the annual
meteor shower of the Leonids. The retrograde motion of comet 55P /Tempet-Tuttle is shown
with its correct orbital geometry; the Earth is not to scale in the left panel of this image.
Image Credit: Swinburne University of Technology
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to 45 minutes and which are found in the terrestrial upper atmosphere almost continuously.
Light is emitted from both the ionized air and meteoroid, where the color of the latter is
determined by the relative metallic content of grains (e.g. orange-yellow meteors contain
sodium, whereas blue-green meteors contain magnesium) (Figure .

Metallic species are deposited in the upper atmosphere and may subsequently become
ionized by charge exchange with ambient ions. Due to complex interactions with the Earth's
dipole magnetic field, these metallic ions can become concentrated into strong ionization
layers, which may last for up to minutes or hours. There are defined layers in the Earth’s
ionosphere, associated with their production mechanism (e.g. E-layer form by x-ray and
FUV radiation near 100 km). Since the sporadic meteor layers appear in the E-layer of the
Earth's ionosphere, they are called sporadic E-layers, despite having a different source than
the E-layer itself.

Wispy cloud structures may occur directly after a meteor; these are due to the poly-
merization of meteoric metallic species, called meteoric smoke particles. Such particles may
last for hours or days, and may have had a role on the early climate of planets where spo-
radic ablation was more frequent due to the increased presence of interplanetary dust. These
smoke particles are the nucleation sites for noctilucent clouds, which form at very high al-
titudes and are seen only at twilight when illuminated from below while lower layers of the

atmosphere are in shadow.

1.4 The Martian Ionosphere

Mars' surface shows evidence that there was at one point abundant flowing water on
the surface, as evidenced by the presence of deltas (Salese et al., 2016), marble-like hematite
concretions likely formed as groundwater flows through permeable rock (Grotzinger et al.,
2005), and even recent evidence for ancient tsunami that shaped the Martian coastlines
(Rodriguez et al., [2016), although this latter point does not yet have community consensus.

However, present Mars does not evoke imagery of oceans and lakes, and instead the thin
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Figure 1.7: (Left) The Leonid meteor shower of 1833, which lasted as long as nine hours and
was visible across the continental United States. (Right) A meteor from the Leonid meteor
shower. This photograph shows the meteor, whose color is due to both meteor composition
and atmospheric ionization, as well as the atmospheric wake. Image Credit: Navicore Meteor
Photos
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atmosphere and desiccated planet begs the question, “Where did the water go?” This is
the driving science goal for the Mars Atmosphere and Volatile EvolutioN (MAVEN) mission
(Jakosky et al.. |2015b) whose aim is to determine the importance of atmospheric escape to
the climate history of Mars.

The Martian ionosphere is a layer composed of ions and electrons that exists in the
upper atmosphere at 120 km and above, which couples the neutral atmosphere to the ex-
osphere. The ionosphere is created by photoionization of ambient atmospheric species on
the dayside, and a combination of day night transport and electron precipitation on the
nightside. The ionosphere is important to understanding the Martian environment, as it
couples the neutral atmosphere to effects of charged particles in the solar wind, and may be
a source for significant loss of the atmosphere. The Martian ionosphere has peaks at two

main layers, at 120 km and 140 km, due to soft X-rays and Extreme Ultraviolet (EUV),

respectively (Figure [1.§).

1.4.1 Pre-MAVEN Observations

The composition and dynamics of the Mars ionosphere has been studied in two eras,
pre-MAVEN and post-MAVEN observations. The first observations of Mars' ionosphere
come from the Mariner 9, Mars 4/5 and Viking 1/2 missions, where they obtained electron
density and total electron content measurements. After these, the Mars Reconnaissance Or-
biter (MRO) (Graf et al., 2005) and Mars Express (MEx) (Chicarro et al., 2004) missions
continued this legacy of radio occultations. These spacecraft determined the vertical struc-
ture of the ionosphere, and atmospheric probes determined that atomic oxygen ions (O%)
are most common at high altitudes, whereas molecular oxygen ions (O ) dominate near the
main layers.

MRO and MEx also determined significant variability in the ionosphere, associated
with large variations in the solar wind, atmospheric dynamics and composition, and the

influence of crustal magnetic fields. They were able to observe the compression of the
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dayside ionosphere, where the topside could be pushed by the solar wind down to altitudes
of 250 km, or in quiescent periods extend as high as 650 km (Withers et al., [2012). The
topside ionosphere was shown to be variable, with some profiles exhibiting smooth vertical
extent, and some profiles showing wavelike behavior (Withers et al., [2016]).

The nightside lacks sunlight necessary to ionize the atmosphere, and in the absence of
any other production source, the ionosphere should disappear within minutes of becoming
shaded. This is not observed, and remains an outstanding issue in Martian ionospheric
science (Fowler et al. 2015). Two suggested significant processes are day-night transport
and electron precipitation, the former describes ions swept from the dayside to the nightside
by horizontal neutral winds and the latter describes electrons that travel down open field
lines and crash into the atmosphere. Because these processes are not uniform in their effects,

the nightside ionosphere can be patchy and inconsistent spatially and temporally.

1.4.2 Modern Observations

In an attempt to determine the effect of the ionosphere on the loss of Mars' atmosphere
and its effect on habitability, the MAVEN spacecraft is equipped with a particle and fields in-
strument suite. The primary in situ instruments for ionospheric observations are the Neutral
Gas and Ion Mass Spectrometer (NGIMS) (Mahaffy et al., 2015) and the Langmuir Probe
and Waves (LPW) (Andersson et al., 2015a)), which detect ions and electrons, respectively.

The primary ion in Mars' dayside ionosphere is Oj (Figure , which is the product
of a number of reactions, leading to its dominance in the main ionosphere (Figure .
Neutrals, such as Ny, COs, O, and O,, become photoionized, and in the case of CO,, may
become photo-dissociated to OF. These ions then undergo ion-neutral reactions, such as N
with Oy, COF with Oy, OF with CO,, to all produce OF . Moreover, NJ may charge exchange
with CO,, then that new ion with O, and then that new ion with O, to also produce O3 .
Electron dissociative recombination destroys OF and creates O+0, a process that is sensitive

to the electron density and temperature. At low altitudes, OF lifetime to recombination is
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long enough that it can create NO™*, which is the dominant ion at low altitudes.

1.5 The Imaging UltraViolet Spectrograph

MAVEN's remote sensing instrument for studying Mars' upper atmosphere is the Imag-
ing Ultraviolet Spectrograph (IUVS) (McClintock et al., 2015). This instrument observes in
the far and middle UV (110-190 nm and 190-340 nm) in separate channels, and measures
atmospheric emissions from COs,, its dissociation and ionization products as well as atomic
and molecular species such as O and N,. The instrument uses a scan mirror to construct
vertical profiles of emergent radiation from the atmosphere at the limb. We used TUVS to
construct images of the hydrogen coma of comet C/2013 A1 (Siding Spring) days before its
close encounter with Mars. We also used observations of the atmosphere from the periapse
segment of each orbit, where IUVS produces limb scans over the altitude range 90-250 km.
Each orbit, IUVS takes up to 12 limb scans in a 22 minute observation period spanning 45
degrees around the planet. MAVEN's elliptical orbit precesses about Mars on timescales of
months to provide complete coverage of the planet. Data processing techniques are outlined
in detail in previous MAVEN/IUVS papers (Crismani et al.; 2015; Schneider et al., [2015b}
Jain et al., 2015; [Evans et al., 2015} Stevens et al| |2015; Crismani et al., 2017b) and all data

used herein are available on the atmospheres node of the NASA Planetary Data System.

1.5.1 Instrument Characterization

For completeness and as a tool for those who use this data in the future, we will describe
the important aspects of its capabilities and performance. During the cruise phase of the
mission, we observed interplanetary hydrogen (IPH) and UV-bright stars to characterize the
instrument performance, as well as determine our absolute calibration. The analysis of this
work allowed us to create an uncertainty model for each pixel described in Section [1.5.3]

The instrument can construct images by scanning a mirror that moves the position

of the slit on the sky within our fields of regard (FOR). There are two primary FOR (limb
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Limb FOR

Nadir FOR

Figure 1.11: The IUVS nominal optical schematic. The relevant optical components are
labeled with letters: SM—scan mirror, T—telescope mirror, S—spectrograph entrance slit,
M1—spectrograph collimator mirror, N—mnormal incidence grating, M2—spectrograph cam-
era mirror, SPT—beam splitter, MUV—MUYV detector, and FUV—FUV detector. From
(McClintock et al., 2015)
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and nadir), contained by baffles, that allow IUVS to image large sections of the sky without
moving the spacecraft. The slit is long and narrow, measuring 11 x 0.06 degrees, and the
two FOR are 24 x 12 and 60 x 12 degrees, respectively. The data are taken in the form
of two—dimensional images, with the horizontal axis corresponding to wavelength, and the
vertical axis representing spatial position along the slit (Figure .

The detector is comprised of three main parts, the intensifier, the fiber optic taper
and the complementary metal-oxide semiconductor (CMOS) detector. The intensifier uses
a photocathode that converts UV photons into photoelectrons, which are then accelerated
onto the microchannel plate where these electrons generate a burst of visible photons. The
photons from the phosphor are coupled through fiber optics to the CMOS array. The CMOS
detector uses 1024 amplifiers, for each row and column (1024 x 1024), to readout. Each pixel
is then addressed by pixel in a row, one row at a time, such that there is no global reset for
the detector.

The optical path for the observing modes used in this work are shown in Figure [1.11]
Light enters either of the ports (limb or nadir) and is directed by the scan mirror (SM) to
the telescope mirror (T). After hitting the collimating mirror (M1), the light is dispersed
into two orders off of the normal incidence grating (N) (1st order: 180—340 nm and 2nd
order: 110—190 nm). The spectrograph camera mirror (M2) then reimages the beam and
then the beam is split by a fused silica, area-division beam splitter (SPT). The beam splitter
transmits wavelengths greater than 180 nm and reflects first and second order light toward
the FUV detector. While the MUV's image intensifier has a cesium telluride photocathode,
the FUV's photocathode is cesium iodide, which is less sensitive to photons with wavelengths
larger than 200nm. This allows the FUV to detect second order wavelengths and exclude

most MUV radiation emitted by the atmosphere and reflected solar continuum.
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Figure 1.12: (Left) The FUV detector of the instrument, with second order Lyman-a on
the left, and third order on the right. Since interplanetary hydrogen fills the slit, the image
of the slit is projected on the detector, with the large keyhole at the top where the stellar
observation was targeted. The thin green rectangle on the left indicates the region between
the keyholes we use to analyze spectral emissions. The larger green rectangle is the region
described in Figure (Right) Stellar observation that determines the location of the
star within the keyhole, which are distinct from the observations shown on the left. The
star is spread by the instrument point spread function, and the tilt toward the right of the
image is due to the fiber optic coupling. These observations are the high spatial resolution
complement to those described in section m
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1.5.2 Cruise Observations

To characterize the gain and noise in the instrument, we measured the instrument vari-
ance when subjected to an assumed temporally constant source. We constructed a measure
of variance in stellar targets by repeated observations without changes to the observation
parameters or instrument. We chose the SOLSTICE stars, Bet Cen, Alp Cru, and Bet CMa,
as they are well characterized in the same wavelength region of the instrument. Throughout
the majority of cruise we were able to observe IPH in order to understand the characteristics
of the detector in space. These observations led to the characterization of some features in
our data not seen in the lab, from cosmic ray hits, to “measles”, discussed in section [1.14]
Cosmic ray hits appear as large streaks on the detector, whose shape vary from circular to
very elongated and have varying intensity.

In order to confirm that we were obtaining all of the light from the star, we placed the
stars in the large keyhole, verifying the pointing accuracy requirements by inspection. Taking
28 subsequent images of short exposure time and low voltage, we were able to minimize the
presence of cosmic ray hits, with the interpretation that the variance we observed was likely
due only to the Poisson noise of our target. Given the gain inherent in the detector, the

relation between signal and associated noise is modified as in McClintock et al.| (2015):

0O =/ GNDNS (11)

where o is the noise on a detector element, G is the gain of the detector, Npy; is the intensity
on that detector element given in digital numbers (DNs).

In sampling the spectral range of our observations, we are also sampling different levels
of brightness, and from this, can construct a list of mean values at various brightnesses. After
measuring their standard deviation from this mean, we plot the mean value at a brightness
against its standard deviation, and note that there is good agreement with a square root fit

as shown in Figure and by Equation [I.1} This is valid under the assumption that the
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variance of the detector is not a function of wavelength.

Immediately after analysis of the first data sets, a low—level detector background was
noticed. This background looks like measles on the detector that are not constant spatially or
temporally, and not attributable to individual hot pixels. They are a function of integration
length, and longer images tend to have more of them than shorter ones. The instrument
creates photon splashes from a single UV photon, and this is observed as correlated pixel
intensity in bins smaller than eight pixels on a side.

Taking the difference of two subsequently collected dark frames, we can characterize the
distribution of values that fall on the detector with the histogram found in Figure [I.14 We
find the differenced dark has a mean consistent with zero DN. Unlike dark noise, data with
measles have a mean above zero suggesting a low level of background light is encountering
the detector. By characterizing the noise they contribute to a frame, we can account for this

in our uncertainties model.

1.5.3 Data Statistical Uncertainties

From the cruise observations, we can construct a simple model for the uncertainties of
the data. The data is already dark subtracted, and presented in units of DN, with calibration
to physical units described later. There are two dominant sources of noise for this data
then: Poisson noise associated with the source and background noise, a blanket term for
the measles, and all the sources of noise prior to this level of processing (dark current, read
noise, quantization noise, and intensifier excess noise, see McClintock et al.| (2015))) These
dominant sources of noise are added in quadrature, and the prescribed random uncertainty

given to a pixel is described by:

0= \/GNDNS + O-l?ackground (12)

where Opackground is noise from measles, and with other variables defined as in Equation .
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line is a differenced dark. Note the mean of the red line is greater than zero. (Right) This
is the region in Figure|1.12| outlined by a large green rectangle, rescaled to demonstrate the
relative lack of pixels whose values are negative or zero.
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In practice, the instrument changes voltage, integration time, and the binning size of

pixels so we developed a general framework to describe the uncertainty for a given data bin.

We determined the gain from the data, and expect it to be solely a function of voltage, which
is true to precision we require. The functional form of this relation is given by:

cwvy= I (1.3)

50

where V' is the voltage and f is the constant derived from the data at a given voltage Vj.
The background noise was observed to be a function of voltage, integration time and

bin size. The bin size approximation is invalid for high resolution binning, as the instrument

has correlated errors between pixels due to photon “splashes” in the photo-intensifier. We

describe the uncertainties generally with:

f 0 tn ixels
O-DNS(V7 t, npixels) - NDNS vo(iv + ( vo(iv peel )2 (14)
2750 275 tono

where t is the integration time, n is the number of pixels, and the subscript 0 indicates the

reference value from which we made and tested this model.
With the per pixel errors prescribed as above, we subsequently ask what the error over
a spectral feature is by simple error propagation. Since we sum the signal spectrally, we add

the uncertainties in quadrature with:

02 = 22012 = G(EiNDNS,i) + Nio—l?ackground? (15)

where i is the spectral bin index. This work was incorporated into the IUVS data processing
pipeline and forms the basis of the random uncertainty calculation of the levellb processing
step. Since the conversion from DNs to physical units is done with a calibration factor over
the integration time, we can use a fractional uncertainty to convert the DN uncertainty into

physical units.
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1.5.4 Multiple Linear Regression

Spectral emissions from atomic and molecular species can be distinguished by the
method of multiple linear regression (Stevens et al. [2011). Linear regression assumes that
the relationship between the observation or data and spectral emitters may be considered to
be linear. This requires a model of the spectral emitters, and that their line shapes do not
change with intensity or time. As each emission can be modeled and compared to laboratory

measurements, an observed spectrum may be described by:

where [ is the intensity of the spectrum at a given wavelength A\, which is comprised by
¢, a constant offset due to the instrument, and the linear combination of the product of
intensities of relevant species (denoted by i) and their relative contribution (ay).

We use the IDL “regress.pro” routine to determine these intensities, with spectral tem-
plates drawn from a library of emissions appropriate to the Martian atmosphere. These
templates include CO,, CO, Ny, O, Mg, Fe, and their appropriate ions, multiplet, or band
systems (Figure . Other than the solar template, the spectral retrieval templates are
created from a model spectrum for each species using their respective line positions and
atomic constants for resonant scattering, which is then convolved with the line spread func-
tion of the instrument. In both channels, the line spread function has a width of close to four
pixels, which can be observed in our finest resolution binning (1024 x 1024). Uncertainties
from the detector are propagated through this routine, and are co-added in the standard way
when binning emissions by altitude. We have verified that this propagation is commutative
by comparing the signal to noise of bright and faint emissions, binned in altitude before and
after using multiple linear regression. The commutation property of this error propagation
suggests that the uncertainties determined by the multiple linear regression technique are

uncorrelated.
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Figure 1.15: Model templates of all identified atmospheric and metallic emissions considered
by this work. This figure is separated into three panels for clarity.
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Figure 1.16: (Top) IUVS data (black dots) is compared to a composite fit of typical airglow
emissions in the absence of metal emissions (blue), and in their presence (red). From left
to right, there are four notable mismatches to these fits. See text for further discussion.
(Bottom) The difference from the IUVS data and the blue fit above gives the residual
(black), compared to a fit of metallic emissions (red). While Mg at 285 nm appears to show
a positive identification, this is actually better modeled by an unknown airglow feature as

in Figure [I.17]
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Most spectral templates are constructed from theoretical calculations which are verified
by laboratory measurements, however there are some notable discrepancies relevant to this
work. There are several positive residuals in Figure [1.16] indicative the CO Cameron band
model has discrepancies in the relative peaks and features which have not been captured.
Specifically, there are features at 233, 240, and 244 nm which underestimate emission and a
feature at 260 nm, which overestimates emission. This overestimation occurs at the location
of a spectral feature of Fet, where the multiple linear regression code attempts to fit a
negative emission to address this, which is clearly unphysical. These emissions are removed
from the data during retrieval of metal emissions during the comet Siding Spring era by
comparisons with observations taken before comet Siding Spring.

The features at 280 and 285 nm from Figure are the “persistent layer” of Mg™
(Chapter [4)) and an unknown airglow feature, respectively. The COj Ultraviolet Doublet
demonstrates a shoulder on the short wavelength side of the emission which is well correlated
with the airglow peak, but not seen in laboratory studies (Figure and which overlaps
the Mg 285 nm emission. We remove the shoulder emission by fitting the residual near the
airglow peak with a double gaussian of fixed width and heights.

The location of the spectrum in wavelength space must be determined from the data,
as it has been observed to move spectrally, varying by both spatial bin and scan. The reason
for this is not known exactly, and we have compared detector and instrument temperature
with this shift without finding a strong correlation. We observe this in the FUV and MUV,
however the shifts appear to move in the opposite direction, indicating this may be a function
of the beam splitter position relative to the detectors (see SPT in Figure . We determine
the MUV wavelength scale by fitting the COJ Ultraviolet Doublet (UVD) at 290 nm, which
can be observed on the dayside (at solar zenith angles less than 110) near the airglow peak.

The solar template has a significantly different spectral shape than observed in the
Sun's photosphere (Rottman et al., |2006), and it is necessary to construct a template from

observations of Mars' atmosphere instead (Figure [1.18). The difference in spectral shape
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Figure 1.17: (Top) IUVS data (black dots) is compared to a composite fit of typical airglow
emissions in the absence of this unknown airglow feature (red), and in its presence (blue).
See text for further discussion. (Bottom) The difference from the IUVS data and the red fit
above gives the residual (black), compared to a double gaussian fit of this unknown feature.
This emission is well correlated with the airglow peak, and does not match the spectral shape
expected for the Mg 285 nm emission.
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Figure 1.18: In both images the intensity is normalized to unity, and the data is represented
in DNs, demonstrating that the TUVS sensitivity falls off with long wavelengths. (Top)
Comparison of the MUV SORCE solar spectrum (blue) to that observed by IUVS (black).
(Bottom) Comparison of the MUV data derived solar spectrum used as a template (red)
to that observed by IUVS (black).
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is likely due to scattering of dust in the Martian atmosphere, which appears bluer than
SORCE. We construct the solar template using high resolution observations, taken in the
limb observing mode with tangent points below the airglow peak, which can be compared

to observations of the disk and SORCE spectrum.

1.5.5 Density Retrieval

Spectral emissions are co-added by altitude to create vertical profiles of atmospheric
species. For optically thin emissions, it is valid to approximate the emission as occurring in
a circularly symmetric fashion, where the emission represents an integrated column density
along a straight line of sight tangent to the planet's surface (Figure. The Abel transform
for intensity along a line of sight where solar extinction and deactivation are negligible

everywhere is then described by (Chamberlain and Hunten, [1987):

n(y) = h N(x)dx
0. ar

= 2N(y)ye" " K\ (y/H)
where N is the column density along the line of sight, n is the density at the tangent point,
H is the scale height of the atmosphere, y and = are defined in Figure and K is the
modified Bessel function of the first kind. To determine the column density, it is necessary
to use the emission's g-factor which relates the intensity of an optically thin emission to a

column density (Dymond et al., [2003)):

Anl =10"%gp ju N (1.8)

where 471 is the column intensity (given in Rayleighs, where 107% converts this appropri-
ately), g is the g-factor, N is the column density in cm~2. We define the g-factor, which is

a measure of the scattering efficiency of the absorber as:
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where mF (A j) is the solar flux at the relevant wavelength, J” is the oscillator strength, e

ZnJ”WF(/\J’vJ”)Ai’,J”fJ’J” (19)
J//

gyan =

is the electronic charge, m is the electron mass, c is the speed of light, A ;» is the Einstein A
coefficient, n» is the population of the ground state relative to the total ground, and .J' and
J" are the total orbital angular momentum quantum numbers for the levels of the excited and
ground states. These approximations are invalid in the presence of optically thick emissions,

and require full radiative transfer retrievals to determine their density (Evans et al., [2015).
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Figure 1.19: A geometrical interpretation of the Abel transform in two dimensions, where the
observer views along I, and r is the distance from the planet's center to the parcel integrated
along. This integration then occurs along the entirety of the x line to give the intensity at a
height, y.
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1.6 Outline of this work

In detailing the work carried out by this thesis, four manuscripts roughly shape each

of the following chapters:

e Chapter 2 describes the gaseous coma of comet Siding Spring, and the cometary
gases delivered to Mars as they passed one another. These observations are used
to constrain the total delivered gaseous mass and the implications for observable
perturbations to the upper atmosphere. This work was published as |Crismani et al.

(2015).

e Chapter 3 describes the metals ablated in the upper atmosphere of Mars as it passed
through the debris stream of comet Siding Spring. In particular, we focus on the
chemical and dynamical evolution of these ions and neutrals and use this perturba-
tion to investigate new chemical and physical processes. This work will be published

as (Crismani et al., in Prep.).

e Chapter 4 describes the ablation of sporadic interplanetary dust particles in the
upper atmosphere of Mars, distinct from those due to any shower. This ablation
forms a persistent layer, which we use to determine the quiescent meteoric chemistry,
constraints on meteor shower fluxes, and the total flux due to the interplanetary dust

environment. This work was published as |Crismani et al. (2017b)).

e Chapter 5 first summarizes this work and then describes its implications, from its
impact on the debate of source of CHy near the Martian surface, implications for un-
derstanding previous observations of transient ionospheric layers, and improvements
necessary to ionospheric, meteoric chemistry, and transport models. The impact of
this work on the Martian methane debate was published as Crismani et al.| (2017a)).
The impact of this work on transient ionospheric layers will be detailed in a paper

that is currently in preparation.



Chapter 2

Gas from Comet Siding Spring

2.1 Introduction

The Mars Atmosphere and Volatile EvolutioN (MAVEN) mission is the first to study
the evolution of the Martian atmosphere by determining the drivers and effects of atmo-
spheric loss to space (Jakosky et al.l 2015b). Although the interaction of Mars and the
gaseous coma of a comet, an event predicted to occur only once in 100,000 years (Ye and
Hui, 2014), was not expected during the MAVEN mission, on October 19, 2014, comet
C/2013 A1 (Siding Spring) (McNaught et al.| 2013) approached within 141,000 km with a
velocity relative to Mars of 56 km/s. Because the delivery of mass and energy from im-
pacting cometary dust and gas is in many ways analogous to impulsive solar events that
MAVEN was designed to observe, the spacecraft was well positioned to investigate this rare
occurrence.

While observations of comets are useful in a broader scientific sense, these observations
had a more direct role on MAVEN's primary mission. While the observations were still being
planned, the size and production rate of the comet were not determined and the effect on
the atmosphere was not well constrained. In order to make sure the subsequent atmospheric
measurements were useful and could be interpreted, it was necessary to study the perturber,
as well as the state of the atmosphere before and after closest approach.

Some effects of impacting dust have been reported by Schneider et al. (2015b) and

Benna et al| (2015), who detected ablated metals in the atmosphere, but the effects of
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impacting gas are subtler as gaseous species abundant in comets are naturally present in the
Mars atmosphere. MAVEN observations of the comet's coma obtained before the closest
approach, however, can be used to determine the mass of impacting gas, which is the most
critical quantity in interpreting possible impact-related atmospheric changes.

We use direct measurements of spatially resolved hydrogen brightness and a robust
cometary model to determine the comet's water production rate and therefore quantify the
flux of cometary gases on the upper atmosphere. Water is responsible for the majority of
the mass in the gaseous coma, but there are no features in the ultraviolet (UV) or visible
spectrum; we therefore use UV observations of hydrogen as an available proxy. OH is a
dissociation product of water, and is observed in cometary coma, however, our observations
were not sensitive enough to be able to detect the band emissions of OH near 308 nm.

Using models that describe the production and destruction of chemical species, as well
as providing an accurate description of their motions, one can derive the production rate of
important volatiles. As water is the most abundant species in the gas coma (Combi et al.
1998), understanding its abundance is paramount to informing comets' chemical composi-

tion.

2.2 Observations and Data Analysis

2.2.1 Observing Details

Our observations use MAVEN's Imaging Ultraviolet Spectrograph (IUVS), which de-
rives atmospheric properties through spectroscopic measurements of UV emissions from at-
mospheric gases (McClintock et al.| 2015). The data are taken in the form of two—dimensional
spectrograms, with the horizontal axis corresponding to wavelength, and the vertical axis
representing spatial position along the slit, which is 11 degrees tall and 0.06 degrees in the
spectral direction. By rotating a scan mirror that moves the position of the slit on the sky,

we are able to create data cubes with spatial information on two axes and spectral on the
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third. We used the Far UltraViolet (FUV) channel that covers wavelengths between 115
and 190 nm, has a spatial resolution along the slit of 0.8 arcmin/pixel, a spatial resolution
across the slit of 3.6 arcmin/pixel, and a spectral resolution of 0.6 nm. Using the Lyman-«
emission from hydrogen at 121.6 nm, we construct images of the comet by summing over the
spectral width of the line and arranging the measurements according to projected positions
on the sky. The spectral and spatial binning is shown in Table 2.1} the projected spatial bin
size is a function of the comet's distance from Mars.

IUVS observed Siding Spring once on October 14th, 2014 and three times on October
18th, 2014. Each observation was comprised of 36 scan mirror positions and an integration
time of 60 seconds in each position. Between integrations the line of sight moved by single
slit widths (3.6 arcmin) perpendicular to the slit's long axis, except for the observation taken
on October 18th, 2014 06:00:32 UTC, where we moved it by 5 slit widths (18 arcmin) to
increase coverage on the sky. The comet was moving almost directly toward Mars at the
time of the observations, so despite the high relative velocity (56 km/s), the apparent motion

on the sky is negligible compared to the spatial resolution of our images.

2.2.2 Data Processing

Dark frames taken at the beginning and end of each observation were used to subtract
dark current. The data were then converted into kiloRayleighs per nanometer, a standard
unit of brightness used for airglow (Barth et al. [1971b). Stellar calibration was performed
using UV-bright stars (Bet CMa, Bet Cen, and Alp Cru (Snow et al.; 2013)) however, there
are differences in our observed brightnesses with previous measurements of the Martian
hydrogen corona and interplanetary hydrogen. Comparison with Hubble Space Telescope,
and other Lyman-« observing instruments, such as Mars Express/SPICAM (Bertaux et al.
2006)), SORCE/SOLSTICE (McClintock et al.l [2005blja)), and SOHO/SWAN (Bertaux et al.
1995)) indicate a discrepancy of order 20%. To account for this, we reduced our intensities

with a model scale factor of ~1.2 as this allows appropriate comparison with other observa-
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Table 2.1: Information for the four observations of comet C/2013 A1(Siding Spring). Spatial
bins are constructed by binning pixels along the length of the slit, and the spatial resolution
below reflects this binning. The data have been publicly archived at the Planetary Atmo-
spheres node of the Planetary Data System (PDS); to retrieve these files use the filename
from the footnote.

Observation Date Mars-Comet Hours Before Angular Resolution Number of
& Time (UTC) Distance (106 km)  Closest Approach ~ Width (deg) Spectral (nm) Spatial (")  Spatial Bins
Oct 14, 2014 11:33:321 25.56 126.8 2 1.2 96 75
Oct 18, 2014 03:02:402 7.95 39.4 2 1.2 190 37
Oct 18, 2014 05:20:213 7.54 37.1 2 1.2 190 37
Oct 18, 2014 06:00:32* 7.34 36.4 10 1.8 190 200

Imvn_iuv_11b_APP1-orbit00087-mode0821-fuv_20141014T113335_v02_r01
2mvn_iuv_l11b_comet-orbit00106-mode0021-fuv_20141018T030240_v02_r01
Smvn_iuv_l11b_comet-orbit00106-mode0022-fuv_20141018T052021_v02_r01
4mvn_iuv_l1b_comet-orbit00106-mode0041-fuv_20141018T060032_v02_r01
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tories and assigned a 25% systematic error. This affects our retrieved water production rates
and inferred masses, as these are directly proportional to the assumed model scale factor.

The cometary hydrogen signal lies on top of a background from interplanetary hydrogen
plus a substantial foreground from the Martian hydrogen corona. We model and subtract
these signals to find the distribution of cometary hydrogen across the sky. We use the
model described by Chaffin et al. (2014} [2015), developed for IUVS to characterize the
Martian hydrogen corona, the model of |Lallement et al.| (1985) to compute the interplanetary
hydrogen background and the model of Tenishev et al.| (2008)) and references therein to model
the cometary coma. We simultaneously fit the data to the foreground and radial cometary
models by the method of minimum x?, and find agreement with nominal coronal parameters
within 5%. The foreground signal is the dominant signal in most of the images (Figure [2.1)),
and this subtraction leaves a majority of pixels with a uniform uncertainty of ~30%.

The foreground model assumes spherical symmetry, but as described in (Chaffin et al.
(2015)), the hydrogen corona is at least slightly asymmetric and this creates an excess of neg-
ative values, shown as darker pixels in Figure far from the nucleus (>500,000 km). We
exclude distances greater than 200,000 km in this analysis for two reasons: the foreground
model is insufficiently precise to distinguish whether the source of this signal is cometary or
coronal, and the cometary signal at these distances is so weak that we cannot reliably dis-
tinguish it from detector noise. This distinction does not greatly affect the fitting process as
the exclusion of data >200,000 km from the nucleus changes the estimated water production
rate by 1%. The location of the nucleus is determined by coincidence of the brightest pixel
in the image with the ephemeris reported by JPL| (2015), and from this we produce radial
profiles of hydrogen by averaging the data into spatial bins detailed in Table effectively
reducing the random uncertainties for each bin to ~5%.

Correcting for the Martian and interplanetary hydrogen components, the measured
brightnesses were converted into column densities using the appropriate g-factor (Chamber-

lain and Hunten| [1987)). The observed radial profile from October 14th, 2014 (Figure
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Figure 2.1: Images of comet C/2013 Al (Siding Spring), taken on Oct 14th and 18th,
corrected for dark current, foreground and background signals. A white star shows the
approximate location where Mars encountered the gaseous coma. The images are oriented
with increasing RA and declination aligned along the white arrows. The direction of the Sun
and Mars is shown with a yellow and red arrow, respectively. The slit is aligned horizontally,
and the vertical axis spans the range of mirror motion on the sky.
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within 50,000 km deviates from the best-fit model, but the inferred water production rate
for this observation is within 10% of the subsequent observations, and therefore we do not
include this as a distinct measurement. Due to an incomplete foreground subtraction rather
than any cometary effect, the radial profile from October 18th, 2014 3:02 UTC is also sta-
tistically different from the model at distances greater than 150,000 km, shown as an excess

of bright pixels near the top of the second image in Figure [2.1]

2.3 Analysis and Results

2.3.1 Cometary Gaseous Production

We estimate the total mass of water and its daughter species that impacted Mars using
the observations of hydrogen column density from Figure 2.2l Comparing the measured
hydrogen content with a distribution derived from the model of [Tenishev et al. (2008) we
find a water production rate of 1.1 4 0.5 x 10%® molecules/s, and from this calculate column
densities swept up by Mars during the encounter (Figure . The mass from COs delivered
to Mars may be an important perturbation to gaseous species in the upper atmosphere, and
as CO, radial profiles cannot be directly derived from H, we use reported CO, production
rates from [Stevenson et al.| (2015) taken one month before the encounter.

We predict column densities of water and its daughter species using a fully kinetic
Adaptive Mesh Particle Simulation model (Tenishev et al.; 2008; Combi et al. [2012; Fougere
et al., 2012, 2013 Fougere, [2014). This enables us to model the full coma of Siding Spring,
including regions where collisions are not sufficient to maintain a fluid regime. This technique
uses the gaseous production rate and heliocentric distance as inputs, and produces radial
profiles that we compare against observations. Systematic differences among various mea-
sures of water production rates normally fall in the range of 25 - 50%, owing to differences
in calibration, background subtraction, model assumptions and model parameter uncertain-

ties and we adopt a conservative systematic uncertainty of 50%. Although the model used
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Figure 2.2: Radial distributions of the observed hydrogen column densities for each of the
four observations. Constant width binning of annuli centered on the nucleus produced these
azimuthally averaged radial profiles. These observations are fit to a model, described herein
and shown in black. The 1-0 error bars represent the variation derived from the photon
statistics of the detector.
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Figure 2.3: Modeled line of sight column densities the major gaseous species derived from
the model of [Tenishev et al. (2008)). The black line shown here for hydrogen corresponds to
the same line in Figure 2.2 but the vertical scale is now logarithmic.
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includes the expected detailed spatial and velocity distributions of H atoms produced by
photodissociation of HoO and OH, we also used a simple Haser model (Haser, 1957) with
an average radial velocity — which yielded a consistent result to within the measurement
uncertainty.

The sublimation of water and subsequent photodissociation into OH, O, and H de-
scribed by this model infer fluxes of mass and energy as shown in Table 2.2l The H profile
results from the progressive dissociation of HoO and OH into its constituent atoms which
happens continuously as the gases flow outwards. Our results broadly agree with the work
of Bodewits et al.| (2015), with differences in relative abundance of daughter species due to
a difference in modeling methods: spherically symmetric radial outflow Haser model (see
Bodewits et al.| (2011))) versus direct simulation modeling, presented here. As ionization and
chemical processes will affect these species during deposition, this discrepancy is unlikely to
be discernible in subsequent atmospheric observation.

The radial profiles we obtained days in advance of the encounter can be used to estimate
the impacting gas mass at the time of closest approach, on the assumption that the profile
is steady state, smoothly varying and azimuthally symmetric. The region of interest in the
gaseous coma lies far enough from the comet that asymmetries due to ejection and rotational
variations are smoothed, but close enough that radiation pressure does not appreciably affect
the coma (Combi et al.,|2000). Given the small change in heliocentric distance over this time

span, no significant temporal variability of sublimation or dissociation is expected.

2.3.2 Martian Atmospheric Effects

The total mass of impacting gas is 2.4 4 1.2 x 10* kg and is larger than the total
impacting dust mass, 16,000 kg, determined by (Schneider et al.,|2015b)). However, cometary
gases shown in Table are unlikely to cause significant mass perturbations in the upper
atmosphere. Molecules are expected to dissociate upon entry into the upper atmosphere and

we can compare the combined mass of O, C, and H from all parents to the ambient density
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Particle Flux Column Energy Density  Mass

(107 ecm™2 sec™) (erg cm™2) (kg)
H 7 7 160
O 20 300 6900
OH 19 310 7000
H,O 12 200 4600
CO,! 5 210 4900
Total 1000 24,000

"Derived from CO, production rate of Stevenson et al.| (2015)).

Table 2.2: Impacting fluence of mass and energy for gaseous species from comet Siding
Spring. The fluxes are determined using the total impacting model column densities by
species averaged over the encounter, where we used a nominal encounter time of 60 minutes
(see|Yelle et al.| (2014]) for details). Values derived from water are valid within 50% (see text
for discussion).
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at the predicted penetration depth (~155 km (Yelle et al., |2014)). The observed cometary
oxygen column is equivalent to the amount of oxygen in a 200 m layer of Mars atmosphere at
155 km (Bougher et al., 2015b). Compared to the mass of oxygen above this altitude, we find
this is a perturbation of order 1% and, so far, unobservable in the IUVS atmospheric data.
As carbon dioxide and carbon monoxide are dominant species in the Martian atmosphere,
cometary perturbations to these species are unlikely to be detectable. However, atomic
and ionized carbon densities are extremely reduced in comparison, and analysis is underway
to determine whether perturbations to carbon are observable by IUVS. The majority of
cometary hydrogen delivered to Mars comes from dissociation of HoO and OH upon entry
into the atmosphere, and the delivery from atomic hydrogen is ~6 times smaller. Cometary
hydrogen delivered to the planet from water and its products is 3.4 + 1.7 x 10'? atoms/cm?
which is comparable to, but smaller than, the abundance of hydrogen at Mars above 150 km
(Krasnopolsky, [2002; |(Chaufray et al. 2008)). However, this mass perturbation is difficult
to find in subsequent atmospheric observations as the Lyman-a emission from hydrogen is
optically thick and doubling the density does not double the observed brightness.

These observations and analysis of early atmospheric data from IUVS allow us to
determine the energy delivered to the upper atmosphere and its penetration depth. Water
traveling at the relative speed of 56 km/s carries a kinetic energy of 293 eV /molecule, and
will deposit oxygen and hydrogen in the upper atmosphere as it is stopped by collisions
with ambient species. For a water production rate of 10*® molecules/s (Yelle et al., 2014)
predicted impacting water and its daughter species should increase the temperature in the
upper atmosphere by 30 K. Temperatures derived from observed typical scale heights from
[UVS limb scans (Jain et al., [2015) before the comet encounter indicate the atmospheric
temperature may be 100 K larger than those assumed by (Yelle et al 2014)). The penetration
depth is sensitive to the assumed atmospheric temperature and this disparity indicates the
thermospheric effect would have occurred ~20 km higher than predicted. Further analysis

will be necessary to determine whether TUVS is able to detect this 10% perturbation as
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the work by |Jain et al.| (2015)) uses an exponential fit to derive scale heights, and ongoing
analysis will be able to produce temperature that is resolved in altitude. It is unlikely that
any perturbation to the thermosphere would be identified, as the Martian thermosphere
exhibits variability in scale heights from orbit to orbit. Comparisons with NGIMS is not

possible in this region, as the spacecraft did not go lower than 185 km for this time period.

2.4 Conclusions

Measurements of the hydrogen coma density allow us to infer the water production rate
for comet Siding Spring before its close encounter with Mars. We find a water production
rate of 1.1 4 0.5 x 10?® molecules/s by fitting observed radial profiles to predictions from a
robust cometary model. From this value, we are able to determine the total mass of gaseous
material that impacted Mars from water and its daughter species. The addition of O, OH,
and HyO at orbital velocities may contribute to an ionospheric layer at 150 km, however
such a perturbation would last on the order of minutes or tens of minutes before ionospheric
chemistry restored the ionospheric topside to normal.

We use inferred impacting gaseous masses to revisit and reconcile predictions, finding
agreement that the oxygen perturbation is negligible, prompting further work in the analysis
of carbon, and determining the hydrogen perturbation would be unobservable in the ITUVS
data. The prediction of a thermospheric response due to energy deposition in the upper
atmosphere is unchanged by these findings, however we posit that such perturbations should
exist at higher altitudes due to the difference between observed and predicted atmospheric

temperatures above 150 km.



Chapter 3

Dust from Comet Siding Spring

3.1 Introduction

On October 19th 2014, the dynamically new Oort cloud comet C/2013 Al (Siding
Spring) had a close encounter with Mars, passing within 141,000 km of the planet (McNaught
et al., 2013). On a retrograde hyperbolic orbit, the comet made its closest approach to
Mars at 18:29 UTC with a relative velocity of 56 km/s. In addition to gaseous deposition
(Crismani et al., 2015), ionospheric perturbation (Gurnett et al., 2015} |[Restano et al., [2015)),
and magnetospheric interactions (Espley et all 2015)), comet Siding Spring also deposited
16,000 kg of cometary dust (Schneider et al., [2015b; Benna et al., 2015) causing the only
meteor shower observed at another planet.

Ablation occurs as interplanetary dust particles collide with ambient atmospheric gases
at orbital velocities, leading to melting, vaporization, and the release of metallic atoms (e.g.
Mg, Fe, Na) in the upper atmosphere (Istomin) (1963} Anderson and Barth| [1971)). Terrestrial
ablation occurs at an altitude where the pressure is ~1 pbar, or 80-110 km, corresponding
to an average entry velocity of 15 km/s (Carrillo-Sanchez et al., 2016]). Terrestrial species
have been well studied and a model of ablation and subsequent evolution has been validated
for the Earth (Vondrak et al.; 2008). This understanding can be applied to comet Siding
Spring's Martian meteor shower, noting the increased relative velocity (56 km/s) and relevant
atmospheric chemistry.

Meteor showers are common at the Earth, however no significant enhancements in the
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terrestrial meteoric ion flux have been attributed to them (Grebowsky et al., [1998). This is
not surprising given the mass deposited by a meteor shower is considered to be negligible
compared to the sporadic background of ablating meteors (30-60 tonnes/day) (Plane, 2012).
While visible meteors are seen to be enhanced during meteor showers, the terrestrial metallic
ion layer is primarily composed of ablated particles with masses less than 1072 g, whereas
visible meteors are composed of particles of mass 1073 to 10* g (Flynn, 2002), and this latter
population contributes a minor mass fraction overall.

Comet Siding Spring's meteor shower is the exception due to its unusually high fluence,
16 tonnes in less than a day (Schneider et al.,[2015b), compared to the “persistent layer” from
sporadically ablating meteors (2-3 tonnes/day) (Crismani et al., 2017b)). For this reason, we
observed an large enhancement to the metallic ion layer, and were able to observe species
(Mg, Fe, Fe™) not typically observable in the persistent layer (Mg"). Although transient
ionospheric layers observed in the Martian atmosphere have previously been attributed to
meteor showers (Pétzold et al., 2005; Withers et al., 2008), Crismani et al. (2017b) shows
these are unlikely to be formed from meteoric ablation.

Comet Siding Spring's meteor shower dust predictions ranged from meteor storm
(Vaubaillon et al., 2014) to virtually nonexistent (Kelley et al. [2014)), with the [Schnei-
der et al| (2015b) observations falling closer to the storm end of this spectrum. Therefore
IUVS observations can resolve some characteristics of the stream from observations of the
aftermath of the meteor shower. Predictions suggest that dust ejected from the comet would
remain confined in a stream that lagged behind the comet in its orbit and intercept the
planet about two hours after closest approach (Tricarico et al., [2014)). The dust was ex-
pected to impact the hemisphere centered near the morning terminator close to the equator.
Maximum dust deposition was predicted to occur between Oct 19th 19:59 and 20:09, and to

last between 20 and 100 minutes.
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3.2 Observation and Data Processing

3.2.1 Observing Geometry

The Mars Atmosphere and Volatile EvolutioN (MAVEN) mission entered an elliptical
orbit around Mars on September 21, 2014, about a month before the comet encounter, with
a primary mission intended to study the upper atmosphere and the escape of its constituent
gases to space (Jakosky et al., 2015b). While designed to study the response of Mars' upper
atmosphere to solar influences (Jakosky et al 2015a)), it is coincidentally well instrumented
to observe this unique cometary interaction.

MAVEN's remote sensing instrument for studying Mars' upper atmosphere is the Imag-
ing Ultraviolet Spectrograph (IUVS) (McClintock et al., 2015)). This instrument observes in
the far and middle UV (110-190 nm and 190-340 nm) in separate channels, and measures
atmospheric emissions from COs, its dissociation and ionization products as well as atomic
and molecular species such as O and N,. In the periapse observing mode, the instrument
uses a scan mirror to construct vertical profiles of emergent radiation from the atmosphere
at the limb, over the altitude range 90 - 250 km. Each orbit, IUVS takes up to 12 limb scans
in a ~22 minute observation period spanning ~45 degrees around the planet.

The periapse segment of the MAVEN orbit was designed to provide geographic coverage
with similar observing conditions within about 5 orbits. For example, the geographical
(latitude and longitude) footprint of the spacecraft in orbits 109 and 114 are not significantly
different for our purposes. Periapse scans for the Siding Spring era begin at high latitudes
and move toward the equator, from latitudes of 50N to 5S and from local times of 10 to
14 hours as the scans move from West to East geographic longitudes. We distinguish scans
taken in the beginning or end of periapse as western or eastern, respectively.

To minimize potential risk to the spacecraft, MAVEN's orbit was phased to place the
spacecraft behind Mars (relative to the dust flux) at the predicted time of maximum dust

deposition. During this time, the spacecraft was commanded into a protective mode and
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IUVS halted observations. The Siding Spring era is comprised of observations that were
taken from orbit 109 (18 October 16:05 UT) to orbit 128 (22 October 07:49 UT), with the

exception of orbit 115, which was MAVEN's hiding orbit.

3.2.2 Spectral Emissions and Vertical Profiles

In Figure [3.1] we use IUVS observations of the Mars atmosphere taken after the comet’s
closest approach to identify two multiplets of Fe™ and Fe, the atomic Mg line, and the
previously observed Mgt doublet. The Mg™ line at 280 nm was detected in pre-encounter
observations and for the remainder of the mission as a persistent layer attributable to the
ablation of sporadic meteors (Crismani et al., 2017b)). MAVEN's NGIMS instrument (Benna
et al., [2015)) also detected Mgt and Fe' during the Siding Spring encounter, as well as
10 other ions. We report no detection of these other ions during this period, however the
expected brightnesses of these ions (not Mg™ or Fe™) would have been below TUVS' sensitivity
and therefore this result is not unexpected.

All metal emissions discussed herein are due to resonant scattering of solar UV pho-
tons, rather than direct excitation during ablation. The model spectrum for each species
was constructed using their respective line positions, atomic constants for resonant scatter-
ing, and the solar MUV spectrum (Smith et al., [1995; Dymond et al., 2003; Kelleher and
Podobedovay, 2008; [McClintock et al., [2005b; [Hearn et al., [1983). Metallic species bright-
nesses were extracted from a composite spectrum fit of ambient atmospheric gases through
multiple linear regression fits of independent spectral components, and subsequently co-
added by 5 km bins (Stevens et al.| 2011). Data processing techniques are outlined in detail
in previous MAVEN /TUVS papers [Schneider et al., 2015a, Evans et al., 2015, Stevens et al.,
2015, Jain et al., 2015, Crismani et al., 2017a].

Residual brightness is found in high SNR spectra from orbits 116-118 that suggest an
unresolved issue when comparing observations to expected multiplet shapes. This excess

brightness appears to be correlated with the multiplet shape of Fet at 238 nm and 260 nm
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Figure 3.1: (Top) IUVS spectrum (black) taken after the close approach of comet Siding
Spring, compared to two model spectra: (blue) ambient atmospheric species (CO, COy+,
N2, etc.) with scattered solar continuum from the Martian surface, and (red) the addition
of ablated metallic species (Mg™t, Mg, Fe™, and Fe). This data is the result of a 4.4 second
integration co-added over the 10 degree slit at 115 km altitude. Error bars are constructed
from the Poisson noise of the detector. (Bottom) The difference between the IUVS data
(black, top) and the ambient species (blue, top) gives the residual (black, bottom) to which
the metallic species are fit.
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(indicated by green ? in Figure , indicative that discrepancies may exist between mea-
sured and observed atomic constants (Ralchenko et al., 2005), or some other unexplained
phenomenon. This excess brightness is seen in most scans and altitudes where Fe™ can be
observed, is strongest near 110 km, and does not correspond to any other reasonable metallic
emission.

At their peak altitude, all observed metallic emissions after initial deposition are opti-
cally thick at line center, from 7 = 15 to 60 for various emissions (Table . The absorption
cross section is tabulated for the strongest line in a multiplet (e.g. 238 nm for Fe™, 279 nm
for Mg"), and compared to their respective column density derived from an inversion of
IUVS' brightnesses. Emissions are expected to be optically thin well above the peak alti-
tude, however near the peak and below, we use an Abel transform to retrieve the shape of
the emission (Chamberlain and Hunten) [1987). While this is unsuitable for deriving absolute
densities, for the purposes of this work, we rely only on the relative shape and presence of
other species, and infer no additional information from the absolute densities. A more sub-
stantial treatment of Mgt was achieved in Schneider et al. (2015b) and a similarly rigorous
treatment is applied to Mg, Fe™, and Fe in Plane et al., [2018].

Careful attention has been paid to determine whether variations in emissions' vertical
profiles or horizontal distributions are the result of random or systematic errors. We use
the strong correlation in brightness between adjacent slit elements and from scan to scan to
conclude that random noise cannot produce these observations (Figure [3.2). We have also
compared these profiles to other retrieved emissions, such as the COJ Ultraviolet Doublet
and the reflected solar continuum, which are produced by photodissociation or reflection
from dust in the lower atmosphere, respectively. That these emissions demonstrate differing
vertical profiles indicates a different production process, and suggests these emissions are
not the result of a systematic error in data processing.

The results of Schneider et al. (2015b) used the preliminary radiometric calibration

available at the time. This work uses the updated calibration made possible by more ex-
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tensive stellar calibration and cross-calibration with the Mars Express SPICAM instrument
(Leblanc et al.,|2006). The revised calibration places observed brightnesses near the high end
of the range reported previously, and removes the systematic uncertainty that was ascribed

therein.

3.2.3 Chemical Ablation Model

The 1-D model used for this study is the 1-D Chemical ABlation MODel (CABMOD)
(Whalley and Plane, 2010), which describes the ablation physics and chemistry, coupled
to a 1-D atmospheric model that tracks subsequent atmospheric chemistry. The ablation
code MAGMA (Fegley and Cameron,[1987)) models the melting and vaporization of entrained
minerals in a dust grain, and determines the relevant concentrations of metallic species by al-
titude. Neutrals and ions are directly deposited during ablation, the latter by hyper-thermal
collisions of neutral species with ambient species due to comet Siding Spring's relative veloc-
ity (56 km/s). Ablation height is related to particle velocity, where increased speeds lead to
ablation at higher altitudes for a given particle density (CarrilloSanchez et al., 2015)). The
model uses a Mars composition atmosphere (COy, O, Oz, HyO, H, O3, and their appropri-
ate ions) to model the resultant chemistry and transport of metallic species (for details see
[Plane et al., 2018]).

CABMOD was optimized to agree with the IUVS-measured peak of the persistent
layer of Mg™* near 95 km from sporadic meteors (Crismani et al., |2017b). This model is run
for daytime low-latitude conditions, and does not vary local time conditions or include any
magnetic field effects. The molecular diffusion coefficient is specified for a homopause region
near 120 km, consistent with measurements made by the NGIMS instrument on MAVEN
(Jakosky et al., [2017).

Rather than photoionization, charge transfer with the primary ambient ion, OF, is
responsible for ionizing Mg and Fe between 90 and 190 km. After these ions form, recombi-

nation with COs is heavily favored over O3 or Oy and the resulting CO5 cluster ions undergo
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rapid switching to form MgOZ or MgO™, and Fe analogously. Mg and Fe cluster ions have
different end states after this, as atomic O reduces Mg-cluster ions to Mg*t, whereas Fe-
cluster ions are destroyed by electron dissociative recombination. Lifetimes for Mg™ and Fe™
are related to their altitude and inversely related to the ambient electron density, therefore

at high altitudes we expect that all the metallic species should be ionized.

3.3 Analysis and Results

3.3.1 Hemispheric Dust Deposition

The spatial distribution and orbit-by-orbit evolution of Mg™ reveal that ablation oc-
curred only on one hemisphere (hereafter called the exposed hemisphere, Figure . IUVS
periapse observations are separated by MAVEN's 4.5 orbital period, which we use a refer-
ence timescale in the discussion below. The tangent points of limb scan observations on
orbits 116 and 117 were on this exposed hemisphere during the time of predicted deposi-
tion, with the geographic footprint of orbit 116 in the morning quadrant and orbit 117 in
the predawn quadrant. By comparing the geographic distribution of Mg® between orbits
114, 116, and 117, and then to variations within orbit 116, we will progressively reduce the
possible encounter time to 3.5 hours, constraining the deposition to a single hemisphere.

Consideration of the overall Mg"™ abundance and its vertical distribution offer in-
creasingly tighter constraints on the duration of the meteor shower. We can constrain the
timescale for the onset of deposition to less than 9 hours, as metallic emissions in observed
in orbit 114 are indistinguishable from background conditions. If IUVS had made observa-
tions during orbit 115, the expected time of maximum dust deposition, we would not have
expected these observations to contain significant Mg™ as the observed region was on the
dayside edge of the exposed hemisphere (Figure , left). Furthermore, the region observed
during orbit 118 must not have been exposed to significant deposition as the total Mg™

content that is less than 20% of that found in orbits 116 or 117. Furthermore, the layer of
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Table 3.1: Optical properties of observed metallic emissions during orbit 116 near an altitude

of 120 km.

Species Fet Fe Fet Fe Mgt Mg
Wavelength 238 248 260 272 280 285
Line of Sight Intensity [kR] 1.5 1.6 2 0.5 29 2
g-Factor 2e-3 2e-3 Te-3 le-3 8e-2 3e-2
Absorption Cross Section [cm2] 6e-12 4e-12 5e-12 3e-12 9e-12 3e-11
Column Density [cm-2] 9el2 3el2 4el2 6el2 Tel2 8ell
Optical Depth 60 30 20 15 60 20
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Figure 3.2: (Left) A geographical representation of observed regions of Mars at the predicted
time of dust deposition, where the tangent points of orbits 114, 116, 117, and 118 are shown
with maroon circles, with scans beginning at high latitudes and ending near the equator.
In reality, MAVEN stays fixed with respect to the sun (to the bottom of this image), and
the planet rotates underneath it. (Right) Orbit by orbit images of Mg™ and Mg (top and
bottom) constructed by co-adding spectra by altitude (shown on the vertical axis), and
adjacent scans are shown on the horizontal axis, which spans 1000 km. Line plots (Mgt =
red, Mg = orange) in the center of the images indicate the total metallic content between
90 and 180 km normalized to each orbit. Measurements before the comet's passage (orbit
114, at right) are consistent with the persistent layer of Mg"™ and no observable Mg in the

atmosphere.
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Mg™ from orbit 118 lies above altitudes where deposition can occur (Section and must
have been transported there.

The tightest constraints on timescale come from a comparison of relevant deposition
timescales and total Mgt abundances observed in orbit 116 and 117. Deposition is expected
to be spatially uniform as Mars is small compared to the scales appropriate for cometary
debris streams. To first order, the cumulative amount of Mg™ is related to the time a
region spent on the exposed hemisphere during deposition. If the duration of the shower
is long compared to 4.5 hours, the geographical locations observed in orbit 117 would have
experienced greater deposition and have significantly more Mg™. In fact, we see the opposite,
where Mg™ in orbit 117 is ~80% of that in orbit 116, indicative that the timescale for
deposition was short (< 4.5 hours).

We further constrain the deposition timescale by considering the abundance of Mg* in
orbit 116 from West to East scans. If deposition lasted as much as 4.5 hours, western scans
would remain in the exposed hemisphere for the entire deposition period, whereas eastern
scans would become shielded in 3 hours. Therefore western scans would be expected to have
1.5 times more Mg™ than eastern scans. In fact, the ratio of the 4 most western scans to the
4 most eastern scans is 0.9, indicative that the most intense deposition could have lasted no

longer than ~3 hours.

3.3.2 Deposition and Initial Evolution

Cometary deposition gives the opportunity to observe the response of the Martian
ionosphere to a significant perturbation. Ions and neutrals observed in orbit 116 peak in
intensity around 110 - 120 km and decrease rapidly with increasing altitude (Figure ,
left). The ions have a roughly exponential emission scale height of ~5.5 km, compared to
concurrent observations of the COy atmosphere with an ~14 km scale height. The small
scale height of the metallic ions implies these species are not yet well mixed, and suggests

deposition occurred in a small layer 10-20 km thick at an altitude, 115 km, consistent with
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ablation speeds of 56 km/s. Dynamical transport and chemical reprocessing become entwined
after initial deposition, as demonstrated when comparing orbits 116 and 117 (4.5 and 9 hours
after deposition, respectively).

Comparing subsequent orbits from the exposed hemisphere provides temporal insight
in the evolution of this meteoric perturbation. The region observed in orbit 117 (Figure ,
right panel) differs from the geographical location as orbit 116 (left panel); however these
both represent the exposed hemisphere and deposition is not expected to vary on these
spatial scales. In both orbits, neutral emissions show a 5 km scale height and do not extend
into the upper atmosphere, which, unlike the ions, we interpret as suppression of the neutrals
by rapid charge exchange with O .

The spatial distribution of neutral Mg in a single orbit provides constraints to its
lifetime after deposition. Western scans differ from eastern scans in their dayside exposure,
where eastern scans spend close to four hours longer in sunlight. In orbit 116, there is a 50%
reduction of Mg from western to eastern scans, and in orbit 117 this reduction is closer to
75% (Figure , right bottom row). This rapid loss of neutral Mg is not fully captured by
the newest version of CABMOD (Section , despite constraints inferred by the persistent

layer of sporadic meteors (Crismani et al., [2017b)).

3.3.3 Rapid Horizontal and Vertical Transport of Metallic Species

The hemispheric injection of metals into the atmosphere is analogous to dye in water,
providing insight into the global motions of the atmosphere. Figure shows the spatial
distribution and temporal evolution of Mg* and Fet over four sequential orbits. Both ions
are readily observed in all scans of orbits 116-124 (more than 40 hours after closest approach)
and their abundance on the unexposed hemisphere implies global redistribution.

The presence of metallic species in orbit 119, antipodal to the meteor shower radiant
at the time of predicted max dust flux, constrains the horizontal wind speed to within 180

- 240 m/s. We determine these values by assuming that observations of the region of orbit
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Figure 3.3: Profiles of neutral and ionized metallic species from orbits 116 and 117, averaged
across each orbit. These metallic species are compared to the neutral CO, atmosphere from
concurrent IUVS observations, however such retrievals are limited to altitudes above 130 km.
It should be noted that scan-to-scan variations in metallic species do exist (Figure ,
Section , but are not considered for this figure.
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Figure 3.4: Profiles of metallic ions, averaged over the middle of the periapse segment (scans
4-9). The tangent points of each of these orbits can be found in Figure where orbit 114
and orbit 119 have roughly the same geographical locations. Deposition occurs at an altitude
consistent with entry velocity of 56 km/s (shown as shaded region). As this velocity is close
to the dynamical limit for a body interacting with Mars, there is no way for deposition of
Mg™ to occur higher than the observed 110-120 km (Section .
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117 are the source of ions observed in orbit 119 and that this material has flowed across the
nightside. The upper value assumes deposition occurred over a three-hour period, however
if deposition were shorter (~100 minutes) the lower wind speed may be more appropriate.
These values are consistent with model expectations, which predict speeds of 160 - 260 m/s
at these altitudes of 100 - 120 km (Bougher et al., 1999, [2015b)).

The presence of ions in orbit 118 above deposition altitudes (Figure indicates they
must have been vertically transported, by means that are not yet understood (Section .
Orbits 117 and 118 demonstrate vertical transport that exceeds reasonable molecular diffu-
sion rates (1 m/s), and may indicate bulk vertical motion. More perplexing is the similarity
in density distribution between orbits 116 and 119, despite their geographic footprints oc-
curring on opposite sides of Mars. If vertical motions describe the transport of orbit 117 and
118, for unknown reasons they do not appear to affect orbit 119.

Mass separation above the homopause (~120 km) would be expected for Fet, Mg"
and the CO, atmosphere as these species are in a region of the atmosphere where the mean
free path of particles is large enough that molecular diffusion dominates. Therefore each
species should assume a scale height according their masses such that Hy;y < Heo, < Hpe.
However both metallic species share a common scale height that is distinct from that of CO,
(Figure . While CO4 atmospheric density profiles do not strongly depend on latitude
or solar zenith angle (SZA), metal ion profiles vary from scan to scan. Western scans in
orbit 117 have a scale height of ~13 km, slightly more shallow than the neutral atmosphere
whose scale height is ~14 km, while eastern scans appear to be steeper, with a scale height
of 16 km. It is not clear what is causing this variation, as it is not seen in any ambient ions
or neutrals, and not expected from standard atmospheric dynamics.

Lack of mass separation in metal ions has also been observed by NGIMS (Grebowsky
et al., 2017), however they have not observed a uniform profile whose slope exceeds the
neutral atmosphere. Metallic ions are the only species to demonstrate this behavior, and

this is likely due partially to their relative lack of chemistry with the background atmosphere.
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Figure 3.5: Profiles of ionized metallic species from orbits 116 and 117, averaged in sets of
four scans (1-4, 5-8, 9-12) and compared to the neutral CO, atmosphere (black).
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Ambient ions such as COJ and Oj are strongly regulated by the neutral atmosphere, where
typical ion lifetimes due to recombination or other reactions are on the order of minutes,

whereas metallic ions can have recombination lifetimes in excess of hours or tens of hours.

3.3.4 Potential Mechanisms for Anomalous Vertical Transport

Two plausible electrodynamic mechanisms that could create the anomalous ion scale
heights seen in Figure [3.5] are a Lorenz force or an ambipolar electric field. There can be
strong vertical magnetic field gradients in the altitude range from 100 to 200 km depending
on the ionization at these altitudes. It is possible then that these gradients and field mis-
alignment with horizontal winds may lead to Lorenz forces acting on the metallic species.
This mechanism cannot be considered promising until further modeling determines whether
these forces produces vertical drift comparable to the diffusion speeds of 1 m/s.

Ambipolar electric fields at Mars have been shown to cause enhanced loss of OF (Ergun
et al., [2016)). These ions are drawn from below the exobase by the loss of electrons due to
enhanced solar wind heating, creating an E-field that drags ions out of the ionosphere, and
have been similarly observed at Venus (Collinson et al., [2016). Typically these ions are
affected down to 160 km, so it is plausible that metallic species undergo mass separation
below this, and then are mixed above. Our observations are spatially coarse, such that we
cannot make a statement here about separate scale heights. While ambipolar electric fields
shown by [Ergun et al. (2016) should be strong enough to lift Mg*, which is 75% as massive
as OF, without appropriate modeling it is not immediately clear that ambipolar electric

fields would be strong enough to affect Fe™ whose mass is 175% that of OF.

3.3.5 Enhanced Loss of Metallic Species

Discrepancies between the observed total metallic abundance compared to those pre-
dicted by CABMOD (Section [3.2.3)) highlight important physical and chemical processes

that demand further investigation (Figure [3.6). We characterize the observed total metallic
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abundance for each species by summing each metallic species between 90 and 180 km, and
across the periapse segment to give a general metric of the abundance of metallic species
while smoothing the effects of horizontally or vertically disjoint profiles (Section .

CABMOD is run for quiescent Mars until steady state is reached, after which a mete-
oric perturbation is applied and we track the relaxation of the model for comparisons with
observations. It is run for daytime low-latitude conditions, and as a 1D model does not
include diurnal variations. This model does not apply to the unexposed hemisphere, so we
approximate horizontal transport by reducing the model after orbit 117 by a factor of two
(equivalent to distributing the deposited material over the entire planet).

The total metallic abundance observed is less than predicted after orbit 117, indicat-
ing the rapid disappearance of metallic species compared to the current modeled processes.
There may be a chemical process affecting both the Fe and Mg chemistry branches simulta-
neously, however a dynamical loss process that affects all metallic species may be more likely.
As ions are sourced from neutrals near 100-120 km, if ions are being removed at the exobase
at rates larger than predicted, this effectively depletes neutrals as well. The presence of ions
at high altitude in orbit 117 (Figure suggests this may be occurring.

Ions transported by either Lorenz force or ambipolar electric fields end in two popula-
tions dependent on their initial vertical motion. Ions moving downward will neutralize and
undergo appropriate metallic chemistry that either re-ionizes them or removes them to a
stable sink. Ions drifting upward stay ionized and have lifetimes that increase with increas-
ing altitude, and may therefore leave the atmosphere much more rapidly than predicted by
diffusion alone. While these ions would not have sufficient kinetic energy to escape thermally,
they may be able to travel along open field lines into the magneto-tail as seen at Earth and
Saturn (Christon et al., [2015, [2017) or through one of several ion outflow mechanisms seen

at Mars (Brain et al., [2015)).
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Figure 3.6: The total metallic content (cm™2) between 90 and 180 km for each orbit is shown
with diamonds, normalized to the maximum for each species (ions on the left, neutrals on
the right). Orbits before the close encounter with comet Siding Spring (orbit 115) show
the background level and scatter of observations, the latter is due primarily to the relative
scattering efficiency of each species (see Table (3.1)).
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3.3.6 Detached Layers and Strong Gradients

Figure [3.7] shows coherent structures and gradients that require further study. Deposi-
tion is expected to occur uniformly on the exposed hemisphere, and diffusion and transport
should be smoothing processes over these spatial scales. However, in orbits 118 and 120,
we see Mg* forms a distinct layer in the middle scans that is not directly connected to the
Mg* in the beginning of those scans. This feature appears to be evident in the Fet as well,
although clearer in orbit 118 than 120. These ion layers occur at altitudes that are higher
than deposition permits, indicating this transport must be coherent on a spatial scales over
1000 km horizontally.

As noted by [Schneider et al| (2015b) and visible in Figure [3.6] there is an increase in
Fe™, Mg™, and Mg in orbits 121 and 122 compared to the observed declining trend. This
is due to an unexplained set of strong enhancements in scans 1 and 6 from each orbit,
respectively (Figure . Moreover, the total amount of Mg"™ does not change significantly
between orbits 118 and 122, yet the bulk of the ions are contained in the first 6 scans of
orbit 122. The horizontal gradient in Mg* by a factor of 7 within two scans of orbit 122 is
not readily explained, and this strong gradient requires a mechanism not determined herein.

The geographic regions of these orbits are on the exposed hemisphere and may suggest
a local phenomenon where metallic species are confined within a small geographic in a
manner inconsistent with expected diffusion or standard transport. Similar confinement has
been suggested for transient metallic layers above the ablation region (Grebowsky et al.,
2017)), however no mechanism has yet been described. Three-dimensional modeling may
be necessary to determine whether these ions become trapped in circulation patterns, are

influenced by remnant crustal magnetization, or some other effect.
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Figure 3.7: (Left) As in Figure , a geographical representation of observed regions of Mars
at the predicted time of dust deposition, where the tangent points of orbits 118, 120, 121, and
122 are shown with maroon circles, with scans beginning at high latitudes and ending near
the equator. (Right) Orbit by orbit images of Mgt and Fe™ (top and bottom) constructed
by co-adding spectra by altitude (shown on the vertical axis), and adjacent scans are shown
on the horizontal axis, which spans 1000 km. Line plots (Mg* = red, Fe™ = green) in the
center of the images indicate the total metallic content between 90 and 180 km normalized
to each orbit. Measurements before the comet's passage (shown for Mg™ in Figure are
consistent with the persistent layer of Mgt and no observable Fe™ in the atmosphere.
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3.3.7 Revisiting Meteor Shower Predictions

The vertical profiles of Mg, Fet, and Fe complement the Mg" profiles of [Schneider
et al.| (2015b)) and this analysis allows an opportunity to reduce the uncertainty on their
reported dust flux. Their work carried a range of reported Mg™ densities that implied a dust
deposition mass bracketed between 2700 and 16000 tonnes. The updated calibration yields
a delivered mass inferred by the Mg™ measurements of 16000 + 4500 tonnes.

There is a significant discrepancy between the observed (Schneider et al., 2015b) and
predicted (Kelley et al| 2014]) dust deposition that may be related to dust size. The modeled
dust was in the size range 0.7 - 3.6 mm, which were ejected from the comet no more than
1.5 years before the encounter. However, the shape and altitude of the observed ablation
region suggest that most of the impacting particles were in the size range 1 - 100 microns. As
radiation pressure rapidly sweeps away smaller particles, it is expected that the impacting
grains were younger than the 1.5-year-old modeled grains and therefore would be more
sensitive to cometary activity before the encounter. While the relationship between dust
delivery and cometary activity is not necessarily linear, the modeled water production rate
of 4 x 10?" HyO/sec (Kelley et al. 2014)), is smaller than the observed 1.2 x 10?® H,O/sec
(Crismani et al., [2015)) by a factor of three. Moreover as observations were limited by the
lack of multiple observation epochs (Siding Spring is a dynamically new Oort cloud comet),

some cometary parameters (such as grain ejection velocity) may not be well constrained.
3.4 Conclusions

Observations in the aftermath of comet Siding Spring's meteor shower provide a unique
opportunity to observe the response of the Martian atmosphere and ionosphere to a signif-
icant perturbation. This time period provides constraints on metallic species that would
otherwise be undetectable with current instruments, and may shed light on new dynamics

or the chemistry that affects them.
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Using the spatial distribution of Mg™ around the planet, we determine that Mars passed
through the debris stream of comet Siding Spring in no more than 3 hours. Dust from comet
Siding Spring was deposited in a narrow vertical layer, as seen in all metallic species observed
by IUVS. Horizontal winds then distribute this material globally within 9 hours, and requires
horizontal winds speeds at 120-150 km to the range of 180-240 m/s. Neutral Mg appears
to be rapidly destroyed or lost on the dayside, where it becomes reduced by 75% within 8
hours, faster than current model predictions, suggesting an incomplete understanding of the
processes that affect it.

Vertical transport of metallic ions is implied by the observations but unexplained by
current 1D models, as inferred from presence of enhanced densities at high altitude. This
transport is more rapid than diffusion, coherent over 1000 km horizontally, and may be
related to electrodynamic effects. The presence of several other unexpected phenomena
provides a potential case study for 3D modeling efforts to determine how these anomalous
structures and features are formed, and whether the presence of crustal magnetic fields has
any affect.

We use this work to revisit meteor shower dust predictions where there is significant
discrepancy compared to observations. The shape and altitude of the ablated layer suggests
that particles that impacted Mars were smaller than modeled, and therefore more sensitive to
the water production rate before the encounter. The relationship between cometary activity
and delivered dust mass is not necessarily linear, and we can therefore begin to understand
this self-consistently by noting the observed water production rate was three times larger

than predictions.



Chapter 4

Persistent Meteoric Layer

4.1 Introduction

High-speed collisions with air molecules cause rapid heating of interplanetary dust
particles, melting and evaporating their constituent minerals (Istomin), [1963; Anderson and
Barth, [1971)). This ablation process deposits a variety of atomic constituents at the 1 pbar
level (80-110 km on Earth). Non-volatile elements such as Mg, Fe, and Si act as direct trac-
ers of the ablation process, as no other processes transport these species to these altitudes.
These elements are in approximate equilibrium between supply through ablation and loss
by chemical reactions forming oxides, hydroxides, and carbonates, which subsequently poly-
merize into particles called meteoric smoke (Nachbar et al., [2016]). Meteoric smoke particles
mostly likely provide condensation nuclei for high altitude COs ice clouds at Mars. In ad-
dition to the quasi-steady-state supply from random (or “sporadic) meteors, the ablation of
cometary dust during meteor showers can supply additional metals to the upper atmosphere.

The Mars Atmosphere and Volatile EvolutioN (MAVEN) mission (Jakosky et al.,
2015b) was designed to study the response of Mars' upper atmosphere to solar influences
(Jakosky et al., 2015a), however it is coincidentally well equipped to detect the influence
of interplanetary dust particles (IDPs). This capability was clearly demonstrated during
the exceptionally close encounter of comet C/2013 Al (Siding Spring) with Mars and the
ensuing meteor shower (Gurnett et al., 2015; Restano et al., 2015; Benna et al [2015). Of

the many elements that ablate from interplanetary dust particles, Mg"t and Mg are most
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readily detectable in ultraviolet (UV) remote sensing, and were observed in a transient layer
for comet Siding Spring (Schneider et al., [2015b)). Here we report on Imaging Ultraviolet
Spectrograph (IUVS) observations of Mg* over the course of MAVENS two-year mission that

are consistent with a persistent meteoric layer.

4.2 Observation and Data Analysis

4.2.1 Spectral Analysis and Vertical Profiles

Emission from Mg"™ was reliably detected in every periapse scan obtained over one
Mars year (two Earth years; Figure and Figure whenever the Mg" layer was ap-
propriately illuminated and the instrument orientation did not introduce excessive scattered
solar continuum (for these purposes, stray light). The Mg" emission feature, centered on
280 nm, is due to resonant scattering of solar UV photons rather than direct excitation
during ablation. Mg™ brightnesses were extracted from a model spectrum fit (Figure ,
using line positions and atomic constants of known emitters in this spectral region plus a
stray light solar spectrum (Stevens et al., 2015; Jain et al., [2015; Dymond et al., 2003]).

Stray solar continuum enters the instrument in two ways, through the nadir and limb
port, and their spectral characteristics are very similar (see Section and Figure .
When viewing in limb geometry, scans where the tangent point is at high altitude show a
signature of stray light, which we believe comes from disk-reflected light through the open
nadir port. As the tangent point moves toward the surface, the baffle edges of the instrument
(see Figure [1.11)) move toward lower altitudes as well, and scattered light from the limb is
able to enter the limb port. Confidence in the spectral shape of reflected solar continuum is
the primary impediment to observing Mg™ low in the atmosphere, as the solar absorption
feature is aligned with the Martian emission feature, and when the former becomes bright, its
Poisson noise is too large to reliably extract a retrieval of the Mg™ emission (whose brightest

emission is not more than a few kR).
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Figure 4.1: This representative scan was taken near noon (10-15 hours local time) in the
Northern hemisphere (50-70 N) on 4/22/16 (orbit 3040). a The MUV spectrum is slit
averaged and 1-sigma errorbars are propagated from the Poisson noise of the data. The
data are shown as black circles, with known airglow emissions (see text) fit in blue. b The
residual (black line) from a, with an emission near 280 nm consistent with Mg™ (red) whose
brightness is 1.81+0.13 kR. Atomic Mg has an emission feature at 285 nm whose predicted
brightness (orange) is not detected.
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Figure 4.2: TUVS derived Mg™ altitude profiles, averaged from orbit 3040, compared with the
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detected despite large predicted concentrations.
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The Mg* emission brightness was converted to local ion density through an Abel trans-
form, common in the study of optically thin airglow emissions (Chamberlain and Hunten),
1987). To determine the density at the tangent point, we used an Abel transform method
(Chamberlain and Hunten, [1987)), considering the emission to be optically thin and with an
spherically symmetric observing geometry. Using the standard relationship for the scattering
cross section, related to the oscillator strength and Doppler width (Risberg, 1955)), we find
the Mg™* doublet (at 140 K) cross section is 8.9 and 4.4 x 107'2 cm?. Therefore we do not
expect self-scattering to become important until densities at the tangent point approach 10*
cm 3, and the mean free path length is reduced to 100 km. As the retrieved densities are

3 we consider this emission optically thin, thus the Abel transform

never larger than 10% cm™
is a robust approximation to the density at the tangent point.

The g-factors (Equation for the Mg™ lines at 279.5528 and 280.2705 nm used herein
are 10.05 x 1072 s and 4.64 x 1072 s™! respectively. Dymond et al.[ (2003) calculated 8.4 x
1072 s7! and 3.9 x 1072 s7!, while Barth et al. (1971b)) calculated 9.1 x 1072 s and 3.7 x
1072 s71. Although Dymond et al.|(2003)) cites their use of a higher resolution solar spectrum
from|Ahearn et al.| (1983), the spectrum found therein is actually not higher resolution, and a
personally communicated spectrum from |Hearn et al.| (1983), which we used, may be instead

what they were referencing. In this spectrum, the flux at 1 AU is 2.5 and 2.2 x 10'2 for 279.6

and 280.3 nm respectively. For the Mg line, we use the g-factor of Barth et al. (1971b).

4.2.2 Observations of Mg™

Observations of Mg™ are limited at high and low altitudes by signal to noise of the
emission. At high altitudes, the Mg" signal has decreased to levels that are lower than
reliably retrievable from the ITUVS sensitivity. At low altitudes, reflected solar spectrum
dominates the signal, such that Mg" becomes comparable to the Poisson noise from the
Mgt solar absorption feature.

The Mg™ layer has a mean peak concentration of 250 cm™ and is typically found near
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an altitude of 90 km (e.g. Figure . Reported altitudes carry a 2.5 km uncertainty con-
sistent with slit averaging in 5 km bins (Stevens et al., [2017). Figure shows the derived
densities in a fixed altitude range over the course of the mission. Brightness measurements
carry Poisson random uncertainties propagated through a multiple linear regression tech-
nique and Abel transform. The random uncertainties propagate linearly into densities and
other derived quantities.

Observations of Mg™ density demonstrate real variability (Figure beyond the ran-
dom uncertainties. Observations of Mgt are not uniform from scan to scan or at a single
altitude. As demonstrated in the Siding Spring era [3.3.6, uniform deposition does not nec-
essarily result in a spatially uniform layer. Moreover, the presence of detached layers or
transport mechanisms that elude explanation suggest that the layer is not a quiescent object
and statistical properties should be preferentially used. The lower atmosphere of Mars also
warms and cools seasonally and in response to dust storms, moving the ablation layer up
and down relative to the fixed altitude range used here (Jakosky et al., 2017).

We observe an unexpected diurnal variation in the Mg™ density; decreasing by up
to factor of five towards the dawn and dusk terminators. This effect is most pronounced
near the equator and less noticeable near the poles where the diurnal cycle is decreased in
intensity. This diurnal pattern either indicates that ablation is not geographically uniform

or there is an unknown sink for Mg™ near the terminators.

4.3 Analysis and Results

4.3.1 Lack of Mg

Emission from atomic Mg has only been reliably detected (Figure during the
exceptionally intense meteor shower of comet Siding Spring (Schneider et al.;[2015b). Scaling
Mg™ by the ratio of the Mg and Mg" scattering efficiencies at our most marginal detection,

we find that IUVS would have detected atomic Mg at concentrations greater than 130 cm ™3,
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Figure 4.3: Mg™ concentrations between 90-100 km over the course of two Earth years.
The timeline omits the comet Siding Spring meteor shower of October 19th 2014, as the
peak density of ~10% is off-scale. Average measurement uncertainties are given for three
densities in the legend. Observations taken at high solar zenith angle (darker colors, >70
deg) demonstrate marked reduction in Mg™, consistent with decreases toward the dawn and
dusk terminators, especially near the equator. As observations sample a range of latitudes,
these observations represent a variety of local time and latitude coverage. Blue diamonds

indicate predicted meteor showers
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based on our present understanding of ablation and atmospheric chemistry (Figure [4.4)).
The apparent absence of neutral Mg therefore poses a significant challenge to our
understanding of the chemical reactions that create and connect Mg and Mg". Laboratory
studies validated by terrestrial observations (Nachbar et al., [2016]) have been incorporated in
the Chemical ABlation MODel (CABMOD) (Whalley and Plane, 2010; [Vondrak et al., |2008))
which describes the ablation physics and chemistry, and is coupled to a 1-D atmospheric
model which tracks subsequent atmospheric chemistry. When adapted for conditions at
Mars, CABMOD predicts that Mg atoms would be injected directly during ablation and
should build a neutral Mg layer below 100 km. Mg* would then be produced through charge
exchange with ambient OF (Molina-Cuberos et al., 2003). Atomic Mg would also undergo a
series of reactions to create a steady-state population of MgCOj3 (Figure . Together these
reactions are expected to yield an Mg/Mg™ ratio of 4 at 90 km, contrary to the observed
upper limit of 0.5. Furthermore, at 90 km Mg™ should have a lifetime comparable to a Mars
day (Whalley and Plane, [2010) and should therefore exhibit negligible diurnal variation.
Alternative chemical pathways were investigated to explore the relationship between
Mg and Mg™. Dissociative recombination of MgCO3 with electrons is assumed to have two

reaction channels:

MgCOF + e~ =MgO + COy[a]

(4.1)
where « is the branching ratio. If this reaction yields MgO rather than Mg, then the Mg
layer would remain below the IUVS detection limit (Figure [4.5). CABMOD was altered to
test the effect of varying o on the modeled Mg layers, with a value of & = 1 more consis-
tent with observations. Additional laboratory studies are needed to accurately determine
the branching ratio, and whether additional unknown chemistry plays a role. None of the

alternative chemical reactions we explored can yet explain the strong diurnal variation in

Mgt.
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Figure 4.4: Schematic of our current understanding of meteoric Mg chemistry in the CO,
dominant atmosphere of Mars. Image Credit: J. Plane
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Figure 4.5: Comparison of chemical models to explain the lack of observed Mg. Vertical
profiles of the modeled Mgt Mg and Mg(OH), concentration profiles, compared to the
IUVS average Mg" profile from Figure . (Left) For this model run the dissociative
recombination of the MgCOj7 ion is assumed to produce 1% Mg and 99% MgO. (Right)
For this model run the dissociative recombination of the MgCOj ion is assumed to produce
MgO only.
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4.3.2 Interplanetary Dust Flux

The TUVS measurements can be used to provide the first remote sensing estimate of
interplanetary dust particle flux at a planet other than Earth. At Earth, the observed metal
layer is supplied from the main IDP sources Jupiter Family Comets, asteroids, and long-
period comets (Halley Type and Oort Cloud) with particle mass ranging from 10~* and 10~7
g, and a global input of 29 - 57 tonnes d~! (CarrilloSdnchez et al., 2015). We do not expect
Mars metal layer to be sourced from a different population, and these observations directly
constrain the largest IDP population by mass (excluding surface impactors), making a direct
measurement essential for an accurate estimate.

Mars' global dust input was estimated using representative profiles with local times
near noon and where the peak and underside of the layer were clearly detectable. In the
baseline chemical model (Whalley and Plane, |2010), which neglects the absence of observed
Mg, we find a global dust input rate of 2 tonnes sol™!; in the alternate model this value is
3 tonnes sol 1. Note that uncertainties in the MgCOZ chemistry render the 2 tonnes sol~! a
lower limit, as alternative reactions to reduce the abundance of Mg also reduce the efficiency
for creating Mg". The instruments systematic and observational uncertainties are small in
comparison to this range in estimates, and therefore omitted from this result. Comparing
the dust environment at Mars to Earth, and accounting for their difference in surface area,
we find the fluence at Mars of 2 - 3 tonnes sol™! is at the lower end of the measurements
scaled from Earth (Plane, 2012), 1.4 - 14 tonnes d .

As at Earth, these Mars fluences can be compared to space-borne dust detectors.
The MAVEN Langmuir Probe and Waves (LPW) instrument measured high altitude dust
particles between 10711107 g and determined a fluence of these particles to be between 85
kg d~! and 8.5 tonnes d~! (Andersson et al., 2015b)). Their extrapolation to the total input
is necessarily imprecise due to the small masses sampled, which is not representative of the

mass of IDPs that ablate and inject metals into the atmosphere. The NGIMS instrument
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on MAVEN can also sample ablated metals (Grebowsky et al., [2017), though the region
sampled lies several scale heights above the main deposition layer such that global fluence

may not be possible to estimate.

4.3.3 Lack of Transient Enhancements

Mars likely encounters regular meteor showers, analogous to Earth; however, we have
been unable to detect any showers other than comet Siding Spring (Schneider et al., [2015b)),
which produced Mgt concentrations at 120 km of 3 x 10* ecm™3. During the 24 predicted
Mars meteor showers between MAVEN's arrival at Mars and December 2016, IUVS can
constrain 11 of these events when it was observing in daylight and taking data. The Mg™
profiles at these times show no correlated increases greater than 500 cm™ (twice the mean),
constraining the fluence of these showers to levels lower than the nominal global input of
3 tonnes sol~!. Thus, the two-year timeline of meteoric metal layer observations reported
here demonstrate that meteor showers at Mars do not significantly perturb the metal ion
abundances.

As observations of parent bodies grow, more and more meteor streams are theoretically
determined, yet there is a lack of constraints on Mars' crossing streams. Specifically, there are
no constraints about the fluence of particles, the size of the stream (and thus the length of the
shower), or particle size (which determines ablation height and stream density). Therefore,
future work will be necessary to catalog all predicted meteor events, and provide upper
limits to their deposition rates. This effort requires the variability of the Mg" layer to be
understood, including the diurnal variation, unusual gradients seen in comet Siding Spring's
aftermath and variation from orbit to orbit.

The observation timeline (Figure also argues strongly against a meteoric origin
for transient ionospheric layers (the M3 layer) detected in radio occultation measurements
(Patzold et al., 2005, Withers et al., 2008). The M3 layer was detected in 1 - 10% of

3

observations, with electron concentrations of 10* cm™3. Although a meteoric origin was
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proposed, the nature of these electron concentrations is ambiguous because the M3 layer may
be due to either an enhancement of meteoric (e.g. Mg™, the dominant ion from ablation)
or ambient (O, COJ etc.) ions. TUVS observations are performed in a similar geometry to
radio occultations, and occur every ~4.5 hrs. Therefore, if the source of the M3 layer was
metallic ions in concentrations approaching 10* cm ™3, the layer would be readily observed
in 130-1300 profiles (Figure [4.3)), whereas IUVS has not detected any Mg" densities larger
than 103 em™3 at any altitude outside of the comet Siding Spring epoch. Another origin,
such as enhanced solar energetic particle precipitation or x-ray flux, may be responsible for

the transient M3 layer.

4.4 Conclusions

Interplanetary dust particles sporadically enter planetary atmospheres at orbital ve-
locities and ablate as collisions occur with ambient gases to produce a persistent layer of
metallic atoms (for example, Fe, Mg, Na) in their upper atmospheres. Such layers are well
studied at Earth, but have not been directly detected elsewhere in the Solar System. We
have reported here on the detection of a meteoric layer consisting of Mg™ ions near an al-
titude of 90 km in the Martian atmosphere from ultraviolet remote sensing observations by
NASA's MAVEN spacecraft.

We observe temporal variability in the Mg™ layer over the course of a Martian year,
moving up and down in altitude seasonally and in response to dust storms, and displaying
diurnal fluctuations in density. Emission from Mg™ was reliably detected in every periapse
scan obtained over one Mars year (two Earth years) whenever the Mg™ layer was appropri-
ately illuminated and the instrument orientation did not introduce excessive scattered solar
continuum. The Mg™ layer has a mean peak concentration of 250 cm ™ and is typically
found near an altitude of 90 km.

We also find that most meteor showers do not significantly perturb this layer, which

constrains the fluence of eleven observed Martian meteor showers to less than our estimated
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global dust flux. Mars likely encounters regular meteor showers, however, we have been
unable to detect any showers other than comet Siding Spring. Future work will be necessary
to constrain the dust contribution of predicted Mars meteor showers.

The persistence and variability of the Mg™ layer are difficult to explain with existing
models and reconcile with other transient layers of ions observed in the Martian ionosphere.
Emission from atomic Mg has only been reliably detected during the exceptionally intense
meteor shower of comet Siding Spring. The apparent absence of neutral Mg therefore poses a
significant challenge to our understanding of the chemical reactions that create and connect
Mg and Mg™, therefore alternative chemical pathways were investigated to explore their
relationship. We suggest that transient ionospheric layers are not sourced from the persistent
Mgt layer and thus not derived from meteoric material, but are ambient ions produced by

some unknown mechanism.



Chapter 5

Conclusions

5.1 Summary of Results

This thesis details the unique encounter of comet Siding Spring, and reveals the pres-
ence of a “persistent layer” from sporadic meteors at Mars. We summarize these results be-
low, and in Section detail how measurements of the persistent layer makes the prospect
of methane generation by meteor showers unlikely, published as |Crismani et al.| (2017al).
In Section we expand upon the implications of |Crismani et al. (2017b)) to argue that
previously observed transient ionospheric layers cannot be meteoric in origin. Finally, we
highlight the major topics of research that should be considered in the future of meteoric

science at Mars.

5.1.1 Cometary gas delivered to Mars

Before the encounter of comet Siding Spring with Mars, we used IUVS to image the
comet's hydrogen coma, published as Crismani et al.|(2015). The hydrogen coma is created
by the dissociation of water liberated from its surface and subsurface, and observations
of hydrogen serve as an available proxy for water (which lacks emission features in the
ultraviolet). By fitting observed radial profiles to predictions from a robust cometary model
we were able to infer a water production rate of 1.1 4= 0.5 x 10?® molecules/s. The spatial
information from these hydrogen images feature the location that Mars would encounter, and

represent the most temporally similar observations of the activity during the close encounter.
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From this water production rate, we were able to determine the total mass of gaseous
material that impacted Mars. It is necessary to infer this from coma observations, as these
species are present in Mars’ atmosphere as well. We use inferred impacting gaseous masses
to revisit and reconcile predictions of the atmospheric response, finding agreement that the
oxygen perturbation is negligible, prompting further work in the determination of a carbon
perturbation, and determining the hydrogen perturbation would be unobservable in the
IUVS data.

The prediction of a thermospheric response due to energy deposition in the upper
atmosphere is mostly unchallenged by these findings. However we propose that such a
perturbation should exist at higher altitudes due to the difference between observed and
predicted atmospheric temperatures above 150 km. Determining this thermospheric response
from the data will be problematic, due to the lack of in situ instruments at those altitudes
and as the atmosphere has demonstrated variability on spatial and temporal scales that may

exceed this thermospheric perturbation.

5.1.2 Cometary dust perturbed Mars atmosphere

Observations of the atmosphere of Mars in the aftermath of comet Siding Spring's
meteor shower provide a unique opportunity unlikely to be duplicated in modern times.
MAVEN was serendipitously positioned to observe the response of the Martian atmosphere
and ionosphere to this significant perturbation, and we use this event to provide constraints
on metallic species that would otherwise be undetectable with current instruments. These
observations may also shed light on new ionospheric dynamics and meteoric chemistry. This
work is currently in preparation for submission.

Using the spatial distribution of Mg around Mars, we determine that it passed through
the debris stream of comet Siding Spring in no more than 3 hours. The common altitude of
all metallic species observed by IUVS suggest dust from comet Siding Spring was deposited

in a narrow vertical layer. Horizontal winds then distribute this material globally and require



90

horizontal winds speeds at 120-150 km to the range of 180-240 m/s. Neutral Mg appears
to be rapidly destroyed or lost on the dayside, where it becomes reduced by 75% within
8 hours, faster than current model predictions, suggesting an incomplete understanding of
the processes that affect it.

Vertical transport of metallic ions as inferred from presence of enhanced densities at
high altitude is unexplained by current 1D models. This transport is more rapid than
diffusion, coherent over 1000 km horizontally, and may be related to electrodynamic effects.
The presence of this and several other unexpected phenomena provides a potential case
study for 3D modeling efforts to determine how these anomalous structures and features are
formed.

We use this work to revisit meteor shower dust predictions where there is significant
discrepancy compared to observations. The shape and altitude of the observed ablation
layer suggests that particles that impacted Mars were smaller than modeled, and therefore
younger and more sensitive to the cometary water production rate before the encounter. The
relationship between cometary activity and delivered dust mass is not necessarily linear, and
we can begin to understand this self-consistently by noting the observed water production
rate was three times larger than predictions. Modeling of this comet's debris stream and
dust coma should be undertaken to determine whether there are any outstanding issues with

comet dust models.

5.1.3 Sporadic meteors creates a persistent layer at Mars

Meteoric ablation from comet Siding Spring prompted a deeper analysis into the pres-
ence of sporadic meteors. Emission from Mg" was reliably detected over one Mars year
whenever observation conditions were favorable, suggesting that sporadic meteors create a
persistent metallic ionospheric layer. It is necessary to determine mean characteristics of the
Mgt layer, as it demonstrates real variability beyond the random uncertainties associated

with a varying ablation altitude and unexplained diurnal variation.
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Outside of the comet Siding Spring era, over more than two Earth years of observations,
we have not observed neutral Mg, meteor showers, or significant enhancements to the Mg™
layer. The apparent absence of neutral Mg therefore poses a significant challenge to our
understanding of the chemical reactions that create and connect Mg and Mgt and alternative
chemical pathways were investigated to explore their relationship.

The lack of other observed Martian meteor showers suggests that delivered mass from
these showers is negligible compared to the persistent layer. Further work will be necessary
to determine what upper limits may be set for the dust fluences from these events.

The lack of enhancements in the Mg* layer suggest that previously observed transient
ionospheric layers cannot be meteoric in origin. We expand this point in Section and
this paper will be submitted with the inclusion of MAVEN’s radio occultation results after

that experiment's “first results” publication.

5.2 Meteoric Origin of Mars Atmospheric Methane is Implausible

Reports of transient plumes of Martian atmospheric methane (CHy) (Mumma et al.,
2009; Webster et al., [2015) have led to suggestions of biotic and/or abiotic surface sources.
Fries et al. (2015) suggest the methane plumes are sourced from meteor showers with con-
version at high altitudes (Figure . Using the lessons learned from the work herein, we are
able to show that the values of meteoric deposition of Fries et al. (2015) are in excess of any
observed or predicted fluences by several orders of magnitude. We additionally show these
fluences would have drastic consequences for Mars' atmosphere, and not in the production
of methane.

Transient plumes of Martian atmospheric methane (Mumma et al., |2009; Webster
et al., 2015) have eluded explanation, and Fries et al. (2015) hypothesizes a meteor shower
origin to address this. Schuerger et al.| (2012)), examined the production of methane near the
surface from accreted interplanetary dust particles. They found this mechanism was capable

of yielding the background value of methane, but could not reproduce plume densities by
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Figure 5.1: From Fries et al.[(2015): (Left) Methane plume reported by [Mumma et al.| (2009)
showing methane detected in the martian atmosphere on 11 Jan 2003. Image originally from
NASA. (Right) The locations of Mars and the orbit of comet C/2007 H2 Skiff four days
before the methane detection, approximately as seen from Earth. The red arrow shows Mars
direction and the blue arrow shows the movement of debris along Skiffs orbit. Image: JPL
Small Bodies Database.
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bolide, airburst or other meteor impact process. [Fries et al.| (2015), draw on this work and
propose the methane plumes are sourced instead from meteor showers with conversion at
high altitudes.

The Fries et al. (2015) methane production mechanism creates a scaling relationship
between plume mass and meteor shower deposition, giving 8 x 10® and 2 x 10® kg of meteoric
material for the plumes of 45 and 10 ppbv of CHy, respectively (Mumma et al., 2009; [Webster
et al., 2015)). Below we show that even the lower [Fries et al.| (2015)) value is in excess of any
observed or predicted fluences by several orders of magnitude.

We first compare the required meteoric mass of |Fries et al.| (2015]) to plausible cometary
debris stream masses. A typical cometary radius is 3 km and nominal mass of 10 kg,
meaning the |[Fries et al| (2015) value represents 0.001% of the entire comet. While some
cometary streams may include as much as 10° kg (Jenniskens, 2006)), Fries et al.| (2015)
claims that Mars could encounter a local concentration of 10% of this total, thus providing
a meteoric deposition of 10® kg. [Fries et al| (2015 attributes the Mumma et al.| (2009)
plume to comet C/2007 H2 Skiff, and we can use its ephemeris to compare the volume of a
plausible cometary debris stream to the volume Mars sweeps out during a meteor shower ( 1
day). Assuming the debris stream of Skiff has a comparable cross section to Mars, we find
the volume swept out by this comet is 10'® km?. This is more than 10* times the volume
that Mars sweeps out (8 x 10 km?), which makes the probability of encountering 10% of
the total cometary stream mass in this volume highly improbable.

Next, we compare the [Fries et al.| (2015) values to the global flux of interplanetary dust
particles on Earth, which is estimated between 5 x 103 and 3 x 10° kg/day (Plane, |[2012)). The
fluence of meteoric material at Earth is not strongly increased by meteor showers (Grebowsky
et al., [1998)), which indicates that meteor showers do not deliver significantly more material
than the sporadic background. As Mars has 3.5 times less surface area, Fries et al.| (2015
therefore requires a normal meteor shower to deliver 2400 times more material than the

upper limit of Earths fluence. Compared to observations of Mars' persistent layer, which
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suggests a meteoric infall rate of 3 tonnes/day (Crismani et al., 2017b), these values seem
too high to be plausible.

Third, we compare the |[Fries et al.| (2015)) values to the observed mass fluence during
the close encounter of comet C/2013 Al (Siding Spring), determined to be 1.6 x 10* kg
over the planet by Schneider et al. (2015b)). Comet Siding Springs dust stream was likely
atypically dense, as the nucleus passed within 1.4 x 10°> km of Mars, and Mars subsequently
passed through the comets relatively fresh debris stream. (Note that [Fries et al.| (2015))
mentions the comet Siding Spring case in the supplementary material, but does not use the
observed fluence of [Schneider et al.| (2015b))). Therefore, the fluence of the largest observed
meteor shower at Mars was still four orders of magnitude less than necessary to explain any
CH, plume by the method of [Fries et al.| (2015).

Finally, we consider other observational consequences of a meteoric deposition of 10% kg.
This amount of material entering the atmosphere of Mars at relative orbital velocity (e.g.
35 km/s for comet Skiff) would carry an equivalent energy of 6 x 10'® J. During the encounter
with comet Siding Spring, gas from the coma interacted with the planet and delivered 2.5
x 10* kg (Crismani et all 2015) and had an equivalent energy of 4 x 10'® J, which was
predicted to raise the temperature in the thermosphere by 30 K (Yelle et al., 2014)). Therefore,
deposition masses of 10° kg or larger would increase the thermospheric temperature and
have readily observable consequences in the form of spacecraft drag (Zurek et al., 2015,
thermospheric emissions (Chamberlain and Hunten, |1987), and a strong enhancement in
meteoric ions (Crismani et al. [2017b)). Moreover, the [Fries et al. (2015)) required deposition
of 108 kg would have a devastating impact to the upper atmosphere, with an energy greater

than 1000 nuclear explosions (1 nuclear explosion = 5 x 10 J).

5.3 Meteoric Origin of Transient Ionospheric Layers is Implausible

Transient ionospheric layers (M3), below Mars’ main ionospheric peaks at 120 and 140

km (M1 and M2) were reported by Mars Express (Patzold et all [2005) and the Mars Re-
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connaissance Orbiter (Withers et all, 2008), by the method of radio occultation (Figure [5.2)).
These layers were interpreted to be meteoric in origin, based on their altitude, temporal
variation, and recombination lifetimes. However, |Crismani et al|(2017b) showed these lay-
ers contained electron concentrations in excess of ion observations suggesting these layers
cannot be created by ablated metals. We detail here how other aspects of the meteoric
origin hypothesis are implausible for Mars. Similar layers were also observed for Venus, and
we speculate on whether a meteoric origin is appropriate for these layers. This conjecture
has implications for both planets, suggesting an undetermined energy source which extends
the bottom of their ionospheres to lower altitudes. As the ionosphere couples the neutral
atmosphere to the exosphere and solar wind, this energy source may affect atmospheric loss.

Radio occultation measurements determine the abundance of electrons at the tangent
point, but are agnostic about the ions that produce such electrons. Since Mars’ transient
layers were found at altitudes consistent with ablation heights (70-100 km), and temporally
varying, similar to meteor showers, it was assumed that this was the source of such electrons.
Moreover, the presence of ambient ions at this altitude for long periods of time is problematic,
since recombination is rapid below the main ionospheric peak. These layers were observed
to exist on the order of hours, and attributing them to meteoric metal ions were preferred
due to metallic ion’s long lifetimes at high altitudes.

The M3 layer was detected in 1 - 10% of observations, with electron concentrations
of 10* em™3, however, these concentrations are problematically high. As demonstrated in
Crismani et al.| (2017b)), Mg™ ions have only been observed in excess of 10 cm™ during
the comet Siding Spring meteor shower (with values of 10° cm™3). These Mg™ observations
are taken in similar observing geometry to radio occultations, so it is unlikely that there
is any geometric enhancement to explain the discrepancies in these values. Magnetic field
interactions or enhancements are also not a likely explanation, as IUVS observations have
been relatively continuous without observing such an enhancement. The lifetime of Fet at

90 km is ten times less than Mg® (Whalley and Plane, 2010), so we do not expect it to
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of observed profiles in the 75 to 105 km altitude range. Altitude is with respect to the

Mars Orbiter Laser Altimeter reference surface. (Right) From Withers et al.| (2008): MGS

RS profile 5045K56A.EDS has three clear layers, the M2 layer at 140 km, the M1 layer at
110 km, and the MM layer at 90 km. It was measured at latitude 79.9 N, longitude 316.0 E,
9.9 h LST, Ls = 160.1, and SZA = 73.2 on 14 February 2005. The nominal profile is the
solid line, and 1-0 uncertainties in the electron densities are marked by the grey region.



97

contribute significantly to the electron concentration measurement of M3. Therefore the
origin of M3 is not readily explained by sporadic meteors.

The meteoric origin of M3 is supported in Patzold et al.|(2005) by noting the similarity
in timing between predicted meteor showers and their observations. However, connecting
meteor showers to transient events is problematic because these events lack sufficient timing
constraints, such that finding a correlation with meteor shower timing is almost guaranteed.
This is noted in the rebuttal of Fries et al.| (2015) by Roos-Serote et al| (2016), who notes
that a careful study of such timing is necessary to determine the probability that an event
would occur within a given timeframe of cometary orbital crossing. Such a study has not yet
been carried out for Mars meteor showers and M3, however considering the lack of observed
meteor showers by [UVS, we posit that a meteor shower origin for M3 is unlikely.

A non-meteoric origin of M3 has implications for Venus, for which there are also obser-
vations of transient ionospheric layers below the main ionospheric peaks. Radio occultation
measurements by Venus Express suggest that similar layers form, displaying a feature that
is not seen in the Mars ionosphere: double peaked layers (Figure . These peaks are
narrow enough that they are observed to be distinct, and seen on multiple occasions. This is
fairly unusual with our current understanding of meteoric ablation, resultant chemistry, and
dynamics. Specifically, while the altitude of ablation can move up with increasing particle
speed, as seen in comet Siding Spring, the particles are rapidly diffused and observations of
distinct sources on multiple occasions would be surprising. Lacking constraints on Venus'
deposition rates, it is possible that such transient layers are meteoric. There is an expected
enhancement in ionization efficiency from meteors at Venus due to its higher relative velocity
compared to Earth or Mars, which makes a meteoric origin plausible. Additional analysis
and modeling will be necessary to determine whether these layers are meteoric in origin.

If M3 is not meteoric in origin, this implies the presence of an unknown ion source,
energy source, or both. This would pose a new challenge for our understanding of the Martian

ionosphere, as ambient ions are unable to reproduce the lifetime seen in radio occultation
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the meteor layers are evident in all three panels.
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observations (more than 10 hours). While NO* becomes the most abundant ion below
90 km, its lifetime is on the order of hours, not tens of hours. Either the known lifetime of
NO™ is not well constrained, which is unlikely, or there is a transient ionizing source that
penetrates to low altitude. This source could be soft x-rays, as seen on Earth, however the
transient nature would imply a correlation with solar events, which not investigated in the
MEx or MRO analysis. As the ionosphere couples the lower atmosphere to the exosphere,
a new source of ionization could influence our understanding of the ionosphere's role in
atmospheric escape.

The MAVEN's Radio Occultation Science Experiment (ROSE) was recently imple-
mented, and this experiment has not yet produced a “first results” paper, however prelimi-
nary profiles do not show these layers (P. Withers, private communication). Their observa-
tions should be most similar to previous radio occultations and it remains to be seen whether
such layers will be observed. If they are, these observations will be bolstered by concurrent
observations of the Martian atmosphere with TUVS and the Sun with MAVEN’s Extreme
Ultraviolet Monitor. We hope that ROSE will help illuminate the source of these transient

layers.

5.4 Future Directions for Martian Meteoric Science

The discovery of meteoric species in Mars' upper atmosphere has challenged mod-
els of atmospheric chemistry, mesospheric cloud formation, ionospheric transport, and the
Martian interplanetary dust environment. Meteoric chemistry in the upper atmosphere has
been unable to explain the lack of neutral Mg, which should be deposited during ablation.
The formation of high altitude clouds (>40 km) at Mars whose likely origin are meteoric
smoke particles has been hindered by unrealistically high model nucleation rates, considering
the direct measurement of meteoric dust input (Hartwick and Toon) 2017). Observations
of meteoric ions have revealed unexpected dynamics, anomalous high altitude layers (Gre-

bowsky et al., |2017), surprising diurnal variation, and a response to regional dust storms.
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Earth's interplanetary dust environment has an order of magnitude uncertainty when com-
paring various observation techniques (Plane], 2012), and Mars represents a new experiment
to constrain such models.

The discovery of Mg at Mars immediately exposed an issue in the understanding of
meteoric chemistry; electron recombination was expected to yield neutral Mg, yet has not
been totally detected by IUVS outside of the encounter with comet Siding Spring. Changing
the branching ratio for the recombination of MgCOj3 reduces the observed Mg to levels
consistent with TUVS in the persistent layer (Crismani et al., 2017b)), but rapid loss of
Mg from observations of comet Siding Spring suggest this may not be the whole story. It
may be the case that reactions with CO, dominate the chemical life of Mg* and Mg, and
eventually convert them to MgCO3; and Mg(OH),. The former is likely a nucleation site
for high altitude clouds (>40 km) and the latter is sensitive to the presence of HoO. While
modeled meteoric clouds are able to explain the presence of high altitude clouds, the current
flux of meteoric material is insufficient compared to model assumptions, indicating an issue
in our understanding of the nucleation process for these clouds. Observations of meteoric
molecular compounds such as MgO, MgCO3, Mg(OH),, and their ions will be necessary to
fully understand the Martian meteoric process, from ablation to sedimentation.

Metallic ions have been observed to have spatial distributions independent from other
ambient ions, forming anomalous layers above their production region and vertical profiles
inconsistent with the expectation of mass separation. Both of these phenomenon may be re-
lated to novel chemistry or transport mechanisms, or electrodynamics. The diurnal variation
of Mg™ seen by IUVS and NGIMS is not understood in terms of current models (Figure [5.4]
left), and may suggest an inadequate modeling of OF in the nightside ionosphere of Mars.
Variability in metal emissions from scan to scan and from orbit to orbit has also been ob-
served, and suggests that metallic species do not follow simple diffusive transport. Three
dimensional modeling that includes chemistry and self consistent ionospheric transport is

necessary to determine what may be causing these varied phenomenon.
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Figure 5.4: (Left) Mg™ density at a single height for a range of latitudes is compared for
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Seasonal variability cannot be investigated without determining the source or sources
of variability that exist on shorter timescales. In addition to the variability mentioned
above, the ablation region at Mars has been observed to change in altitude, presumably
in response to the changing atmosphere in which meteoric ablation takes place. This is
especially evident in observations taken after a regional dust storm, where the ablation layer
was seen to shift to altitudes almost as high as seen in comet Siding Spring (Figure , right).
Detrending these variations, it will be possible to use Mars' elliptic orbit to measure changes
in the interplanetary dust flux with heliocentric distance. Such a measurement would inform
current discussion in the terrestrial meteoric community about the total delivered mass from
interplanetary dust particles, which is currently unconstrained within an order of magnitude
(Plane, 2012).

These new questions can be resolved by further study with the TUVS and NGIMS
instruments, potentially with support of the Trace Gas Orbiter (TGO) instrument suite.
Observations over the MAVEN mission are now ready to be considered as a whole. Complete
coverage in local time, latitude, and season will allow us to determine whether there are
geographic or heliocentric variations in the direction of sporadic meteors, the former of which
is seen at Earth. During the extended aerobraking phase, observations of meteoric species
by both MAVEN instruments will provide coverage of metallic ions from their production
at 90 km to the top of the exobase. This complete coverage may be complemented by TGO
below 90 km. If they are able to observe Na, MgO, MgCO3, Mg(OH),, or their ions, it may

allow us to observe more of the chemical and dynamical process of meteoric ablation.
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