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Abstract we present for the first time the dramatic variations in atmospheric composition and density at
high altitudes from 170 to 220 km in Mars’ neutral thermosphere in response to dust increases in the lower
atmosphere, observed by the in situ Neutral Gas lon Mass Spectrometer onboard the Mars Atmosphere and
Volatile EvolutioN satellite. The observations reveal that CO,, Ar, N,, CO, and O densities all increase up to
~200% compared to the longer-term running median densities. The density increases are seen throughout
this altitude region, and the relative variations are seen to be stronger at higher altitudes. Density increases
indicating the solar extreme ultraviolet influence are also seen. This study is consistent with that during
increased dust load, the whole atmosphere expands and rises, and other processes may also be involved. The
results agree with the general circulation model predictions, providing observational evidence for how dust
increases affect different atmospheric species in the thermosphere.

1. Introduction

Dust increases in Mars' lower atmosphere are known to have significant impacts on the neutral upper
atmosphere and thermosphere, being able to greatly increase atmospheric densities at ~100 to 160-km
altitudes (e.g., Bell et al., 2007; Bougher et al., 2006; Keating et al., 1998; Withers & Pratt, 2013). Although dust
is not lofted into these altitudes, the entire atmosphere expands due to aerosol heating, and as such, the
rising of pressure levels from below dominates the density change at a given altitude (e.g., Bougher et al,,
1997, 1999). Moreover, adiabatic heating/cooling associated with the modified atmospheric circulation could
also affect the density and temperature change in the lower thermosphere (e.g., Bell et al., 2007; Bougher
et al,, 2006, 2009; Gonzélez-Galindo et al., 2015; Withers & Pratt, 2013). In addition, changes in the altitude
of the ionospheric peak in response to increased dust amounts have been observed (Keating et al., 1998;
Withers, 2009).

Thermospheric density variations caused by dust have been reported using observations made via techni-
ques including accelerometry (Bougher, Brain, et al., 2017; Keating et al., 1998), radio occultation (Bougher,
Brain, et al., 2017; Withers & Pratt, 2013), and ultraviolet stellar occultation (Forget et al., 2009; Withers &
Pratt, 2013). These observations have been limited to <160 km, that is, approximately the lower half of the
thermosphere. From the aforementioned increases in the altitudes of isobaric levels during dust increases,
we would expect increases in density of the upper remainder of the thermosphere and the “cold” component
of the exosphere (i.e., the exponentially decreasing upward continuation of the thermosphere) at all altitudes
above 160 km. However, densities derived from radio tracking at 370-430 km show no detectable increase
corresponding with increased lower atmospheric dust load (Bruinsma et al., 2014), indicating that, at these
higher altitudes, (a) some process is counteracting this pressure-level increase, (b) densities are dominated
by a hot component produced nonthermally (e.g., sputtering; Luhmann et al, 1992) or photochemistry
(e.g., Valeille et al., 2009), or a combination of both. The highest altitudes to which dust storm effects detec-
tably penetrate are thus not known. In addition, if dusts impact the thermal structure of the atmosphere, they
could potentially modify the distributions of atmospheric species at high altitudes, causing local
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compositional changes. Continuous observations for thermospheric composition and density have become
available since the operation of the Mars Atmosphere and Volatile EvolutioN (MAVEN) mission (Jakosky et al.,
2015), which permit the investigation of such effects for the first time.

The variability of atmospheric temperature and density at the exobase has been simulated using general
circulation models, taking into account the dust load variability (e.g., Bell et al., 2007; Bougher et al., 2006;
Gonzélez-Galindo et al., 2009, 2015; McDunn et al.,, 2010; Medvedev et al., 2013). The simulations exhibit large
effects of increased dust on thermosphere dynamics and structure, and the strongest impacts are seen to
occur coincident with the peak of the dust storm (Gonzalez-Galindo et al., 2015). However, the model con-
straints are mostly based upon the aforementioned aerobraking accelerometer observations from Mars
Global Surveyor, Mars Odyssey, Mars Reconnaissance Orbiter, and stellar occultation data from SPICAM.
These observations cover the lower thermosphere part and limit the models’ capability to predict the varia-
tions at higher altitudes.

For this study, we extend the altitude range of these analyses by utilizing in situ observations of atmospheric
densities at ~170-220 km from the Neutral Gas and lon Mass Spectrometer (NGIMS) (Mahaffy et al., 2014)
onboard MAVEN during a sequence of dust increases in the lower atmosphere in 2017. These observations
are for CO,, Ar, N,, CO, and O, which constitute both major and minor species of Mars’ atmosphere, and allow
for the study of dust effects on various species and the composition changes in the neutral thermosphere.

2. NGIMS Observations

Neutral Gas and lon Mass Spectrometer is a quadrupole mass spectrometer, designed to measure atmo-
spheric densities at altitudes below 500 km above the areoid (Mahaffy et al., 2014). The spacecraft is in an
eccentric ~4.5-hr orbit, with apoapsis near 6,200 km. Periapsis is determined by an actively targeted density
corridor of 0.05 to 0.15 kg/km?, usually occurring between 140 and 160 km (Jakosky et al., 2015). For each
orbit, the number density of each atmospheric species is continuously measured throughout all altitudes,
providing an altitude profile of density. These profiles have been used to study thermospheric compositional
structure (Mahaffy et al., 2015), density changes associated with small- and large-scale atmospheric waves
(e.g., England et al,, 2016, 2017; Liu et al., 2017; Terada et al,, 2017; Yigit et al., 2015), to calculate photoche-
mical escape rates of oxygen (Lillis et al., 2017), and also to characterize the seasonal and solar activity trends
of temperatures and scale heights in the upper atmosphere and thermosphere (Bougher, Roeten, et al.,
2017). Because the NGIMS noise floor is an absolute number of counts, the instrument is most sensitive at
higher densities, hence lower altitudes, especially for the minor species. We have thus selected data below
220-km altitude for this study.

We have selected two time intervals, with interval 1 spanning 20 December 2016 to 30 May 2017 and interval
2 covering 1 August to 31 December 2015. Several events of dust increases in the lower atmosphere are
observed during interval 1, and at interval 2, there are no large increases of dust (see Figure 1 and weather
reports by NASA/JPL-Caltech at http://www.msss.com; Malin et al.,, 2017). Figure 1 shows the dust column
opacity at 463 cm ™' (22 pm) obtained by the infrared limb-staring radiometer (McCleese et al., 2007) onboard
the Mars Climate Sounder (MCS). The standard MCS retrieval algorithm (Kleinb6hl et al., 2009, 2011) produces
profiles of dust extinction but not an explicit column opacity. In order to obtain a column opacity, a process
very similar to Montabone et al. (2015) is used. If the profile reaches within 1% scale heights of the surface, it is
extended to the surface by assuming the dust is well mixed. The dust profile is then integrated and normal-
ized to 610 Pa to obtain a column opacity (reported at 463 cm™', 22 um). In binning the column opacities,
bins with 3 or fewer profiles were discarded (since the bin may be biased). All of the MCS data used are from
the standard 2-D retrievals (Kleinbohl et al., 2017).

Over both time intervals, the NGIMS Level 2 version 7 revision 1 data are available for each day. As the obser-
vations are made over 4-5 orbits per day, the total numbers of density profiles available are more than 650
profiles during each interval for each species investigated.

Figure 2 shows the coverage of the NGIMS observations from 220-km periapsis altitudes along each orbit for
each of the two selected time intervals. Each periapsis pass lasts for ~600 s, so the region measured during
one orbit can cover ~20° latitude. The data span from +70° latitude and cover a wide range of local times
including daytime and nighttime hours. The latitude and local time spans are similar between the two
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Figure 1. (a and b) Dust column opacity at 463 em ' (22 um) from Mars Climate Sounder (MCS), presented at 2° Ls and 5°
latitude bins during 20 December 2016 to 30 May 2017 and 1 August 1 to 31 December 2015. Dust increases over the
latitude region from the equator to ~20° and 60°S around Ls of 303°, 320°, and 328°. (c and d) Atmospheric temperatures
derived from the MCS measurements at 50 Pa (~25 km altitude). The line plot in (d) is for the averaged values between 20°
and 60°S latitude, and the dashed lines mark the temperature peaks in response to the dust increase episodes.

time intervals, but they are in different dust storm seasons (e.g., Montabone et al., 2015; Shirley, 2014)
(Ls = ~280°-360° in the dust storm season for interval 1; Ls = ~20°-80° in the nonstorm season for interval 2).

A few “deep dip” experiments have been carried out, targeting mass densities of 2.0-3.5 kg/km? (Zurek et al,,
2017), during which periapsis reaches as low as ~120 km (see example for September of 2015 in Figure 2).
These experiments allow for measurements approximately down to the homopause (i.e., the altitude below
which turbulent mixing results in a uniform scale height for all species), and they are useful to characterize
the entire upper atmosphere down to where it connects to the lower atmosphere (Jakosky et al., 2015).
We have included the “deep dip” profiles during September of 2015 but for altitudes above 170 km, since
the lowest altitudes are sampled very sparsely. As Figure 2 shows, profiles of all species analyzed always
extend to at least 220 km; we have selected this altitude range from 170 to 220 km. The NGIMS observations
are at high-altitude resolution (close to 1 km within the selected altitude range), so we have interpolated the
data into regular grids at 1-km altitude steps.

Neutral Gas and lon Mass Spectrometer has both open and closed source modes, which enable it to measure
both nonreactive and reactive species. While the closed source is used to measure nonreactive species (CO,,
Ar, and N,), the open source measures both reactive and nonreactive species (CO and O). We have used five
species, CO,, Ar, Ny, CO, and O comprising all of the major constituents of Mars’ upper atmosphere. As the
adsorption and subsequent separation of O by the walls of the instrument may impact the measurements
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Figure 2. Distributions of the Neutral Gas and lon Mass Spectrometer data below 220 km altitude (above the areoid) during
two selected time intervals. The colors represent different months from both intervals 1 and 2, and the black strips highlight
the data obtained during the maximum heating by increased dust. The data are presented versus latitude and altitude,
local time and latitude, Ls (i.e., Mars season) and latitude, and Ls and solar zenith angle.

of O, CO, and CO, made after periapsis in each orbit (e.g., Mahaffy et al., 2014; Vuitton et al., 2008), we have
only used the data in inbound portions.

3. Density Variations With Dust Increase

Figure 3a shows scatterplots of the measured Ar densities at altitudes from 170 to 220 km over interval 1 from
20 December 2016 to 30 May 2017, corresponding to the dust increase episodes. The latitudes of the data
shift gradually from SH high latitudes to NH midlatitudes, and the local times change from midnight to day-
time hours over the data shown in Figure 2. These density changes have been estimated for each altitude
using the median densities of the 20° Ls (~40 days) running window. As the thermospheric response to a dust
storm lasts about 20-120° Ls (Withers & Pratt, 2013), this window is sufficient to reduce the dust storm effects,
the noise, short-term fluctuations, and variations associated with atmospheric tides. This running window
also removes impacts due to short-term variations of solar rotation driven extreme ultraviolet (EUV) fluxes.
Apparently, the calculated median densities vary smoothly with the changing latitudes and local times of
the data. However, larger variations are seen, and there are many data points largely deviating from the
calculated density patterns. During the dust increases (indicated by dashed lines), the Ar densities increase
by a few times (above the 1-standard deviation level) and then drop quickly to lower levels within several
degrees of Ls. The exact Ls (decay time scales) of these density peaks are not calculated as they are beyond
the scope of this study. Nonetheless, coincide with dust increases, the densities are seen to increase, and
these density increases are seen at all altitudes.

For interval 2, the Ar density (20° Ls running median) varies, following the change of latitude, season, and
local time of the data. However, there are also density fluctuations present over this time interval in this non-
storm season (see Figure 3b).

The density observations shown in Figure 3 are from individual orbits, and for the same days the observations
are for different longitudes. The upper atmosphere is known to have an intrinsic orbit-to-orbit variability
(Bougher et al., 2015; Bougher, Roeten, et al., 2017), and the NGIMS observations have revealed that the Ar den-
sity varies with longitude, having a longitudinal structure associated with atmospheric tides (e.g., England et al.,
2016; Bougher, Brain, et al., 2017; Liu et al,, 2017). To reduce this variability, the Ar densities observed for the
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Figure 3. Ar densities at the given altitudes from 170 to 220 km, presented versus Ls for the time intervals of (a) 20 December 2016 to 30 May 2017 and (b) 1 August 1
to 31 December 2015. The blue curves are for the 20° Ls running medians, including the density changes with latitude and local time. The blue dashed curves
represent the 1-standard deviations. The dashed black lines mark the peak heating of dust increases seen in the lower atmosphere. Ar density variations (differences
of the observed densities with the calculated 20° Ls running median densities) are shown in (c) and (d) for the two time intervals. These variations have been
smoothed using the 5° Ls running average.

same Ls are averaged. Figure 4 presents these averaged densities in comparison with the daily mean Lyman-
Alpha irradiance, which is an indicator of the changing solar EUV heating in the thermosphere (Bougher,
Roeten, et al,, 2017). The density increases in response to dust increases are present, and there are also varia-
tions correspond with the EUV variations. The signatures are seen for Ls = ~340-360° and are seen to be clear
in the vertical range between 190 and 220 km at higher altitudes. Similarly, the densities in the nonstorm inter-
val have a solar rotation cadence (~13° Ls), indicating the solar influences.

The differences between the Ar densities and the calculated median densities are shown in Figure 3 at the
given altitudes over the two time intervals. These differences have been smoothed through the 5° Ls
(~10 days) running averaging to remove the noise. However, spikes of large density increases still present,
coincident with the dust increases. Except these peaks, there are moderate density increases at a solar
rational cadence in the nonstorm season. These exhibit again the dramatic density variations in the thermo-
sphere in response to dust and solar irradiance effects.

The Ar density variations appear to be the smallest for dust event 1, and the density increases are larger for
events 2 and 3. Different density perturbations are observed in response to each of these dust increases.
Given that each event has a unique feature such as the dust loading amount and its activity (e.g., Smith
et al,, 2006), the effects of individual dust increases are expected to be different. In addition, the densities
are observed at nighttime for events 1 and 2 but during daytime hours for event 3 (see Figure 2). The day-
night differences of the dust effects are also expected. For event 2, the largest Ar density increase is seen
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Figure 4. Averaged Ar densities for the same Ls and the daily mean Lyman-Alpha irradiance measured by the solar extreme
ultraviolet monitor (Eparvier et al., 2015) on Mars Atmosphere and Volatile EvolutioN (in pink) during (a) 20 December 2016
to 30 May 2017 and (b) 1 August to 31 December 2015. The dashed black lines in (a) mark the peak heating of dust
increases seen in the lower atmosphere.

to be ~2 x 10°cm™ at 220-km altitude, and the increase is about 5 x 10°cm™> at 200-km altitude, and
~1.5 x 106%cm 3 at 180-km altitude. Dust impacts are seen to be stronger at lower altitudes and for all
events, which could be related to “larger” background densities at these altitudes as atmospheric densities
increase exponentially with decreasing altitude, Furthermore, the density increases seen at Ls = ~340-360°
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Figure 5. (a) Ar density and scale height profiles observed at dust increase event 2 (~320° Ls) over three orbits shown in
red. The solid red profiles are for the averaged values over the same Ls. Here for two orbits the densities are larger than
the profiles shown in blue, and for orbit 3, the densities are smaller (the solid blue profiles are for the median values of the
20° Ls running windows, and the dot blue profiles denote one standard deviations of these values). (b) Relative density
variations (normalized differences of the observed densities with the 20° Ls median densities) of CO,, Ar, CO, Ny, and O
observed during the same orbit passes in response to the three dust increase events in the lower atmosphere.

are smaller than the dust-driven variations (for events 2 and 3) specifically at 170 to 190-km altitudes but have
larger values at higher altitudes, indicating the solar influences in the thermosphere.

Figure 5a shows the Ar densities, along with the derived scale heights, observed at dust event 2 (Ls ~320°) for
the selected vertical range. For comparison, the profiles calculated from the 20° Ls running windows, and
the averages for the same Ls are also included. The observed densities and scale heights are shown for
three orbital passes. Except for orbit 3, the densities are all larger than the values from the longer-term
running windows.

As shown in the red dashed profile (orbit 1), the Ar density increases almost uniformly across the vertical
range, by up to several times of the 20° Ls median values (blue solid profile). Being a nonreactive species,
Ar acts as a passive tracer of vertical transport in the atmosphere. This density increase in this species implies
that the atmosphere moves upward during the dust increase, as may be expected from the attendant warm-
ing of the lower atmosphere. This upward movement can be estimated using the altitude difference between
the two profiles by selecting a constant density level. As shown, the movement is ~10 km uniformly through-
out the investigated region. This ~10-km movement upward is similar to the change in the height of the
F1-ionospheric peak observed by MGS during the Noachis regional dust storm (Keating et al, 1998).
Correspondingly, the red dashed and blue solid profiles of scale height show that the scale heights are
between 10 and 15 km, and they (and hence temperatures) have smaller changes (relative to orbit 2).
Previous studies have suggested that during dust storms, the whole atmosphere shifts upward (e.g.,
Bougher et al., 1997, 1999; Withers & Pratt, 2013). The rising atmospheric layer increases the density at a given
altitude, so the suggestion is consistent with the variations seen in this study.
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In contrast, the other profile (red dot for orbit 2) has larger variations specifically at 190 to 220-km altitudes.
The density increases are stronger, and the corresponding scale heights also increase largely (up to factor of 2)
at these altitudes. Given that scale height is proportional to temperature, the pronounced increase in scale
height implies that the temperature rises significantly. To account for these large variations, other processes
such as adiabatic heating/cooling associated with the modified atmospheric circulation (e.g., Bell et al., 2007;
Bougher et al., 2006, 2009; Gonzalez-Galindo et al., 2015; Withers & Pratt, 2013) should also be considered. In
addition, the longitudinal differences sampled by these orbits may also play a role.

Figure 5b shows the relative density variations (normalized differences of the observed densities with the 20°
Ls median densities) for atmospheric species of CO,, Ar, CO, N5, and O at 170 to 220-km altitude over each of
the dust increase events. The density in each species is seen to increase throughout this vertical column, and
the density increases are seen to be stronger at higher altitudes. Moreover, the density variations are depen-
dent on species: CO, has the largest density changes, and the changes in other species are smaller. This is
reasonable as CO, has the smallest scale height in the thermosphere.

Atmospheric density increases associated with dust increases are observed in this study in the altitude range
from 170 to 220 km. This is not surprising as, during dust storms, the whole atmosphere expands and rises,
increasing the densities in the intervening altitudes (e.g., Bougher et al., 1997, 1999; Withers & Pratt, 2013).
Previous studies have reported the density increases observed at altitudes as high as 160 km (Withers &
Pratt, 2013). The present study is for higher altitudes, showing that the dust influences reach ~220-km alti-
tude in the thermosphere.

No density increases have been detected at 370 to 430-km altitudes in response to increased dust levels in
the lower atmosphere (Bruinsma et al., 2014), implying that dust might not generally affect the exosphere.
At these higher altitudes, there should be a “cooling” process, counteracting the atmosphere warming and
the pressure level and density increase. The lower exosphere is a transition region for which fluid processes
and kinetic processes compete to influence neutral species distributions. Thus, new physical processes come
into play above the thermosphere affecting densities (and temperatures), for which global redistribution (and
cooling) may occur. This study observes the dust storm effects at 170 to 220-km altitudes, and the effects are
seen to be stronger at higher altitudes. However, the altitude limits where these effects dissipate have not
been examined.

Many general circulation models have been used to study the variations in the upper atmosphere and
thermosphere at varying atmospheric dust load conditions (e.g., Bell et al., 2007; Bougher et al., 2006;
Gonzalez-Galindo et al.,, 2009, 2015; Medvedev et al., 2013). These models have simulated large increases
in thermospheric density and temperature corresponding to dust storms. Comparing between the lowest
and highest dust mixing heights, the neutral densities near the equator are seen to increase by the factor
of 2 at 120-km altitude (Bell et al., 2007). Although no comparisons have been performed for the same dust
increase events, results of this study are in general consistent with the model predictions.

4. Summary

Using in situ measurements by MAVEN/NGIMS, we have performed the first observational study of the effects
of increased dust in the lower atmosphere on atmospheric composition and density at altitudes from 170 to
220 km in Mars' thermosphere. Heretofore, density increases associated with dust increases have been
observed at altitudes as high as 160 km and are not observed at 370-430 km in the exosphere.

For this study, we have analyzed the density variations for atmospheric species of CO,, Ar, CO, N, and O, the
primary species in Mars' atmosphere. We have compared the variations between two time intervals with
overlapping latitudes and local times but different Ls. The key results are summarized as follows:

1. The Ar observations during January to April 2017 reveal large density increases coincident with the peak
temperature enhancements associated with the dust increases in the lower atmosphere. Compared to the
longer-term running median density changes, the density increases are up to 200% at 220-km altitude
and less than 50% at 170-km altitude. The variations are seen at all altitudes throughout 170-220 km
but are seen to be stronger at higher altitudes that may correspond to higher temperatures.

2. At dust increase event 2, the thermosphere is observed to move upward by ~10-km altitude, and scale
height is almost the same throughout the altitude column investigated. However, for some orbits, the
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vertical movements and scale height changes are seen to be larger at 190 to 220-km altitudes. These
indicate that during dust increases the whole atmosphere expands and rises, and other processes such
as the modified circulation may also be involved.

3. The large density increases at dust increases are seen for all species of CO,, Ar, CO, N5, and O throughout
the altitude region from 170 to 220 km. CO, has the largest density increases, and the increases in other
species are smaller. These show that the density variations associated are dependent on atmospheric
species.
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