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Abstract we report seasonal and dust-related variations in neutral and ion species (CO,, O, and N,
and CO,*, O,*, O*, and N*, respectively) in the dayside Martian upper atmosphere between altitudes of
~150 and ~250 km observed by the Neutral Gas and Ion Mass Spectrometer aboard the Mars Atmosphere
and Volatile Evolution spacecraft. The sinusoidal seasonal variations in CO,* and O,* densities are
clearly identified, while that of O* is less discernible. These observed variations in ion densities are well
reproduced by a photochemical equilibrium model for CO,* and O* densities when we combine them
with solar cycle variations. Furthermore, we find a decrease in O, O*, and O,* densities in the whole
altitude range at L_ = 342-346 in MY 33 during a regional dust event. The decrease in O density would
lead to decreases in O* and O,* densities in the ionosphere through ion-neutral reactions. Observed
variations in ion and neutral species associated with the season and a regional dust storm are also
confirmed in pressure coordinates. Observations show that the CO,*/O" ratio at a given pressure level
in the ionosphere varies by a factor of ~3, which can modify the composition of ion outflow from the
Martian atmosphere.

Plain Language Summary Early Mars had a dense CO, atmosphere that could sustain a
significant amount of liquid water, but present Mars only has a 7-9 mbar CO, atmosphere. Many CO,
gases are considered to have been lost to space. One of the mechanisms for atmospheric escape on Mars
is the acceleration of the ion species in the ionosphere by the interaction with the solar wind. Since
ionospheric ions can be the source of escaping ions, variability in the number density in the ionosphere
might affect the escape rates. The Neutral and Gas and Ion Mass Spectrometer aboard the Mars
Atmosphere and Volatile Evolution spacecraft can provide a long-term data set of number densities and
composition in the ionosphere and thermosphere. We investigated the compositional change in number
densities in the ionosphere and thermosphere because they are coupled through ion-neutral reactions.
Seasonal variations in neutral and ion densities are observed, and we find that the number densities of O,
0*, and O,* decrease when a regional dust storm occurs in the lower atmosphere.

1. Introduction

The Martian upper atmosphere is the reservoir region for an atmospheric escape to space. The escape rates
of 0,*, 0*, and CO,* ions of Martian origin and their relative ratios have been measured by ion mass spec-
trometers aboard Mars Express (e.g., Carlsson et al., 2006; Lundin et al., 2009) and Mars Atmosphere and
Volatile Evolution (MAVEN; e.g., Inui et al., 2018, 2019). The source altitude of ion outflow is located below
~250 km since the composition of ion, the outflow is similar to that of the ionosphere below ~250 km as
measured by the Viking-1 probe (Lundin et al., 2004, 2007). It is well known that the escape rates of plan-
etary ions from Mars change in response to the solar wind and solar extreme ultraviolet (EUV) fluxes (e.g.,
Dong et al., 2017; Dubinin, Fraenz, Pitzold, Andrews, et al., 2017; Lundin et al., 2008). A multifluid mag-
netohydrodynamic model in C. Dong et al. (2015) suggested that the ion escape rate varies seasonally by a
factor of ~1.3, where it is enhanced at perihelion but depleted at aphelion. However, the seasonal variation
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in the composition of the reservoir region, that is, the thermosphere and ionosphere, and its connection to
the composition of escaping ions are open questions due to the lack of long-term continuous observations
of thermospheric and ionospheric compositions on Mars.

The composition of the ionosphere in the photochemical equilibrium (PCE) layer below an altitude of
~200 km on Mars (e.g., Fox et al., 2017) is tightly coupled with the thermospheric composition through
ion-neutral reactions. In the PCE layer where the time scale for photochemical loss is shorter than that for
transport, the number densities of ion species are derived under the assumption that the production and
loss rates of ions are equal. Important photochemical production and loss processes for the major iono-
spheric ions, O,*, O*, and CO,", are

CO, +hv — CO," +e (1)

O+hv > 0" +e 2)

CO, +hv > 0" +CO +e 3)

0 +CO} — CO, + 0%, Kk =9.6x107" [cm3S_IJ @

0" +CO, - CO+0%, k =1.1x 10*9[cm3s*'] (5)
0+CO; > CO+0%, ky =1.6x107" [cm%*'} 6)

0j +¢—0+0, k =24x107(300/ Te)"’ [cmSS_l} )
COj +e—CO+0, ks =42x107(300/Te)""” [cm%*‘] (8)

where the reaction rate coefficients are taken from Schunk and Nagy (2009).

According to PCE theory, the number densities of the major ions strongly depend on thermospheric CO,
and O number densities, which are mainly controlled by thermospheric temperature (i.e., scale heights),
and dissociation by far-ultraviolet (FUV) radiation. The variations and structures of ion densities with solar
activity have been simulated in previous models (e.g., Bougher et al., 2015; Fox et al., 1996; Krasnopol-
sky, 2002). Seasonal variations in thermospheric temperature correlate with solar EUV irradiance (Bougher
et al., 2017; Thiemann et al., 2018). It is noted that the distribution of the O number density is mainly
controlled by global wind advection and diffusion above an ~170 km altitude due to its small atomic mass
(Bougher et al., 1990, 1999). Thermospheric general circulation models have shown that the O density is
depleted around the afternoon and enhanced around midnight owing to transport by global wind (Bougher
et al., 1990, 2015).

Recently, the homopause of Mars was observed to vary between altitudes of 60 and 140 km (Jakosky
etal., 2017; Slipski et al., 2018). Additionally, seasonal variations in the N,/CO, ratio at an altitude of 140 km
in the lower thermosphere were investigated by the Imaging UltraViolet Spectrograph (IUVS) aboard MA-
VEN (Yoshida et al., 2020). The N,/CO, ratio at 140 km showed a maximum near aphelion and a minimum
near perihelion and varied by a factor of two. It was concluded that the variations in the N,/CO, ratio
are mainly controlled by the change in the homopause altitude. Yoshida et al. (2020) also suggested that
the dayside homopause altitude would be mainly controlled by the inflation and contraction of the lower
atmosphere. The variations in the homopause altitude and the atmospheric composition at a constant al-
titude in the lower thermosphere suggest that the neutral and ion compositions in the upper atmosphere
would change seasonally, responding to the lower atmospheric variations. The seasonal variation in the ion
composition related to that of the homopause altitude was predicted by a general circulation model (GCM)
(Chaufray et al., 2014). They suggested that the average dayside density ratios of CO,*/O* and O,*/O* can be
enhanced by up to one order of magnitude at a pressure level of 8 X 1078 Pa in the solstice season, when the
homopause altitude and its pressure level are high and low, respectively. However, observational validation
has not been conducted. The upper atmospheric density is enhanced during both global and regional dust
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events due to the heating and expansion of the lower atmosphere (e.g., Keating et al., 1998; Liu et al., 2018;
Withers & Pratt, 2013). Fang et al. (2020) suggested that ionospheric compositional change is significant
during a global dust event but is less remarkable during a regional dust event. They also mentioned that a
significant change in ionospheric composition during a global dust event leads to an enhancement of the
CO,* escape rate. Unexpected decreases in O during a global dust storm event were found in observations
of the thermosphere (Elrod et al., 2019). The ionospheric compositions were also modified according to the
atmospheric composition in the neutral atmosphere (Niu et al., 2021), which might support the idea that
the escape of major ions would be modified by a global dust event. However, it is not clear how the compo-
sition in the upper atmosphere changes during a regional dust event. The transport of water vapor from the
lower atmosphere has been observed during such events (Aoki et al., 2019; Fedorova et al., 2018; Heavens
et al., 2018). An enhancement of H,O ions was observed in the ionosphere during both regional and global
dust storms (Stone et al., 2020). These facts suggest that the upper atmospheric composition may change
during a regional dust event.

The Neutral Gas and Ion Mass Spectrometer (NGIMS) aboard MAVEN measures both neutral and ion den-
sities in the range of ~150-500 km altitudes (Mahaffy et al., 2015). Using NGIMS observations, a strong con-
nection between the thermosphere and ionosphere was reported (Withers et al., 2015). Girazian et al. (2019)
investigated that seasonal, solar zenith angle (SZA), and solar flux variations in the O* peak density and
concluded that the O* peak density is mainly controlled by the O/CO, ratio at the same altitude as predicted
by photochemical theory. Above the O* peak, the O*/0,* ratio in the dayside is 1.1 + 0.6 and decreases
with increasing SZA (Girazian et al., 2019). The investigation of vertical profiles of CO,*, O,*, and O* in the
ionosphere can be used to estimate the source altitude of ion outflow (cf. Lundin et al., 2004, 2007). Fur-
thermore, clarifying the variability in these ion species is important to understand the connection between
the ionosphere and ion outflow.

In this study, we investigate the seasonal variations in neutral and ion compositions in the upper atmos-
phere (thermosphere and ionosphere) as well as their response to a regional dust storm. The purposes of
this paper are (a) to confirm the vertical coupling between the lower thermosphere and the upper thermo-
sphere and (b) to verify the coupling between the thermosphere and the ionosphere in the dayside between
altitudes of ~150 and 250 km over a Mars season. We discuss whether heavy ion outflow can be affected
by seasonal variations in the upper atmospheric composition. In-situ observations of N, and CO, density
profiles by NGIMS are examined and compared to previous IUVS observations of the N,/CO, seasonal var-
iation in the lower thermosphere (Yoshida et al., 2020). To understand the second purpose and discuss the
effects on the composition of heavy ion outflows, we examine O, CO,, O*, O,*, and CO,* density profiles.

The data set we used in this study is presented in the next section. The time variations and vertical struc-
tures of the neutral and ion densities are shown in Section 3. We discuss the seasonal variation in ion densi-
ties under the PCE in Section 4. We also describe the variation in ionospheric compositions when a regional
dust storm occurred in the lower atmosphere in the same section. The effects on the composition of heavy
ion outflows are discussed in Section 5. Finally, our conclusions are summarized in Section 6.

2. Instrument and Data Set

NGIMS is a mass spectrometer (Mahaffy et al., 2014) that provides neutral gas and ambient ion composi-
tions. NGIMS can detect species with a range of 2-150 Daltons and a unit mass resolution. In our analysis,
we use the upper atmospheric neutral densities of CO,, N,, and O as well as ion densities of CO,*, N*, O,*,
and O*. It is noted that the abundances of O are derived indirectly by measuring O, because atmospheric
O interacts with the instrument's walls and forms O,, which assumes that the number density of O, in the
thermosphere is negligible compared to that produced in the instrument (Stone et al., 2018). N, is selected
to confirm the vertical coupling between N,/CO, in the lower thermosphere (Yoshida et al., 2020) and in
the upper thermosphere. To investigate the ion-neutral coupling of N, in the thermosphere, N* is selected.
NGIMS measures these densities between an ~500 km altitude and periapsis altitude (normally ~150 km)
with a vertical resolution of less than one half scale height for each species. It is noted that the MAVEN
spacecraft moves horizontally ~2700 km during a single orbit below 250 km. Thus, a typical single pass
spans ~45° of latitude, a few hours of local time, and ~40° of SZA as shown in Figures la-1c. Neutral
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Figure 1. An example of the observing geometry of neutral gas and ion mass spectrometer (NGIMS) observations for
orbit number 6163 is shown in (a)-(c). Footprints of NGIMS inbound segment observations where solar zenith angle
(SZA) is less than 90° and altitude is less than 250 km are shown in (d) local time (hours), (e) SZA (degree), and (f)
latitude (degree). Footprints observed from 60° to 65° in SZA are colored. Red is used for the analysis of both neutral
and ion species. Light blue is used for neutral species because ion species are highly affected by spacecraft potential
effects. Dashed boxes in panel (d)—(f) indicate the data set used in Figures 4, 5, 9 and 10.

species are measured every orbit, while ion species are obtained every two orbits. The standard deviation in
individual ion measurements due to random uncertainties depends on the density and is typical ~50% at
0.1 cm~® and ~25% above 1 cm~ (Benna et al., 2015). The absolute uncertainty of neutral species, such as
CO, and N,,, is estimated to be less than 20% (Mahaffy et al., 2015). The absolute uncertainty of O density
is approximately 25%. It is noted that the background level of reactive species such as CO, increases in the
outbound segments due to an interaction with the instrument's wall (Mahaffy et al., 2015). Therefore, the
data set we applied in this study is restricted to the inbound segments for all species for more precise meas-
urement accuracy.

We used Level 2 version 8 revision 1 of the NGIMS data set provided in the Planetary Data System (PDS)
and analyzed the densities of ion and neutral species from February 3, 2015 to December 20-31, 2017. The
total number of orbits during that duration reaches 4,478 for neutral species and 2,418 for ion species. The
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total duration corresponds to Martian Year (MY) 32 solar longitude (L) = 284 to MY 34 L_= 108. The time
evolution of the NGIMS geometry used for our analysis is shown in Figures 1d-1f. To obtain the variation in
the dayside, the coverage is limited to less than 90° in SZA. Hereafter, we show the averaged profile observed
between 60° and 65° in SZA to restrict the dependences of number density on SZA (e.g., Withers, 2009)
because those SZA ranges are included in several L  ranges and the transport of gas species to the nightside
is less effective than around the terminator. The selected data set we used for profile analyses in Section 3 is
shown in red in Figures 1d-1f. The data set of ion species are filtered according to the spacecraft potential
to be more than —3 V. The ion data observed around L_ ~15 in MY 34, which are colored in light blue in
Figures 1d-1f, are removed because the spacecraft potential is less than —6 V and affects the ion density.
The data set is measured both in the morning and afternoon as well as in both the northern and southern
hemispheres.

The electron temperature profiles observed by the Langmuir Probe and Waves instrument (LPW; Anders-
son et al., 2015) are used to discuss seasonal variations in ion density under the PCE model in Section 4.1.
The local electron temperature is measured in Langmuir Probe (LP) mode, which measures current-volt-
age characteristics (Andersson et al., 2015; Ergun et al., 2015). The LPW has two independent cylindrical
probes. Below an altitude of 500 km, where cold electrons are dominant, the LP instrument operates in a
sweeping range from —5 to 5V, typically with 128 steps, a sweep duration of 1-4 s, and at a cadence of 1-2
sweeps per 4 s. The derived electron temperature is combined from the two probes. We used Level 2 version
3 of the LPW data set provided in the PDS and analyzed the electron temperature profile with the same
criteria for geometry as the NGIMS observations. The LPW data contain the quality flags, which represent
the confidence of the data set. In this study, we limited the data to those with quality flags greater than 50.

3. Result
3.1. Time Variations in Neutral and Ion Densities at an Altitude of 200 km

Time variations in neutral densities versus L_in MY 32 to MY 34 are shown in Figure 2. The densities and
mixing ratio are shown at a representative altitude of 200 km, which is higher than the typical exobase
altitude (Jakosky et al., 2017). The time variation in the orbit-averaged solar EUV irradiance at 17-22 nm
observed by the Extreme UltraViolet Monitor (EUVM) aboard MAVEN (Eparvier et al., 2015) is also shown.
During the observation time, the solar activity changed gradually from the mean to the minimum. The
effects of change of heliocentric distance are also seen in the EUV irradiance. Although L_~ 300 in MY 32
is observed when the EUV irradiance is high compared to the other seasons, seasonal variations in CO,, N,,
and O number densities are obvious. The green dashed line shown in Figures 2b-2d are sinusoidal fitting
to the number density observed in the afternoon (light green dots). Note that we excluded the observation
at L_~ 340 from the fit because it was in a regional dust event. Variation during the regional dust storm is
explained in Section 4.2. The seasonal variation is quantified as a function of

de IO[A sin(Lg~B)+C | , )
where d is the number density at 200 km, A is the amplitude of the seasonal variation, B is the phase, and C
is the constant. Higher number densities appear around perihelion (L, = 251), and lower number densities
appear around aphelion (L, = 71). Variations in the number densities of CO,, N,, and O at 200 km in the
afternoon are factors of ~9, ~3, and ~4, respectively, based on the median densities between MY 33 L_~ 50
and MY 33 L_~ 240. The observed sinusoidal seasonal trend of CO, at a constant altitude of 200 km has good
agreement with previous observations of CO, in the thermosphere and mesosphere (Groller et al., 2018;
Forget et al., 2009; Slipski et al., 2018; Yoshida et al., 2020). The variation in CO, density is also larger than
that in N, density at 140 km altitude (Yoshida et al., 2020). These facts suggest that the variation in densities
in the upper thermosphere is associated with that in the lower thermosphere and mesosphere. The CO,
density observed in the morning does not correspond with the sinusoidal curve shown in Figure 2b. This
may be the result of diurnal variation (Gupta et al., 2019).

It is noteworthy that the O density at L, ~ 340 in MY 33 decreases significantly from the sinusoidal fitting. A
regional dust event was observed during this period (Montabone et al., 2015, 2020). A decrease in O density
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Figure 2. Time variations in (a) Extreme ultra violet irradiance at 17-22 nm, neutral species and their relative
abundances observed at 200 km including (b) CO,, (¢c) N,, and (d) O number densities, and (e) N,/CO, and (f) O/

CO, ratios. The color bar represents the observed local time. Black diamonds indicate the median value of each
observational group. The green dashed line shown in (b)-(f) is a sinusoidal fitting to the number density and mixing
ratio observed at 200 km only in the afternoon and excludes the data at L, ~ 340 in MY 33 (dust storm data) to show the
seasonal variation. The best fit parameters (amplitude, phase, and constant) of sinusoidal fit are shown in the figures.
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in the thermosphere during the planet-encircling dust event in 2018 was observed by Elrod et al. (2019) and
Niu et al. (2021). We focus on the atmospheric composition during the regional dust event in Section 4.2.

In Figures 2e and 2f, sinusoidal seasonal trends are also visible in the density ratios of N,/CO, and O/CO,,
A sinusoidal fitting corresponding to mixing ratios observed in the afternoon, excluding the regional dust
event at L _~ 340 in MY 33, is shown by the green dashed line in Figures 2e and 2f. N,/CO, varies from 0.15
(L, ~ 240 in MY 33) to 0.44 (L, ~ 50 in MY 33) by a factor of 3. O/CO, varies from 0.19 to 0.44 by a factor of
2. The mixing ratio of N,/CO, at a 200 km altitude is higher than that at 140 km observed by IUVS (Yoshida
et al., 2020). A higher mixing ratio of lighter species at a 200 km altitude is reasonable due to the diffusive
separation in this region. Mixing ratios around the morning terminator show higher values than in the
afternoon, which has already been confirmed in previous observations at an altitude of 140 km by ITUVS
(Yoshida et al., 2020).

Time variations in ion densities versus L_are shown in Figure 3. CO,*, N*, O,*, and O* densities at a rep-
resentative altitude of 200 km are shown. Sinusoidal curves are also fitted as in Figure 2. The seasonal var-
iation in CO,* density resembles that of CO, density in Figure 2b. Observations in the afternoon show that
the highest CO,* density is 2.6 x 10> cm™ at MY 32 L_~ 300 and the lowest CO,* density is 3.4 X 10> cm ™3 at
MY 34 L_~ 60. The CO,* densities measured around the morning show relatively low densities than those
around the afternoon; for example, profiles observed at MY 33 L~ 120 (at approximately 16:00) and at MY
33 L, ~ 160 (at approximately 8:00), correspond to the dawn-dusk asymmetry of neutral CO, densities in
Figure 2b. This might be related to the dawn-dusk asymmetry of ion density shown by Benna et al. (2015)
and Cui et al. (2020). The N* density has an opposite seasonal variation to the CO,* density. The lowest den-
sity, 2.2 cm™3, appears at MY 33 L_~ 240, and the highest density, 6.7 cm™3, appears at MY 34 L_~ 60. The
opposite seasonal variation between CO,* and N* densities can be explained by the fact that N* is destroyed
by photochemical reactions with CO,. N* is produced mainly by photodissociative ionization of N,, whose
production frequency at the optically thin layer is 1.7 x 10~% s~! at a low solar activity (Fox et al., 1996). N*
is destroyed by reaction with CO, below its peak altitude following the reactions (Fox & Sung, 2001)

N*+C0, - CO™ +NO, k =2.02x107"[em’s”] (10)

N +CO, — N+CO}, k =9.18x 10*'°[cm3s*'} 11)

Figure 2 shows that the variations in CO, density have a larger amplitude than the variations in N, density,
which would enhance the loss process for N*. The production rate of N* would not change seasonally be-
cause the seasonal variation in N, density is approximately one-third of the CO, density at a 200 km altitude.
Thus, the net N* density should decrease according to an increase in the CO, density. Consequently, we con-
firmed that seasonal variations in number densities in the upper thermosphere corresponding to those in
the lower thermosphere lead to variations in N* and CO,* densities at 200 km. The O,* density also shows
a seasonal variation similar to the CO,* density. A seasonal variation in O* density is less discernible. We
focus on these aspects in the next section.

3.2. Vertical Structures of Neutral and Ion Densities

Median vertical profiles of neutral densities are investigated in the altitude range of ~150-240 km, which
are shown in Figure 4. To examine the coupling between the ionosphere and thermosphere, we selected
data obtained in the northern hemisphere, SZA between 60° and 65°, and local time later than 12:00 p.m.,
whose data are indicated by the dashed boxes in Figures 1d-1f. Local time is constrained in the afternoon
because of the asymmetry of the density between day and night (Benna et al., 2015; Cui et al., 2020; Gupta
et al., 2019). The profiles observed in the northern hemisphere are particularly suitable for understanding
ion-neutral photochemical coupling because the ionospheric density is enhanced due to the strong crustal
magnetic field in the southern hemisphere (Withers et al., 2019).

Vertical profiles are shown for specific L_ bins, including L, = 59-63 in MY 34, L, = 113-133 in MY 33,
L, = 299-310 in MY 32, and L, = 342-346 in MY 33, which correspond to the northern hemisphere late
spring, summer, winter, and late winter, respectively. A profile including the regional dust storm event
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Figure 3. Time variations in ion species and extreme ultra violet irradiance at 17-22 nm as shown in Figure 2. The best
fit parameters of the sinusoidal fit are determined in the same way as Figure 2 and are shown in the figures. (b) CO,*,
(c)N*,(d) O,*, and (e) O* number densities.

during L, = ~320-350 in MY 33 is shown in red, which is discussed in more detail in Section 4.2. Measured
densities are binned every 5 km, and median densities are shown as each seasonal profile. The median val-
ues of solar EUV irradiance in L, = 299-310 in MY 32, L_= 113-133 in MY 33, L = 342-346 in MY 33, and
L =59-63in MY 34 are 0.35,0.19, 0.15, and 0.17 mW/m?, respectively. The median solar EUV irradiance in
L, =299-310 in MY 32 is nearly two times larger than that in other seasons.

As observed at a 200 km altitude shown in Figure 2, the vertical profiles of CO, and N, densities show a sea-
sonal variation in the whole altitude range. A higher density appears in L, = 299-310, and a lower density
appears in L, = 59-63. CO, densities vary significantly compared with other species. Although the O density
in L, = 113-133 shows a relatively lower density than that in L, = 59-63, it is within the 25% quartiles.
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Figure 4. Median vertical profiles of neutral species observed in the northern hemisphere, local time later than 12:00 p.m., and solar zenith angle between 60°
and 65°. The line shows median values binned in a 5 km altitude. Horizontal bars show the 25% and 75% quartiles. (a) CO,, (b) N,, and (c) O densities. Vertical
profiles of atmospheric composition for the same duration are shown in (d) and (e), which are calculated from the median values of (a) to (c). (d) N,/CO,

and (e) O/CO, ratios. The dashed lines in panels (d) and (e) represent theoretical mixing ratio profiles estimated assuming hydrostatic equilibrium above the
homopause. The colors represent the four seasons: L, = 59-63 (purple), L, = 113-133 (light blue), L, = 299-310 (yellow), and L_= 342-346 (red).

Temperatures in the thermosphere are derived from the scale heights of vertical CO, densities between
altitudes of 165 and 200 km assuming an isothermal atmosphere. The temperatures derived from each pro-
file at L, = 59-63, L. = 113-133, and L, = 299-310 are 192, 210, and 257 K, respectively. Stone et al. (2018)
reported that temperature derived from the Ar scale height is more accurate and higher by 10-20 K than
that derived from the CO, scale height. When we derive the temperature from the Ar scale heights, the tem-
peratures become 216, 222, and 259 K, respectively. The differences in temperatures between the two are
24,12, and 2 K, respectively. Derived temperatures are consistent with average temperatures, which vary in
association with the solar EUV irradiance, as reported in Bougher et al. (2017). The higher scale height and
temperature in L, = 299-310 is the combination of the effects of both seasonal and solar cycle variations.
Therefore, the CO, density in the upper atmosphere varies with the solar EUV heating in the thermosphere
in addition to the inflation and contraction of the lower atmosphere.

The vertical profiles of N,/CO, and O/CO, ratios, shown in Figures 4d and 4e, increase with altitude. In
the whole altitude range, a higher mixing ratio appears in L, = 59-63, and a lower mixing ratio appears in
L, =299-310. A theoretical vertical structure of the mixing ratio estimated assuming hydrostatic equilibri-
um above the homopause is written as

n=(A) _ nz:io (4) exp|:—(Z’ _ ZO)[L _ LH (12)
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Figure 5. Median vertical profiles of ion species, as shown in Figure 4. (a) CO,*, (b) O,, and (c) O* densities.

where n(A) is a lighter species, n(B) is a heavier species, and H, and H, are the scale heights of A and B
(Chassefiere & Leblanc, 2004). We defined z,, as the 167.5 km altitude, and two altitudes were chosen as z:
200.0 and 230.0 km altitude. A is either the N, or O density and B is the CO, density. The observed N,/CO,
and O/CO, ratios at 167.5 km and thermospheric temperatures derived from the scale heights of CO, densi-
ties are substituted. The estimated mixing ratio is shown in Figures 4d and 4e. The observed N,/CO, profiles
correspond to the profile estimated assuming hydrostatic equilibrium below a 200 km altitude. Thus, the
observed N,/CO, ratio follows diffusive separation below a 200 km altitude. In the case of the O/CO, ratio,
the observed O/CO, ratio is lower than the mixing ratio estimated assuming hydrostatic equilibrium over
the whole altitude range. The GCM demonstrates the transport of O from the afternoon to the nightside,
and therefore, a lower O/CO, ratio appears in the afternoon (Bougher et al., 1990, 2015). The O/CO, ratio
we observed was measured at approximately 15:00 to 17:00 in LT. The transport of O from the afternoon to
the nightside may explain the discrepancy between the observed O/CO, ratio and the mixing ratio estimated
assuming hydrostatic equilibrium. When we use the temperatures derived from the Ar scale height, the esti-
mated mixing ratios of N,/CO, and O/CO, decrease by up to 13% and 24% at a 200 km altitude, respectively,
due to the high temperature. However, we confirmed that mixing ratios estimated with the Ar scale height
temperature do not affect our result.

Figure 5 shows seasonal variations in median ion densities in vertical profiles between ~150 and ~250 km.
Vertical profiles of ion densities are also constrained in the same LT, latitude, and SZA ranges (i.e., the L_
range is the same as for the neutral profiles). A profile in L, = 342-346 shown in red is discussed in Sec-
tion 4.2. Vertical structures of ion density also show a clear seasonal variation in the whole altitude range
for CO,* and O,*. Higher densities appear in L, = 299-310, and lower densities appear in L, = 59-63. The
scale heights of O,* and CO,* density profiles between altitudes of 180 and 230 km have higher values in
L, = 299-310 than others, which correspond to the higher temperature in the thermosphere during the
same period due to the high EUV irradiance. The scale height of the O,* profile is larger than that of the
CO,* profile, as expected given their different molecular masses. The O* density does not vary significantly
with season except during the regional dust event (red). Girazian et al. (2019) showed the O™ distribution
between altitudes of 150 and 400 km shown in Figure 3. The observed O* profiles are consistent with
those in Figure 3 in Girazian et al. (2019). The differences in CO,*, O,*, and O* number densities between
L, =59-63 and L, = 299-310 at a 180 km altitude are by factors of ~5.0, ~2.9, and ~1.3, respectively.

4. Discussion
4.1. Seasonal Variation in Ion Density Under the PCE

In the PCE layer, stationary number densities of CO,*, O,*, and O* are derived such that the photochemical
production and loss rates of each ion species are equal. According to the main photochemical reactions in
(Equations 1-8), each theoretical ion density can be described by the following equations:
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same geometry as the NGIMS. Profile measured in L = 299-310 is shown
in red and that in L = 59-63 is in black.

respectively. k, and k, are dissociative recombination rates for CO,* and
0,*. The rate coefficients for k, and k, depend on the electron tempera-
ture. Since direct photoionization of O, is small, we neglected it for the
production rates of O,*. Thus, we calculated the number densities of ion
species and their seasonal variations by Equations 13-15 for L, = 59-63
(purple profiles in Figures 4 and 5) and L, = 299-310 (yellow profiles in
Figures 4 and 5). The median densities of neutral and ion species shown

in Figures 4 and 5 are adopted for the calculation. The electron densities

are assumed to be the sum of the O,*, CO,*, and O* densities. Figure 6
represents the vertical profiles of the median electron temperature for the two L, ranges measured by the
LPW. We applied those electron temperature profiles to the estimation of the rate coefficient for k, and k.. In
this paper, the photoionization rates of CO,* and O* are estimated by the EUVAC solar flux model (Richards
et al., 1994). The photoionization rates of O* include photoelectron impact ionization. We choose the F,
flux at Earth as 70 for L, = 59-63 (i.e., solar minimum condition) and 130 for L, = 299-310 (i.e., solar mean
condition). The seasonal dependence of the photoionization rates is derived from seasonal changes in the
Sun-Mars distance.

Ion number densities are estimated below the PCE boundary (altitude of ~200 km). Figure 7 shows estimat-
ed ion profiles. The estimated number densities of CO,*, O,*, and O* near 180 km in L, = 299-310 (L, = 59-
63) are 7.4 X 10° (1.5 X 10°), 4.0 X 10* (2.9 X 10*), and 1.4 X 10? (98) cm™3, respectively. The densities of CO,*,
0,*, and O* near 180 km vary by factors of ~5.1, ~1.4, and ~1.4, respectively. We caution that the absolute
number of estimated ion number densities does not correspond with observations. The uncertainty in the
rate coefficients might cause those disagreements. However, the uncertainty in the rate coefficients is out of
scope because we discuss the relative variations in ion number densities. The PCE model can reproduce the

(a) co; (b) o; (c) o’
200 LIRANY 200 Ty 200 7
' \ L. = 59-63 -
\
190+ 3 190+ \ 1 190 L. =299-310 . 1
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Figure 7. Vertical profiles of estimated number densities under the photochemical equilibrium. The estimation of number density in L, = 299-310 is shown
in red and that in L = 59-63 is shown in black. The horizontal bar is the maximum uncertainty based on the deviation between the observed number densities
and electron temperature. Dashed lines are the observed median densities shown in Figure 5. The observed number density in L, = 299-310 is shown in yellow
and that in L, = 59-63 is shown in purple. When we increase the O number densities by a factor of 1.5 based on Fox et al. (2021), the estimated O* number

density increases (circle in figure c) but is still lower than the observation. Other factors might exist to perfectly reproduce the observed O* number density.
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Figure 8. An enlarged view of Figure 2 in CO,, O, and N, densities with
all solar zenith angle (SZA) ranges. The scatter is the original number
densities observed at altitudes of 199-201 km. The large dots represent
the median densities for the same L. The red dots represent the SZA
range between 60 and 65°. The green dashed line is the sinusoidal curve
fit, which corresponds to the seasonal variation in the number density at
SZA of 60-65° in the afternoon, which is shown in Figures 2b-2d. The
three dashed-dotted lines around L, of 303°, 320°, and 328° correspond to
the peak heating of the atmosphere due to the dust increase in the lower
atmosphere described in Liu et al. (2018).

observed variations for CO,* and O*. However, the variation in O,* den-
sity cannot be reproduced. The small variation in O,* density in the PCE
model might be the uncertainty in the dissociative recombination rate of
k, and the effects of dynamics (Fox, 2009). The uncertainty in k, might
be improved with the new calibrated LPW electron temperature reported
in Ergun et al. (2021), however, those data have not been published yet.

As shown in Section 3, the most variable species is CO, for neutrals and
CO,* for ions. A remarkable variation is found in the term including the
CO, density and/or that including the CO,* density, and the photoioniza-
tion rates in Equations 13 and 15. Therefore, it is suggested that the var-
iation in the CO, density in the thermosphere and photoionization rate
would influence the observed variations in ion densities in the PCE layer.

4.2. Change in Ion Compositions During the Regional Dust Storm
Event

The regional dust storm event was found in MY 33 in the range of
~320-350 L, which showed the highest infrared absorption at ~0.525 at
610 Pa (Montabone et al., 2015, 2020; see daily column dust optical depth
(CDOD) maps by the Mars Climate Database project at http://www-
mars.Imd.jussieu.fr/mars/dust_climatology/index.html). Our analysis by
NGIMS covers the vertical profiles of neutral and ion species in L, = 342-
346, which are shown as red lines in Figures 4 and 5. Hereafter, we focus
on the profiles observed in that period.

In Liu et al. (2018), the increases in neutral CO,, Ar, N,, CO, and O densi-
ties in response to dust increases in the lower atmosphere during this re-
gional dust event were investigated. However, our observation suggests a
decrease in O density. To discuss the differences between Liu et al. (2018)
and this study in terms of time variation during the regional dust event,
an enlarged view of Figure 2 with all SZA ranges is shown in Figure 8.
SZA changes gradually from ~120° to ~40° as L_changes from 290 to 360.
The red dots in Figure 8 represent the SZA range between 60 and 65°.
The green dashed line is the sinusoidal fit for SZA of 60-65°, as shown in
Figures 2b-2d. Three vertical dashed-dotted lines correspond to the date
of peak atmospheric heating due to the dust increase in the lower atmos-
phere (Liu et al., 2018). As described in Liu et al. (2018), the number of
densities in the thermosphere (CO,, N, and O) increase compared to the
median densities of the 20° L, running mean at the peak heating in the
lower atmosphere, as shown in Figure 8. On the other hand, our observa-
tion focuses on L, = 342-346 after Liu et al. (2018), which is represented
by the red dots. It was found that the CO, and N, densities agree with the
fitting curves of seasonal variation. Meanwhile, the O density is lower
than the density of the sinusoidal fit. Our results suggest a decrease in
the O density during the regional dust storm. Although the temperature
in the lower atmosphere does not have any peak in L_ = 342-346 (Figure
1in Liu et al., 2018), we must note that dust still exists in the atmosphere
(see daily CDOD maps).

As shown in Figures 2 and 4, a vertical profile of CO, density in L = 342-346 is found within the profiles
in L, = 59-63 to L, = 299-310. Similarly, a profile of N, density in L, = 342-346 is an intermediate density.
Thus, the N,/CO, profile in L = 342-346 is within the seasonal variation. The thermospheric temperature
derived from the scale height of CO, density between altitudes of 165 and 200 km is 202 K, which is an in-
termediate temperature compared with other seasons. An increase in thermospheric temperature during a
regional dust event seems to be insignificant (Keating et al., 1998). The temperatures obtained in this study
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are reasonable. The observed N,/CO, profile in L, = 342-346 follows the diffusive separation corresponding
to thermospheric temperatures below a 200 km altitude.

On the other hand, we find that a vertical profile of O density in L = 342 - 346 decreases in the whole alti-
tude range between ~165 and ~240 km. The O density at 180 km decreases by ~40% from L = 299-310 to
L = 342-346. We also found decreases in O,* and O* in L, = 342-346 in MY 33. In particular, the vertical
profile of O* has a lower density than its seasonal variation (i.e., other profiles shown). The O* density at
180 km decreases by ~50% from L = 299-310 to L = 342-346. The O,* density at 180 km decreases by
~40%. Decreases in O and O™ in the thermosphere and ionosphere during the planet-encircling dust event
in 2018 have been found (Elrod et al., 2019; Niu et al., 2021). Our observations showed that regional dust
events would also have an impact on the atmospheric composition in the upper atmosphere.

The decrease in O,* and O* densities in the PCE layer could be reproduced when the O density decreases in
the thermosphere. The decrease in O changes the production rate of O* between the O and CO,* reactions
(Equation 4). Then, it changes the production rates of O,* between the O* and CO, reactions (Equation 5),
as well as the CO,* and O reactions (Equation 6). The decrease in O observed in this study qualitatively
explains the O* and O,* densities during the regional dust event.

A change in the dynamic process associated with thermospheric temperature during the dust event would
deplete the O density in the afternoon, as simulated in Bougher et al. (1997). To clarify this mechanism, it
is necessary to compare observations between the dust storm and non-dust storm conditions using global
observational data that cover a wider local time range.

Photochemical reactions with species related to water would also be important for atmospheric composi-
tion in the upper atmosphere. During dust events, an enhancement of water vapor in the middle atmos-
phere has been found (e.g., Aoki et al., 2019; Fedorova et al., 2018; Heavens et al., 2018). The water vapor
in the middle atmosphere dissociates, and the mixing ratios of H, H, and OH would therefore be enhanced
in the thermosphere. The decrease in O may be explained by the reaction between O and OH in the ther-
mosphere. Additionally, H, abundances in the thermosphere could affect CO,* and O* densities in the
ionosphere because H, interacts with CO,* and O* and then increases the loss rate of CO,* and O*. It also
decreases O,* (Fox, 2015; Krasnopolsky, 2002; Matta et al., 2013). Indeed, an increase in water vapor in the
middle atmosphere after the regional dust event in MY 33 was detected by Heavens et al. (2018). This might
support the possibility of photochemical reactions in the thermosphere and ionosphere with OH, H,, and H.
Moreover, water group ions (H,0*, OH*, and H,0*) and protonated ions have been observed in the Martian
ionosphere (Cui et al., 2020; Fox et al., 2015; Niu et al., 2021; Stone et al., 2020). Quantitative estimation
including the water group and protonated ions may explain the decrease in O* and O,* in more detail.

5. Implication for Heavy Ion Outflow

Hereafter, we show the observed variations in neutral and ion densities in pressure coordinates to discuss
the implication for heavy ion outflow and compare our results of O,*/O* and CO,*/O* with those of Chau-
fray et al. (2014). Pressure coordinates are useful for verifying the changes in number densities under the
same conditions since they cancel out variations in the inflation and contraction of the lower atmosphere.
Figure 9 shows the CO, and N, number densities as well as CO, and O number densities as a function of
pressure. CO, partial pressure P (Pa) is calculated from the observation assuming the ideal gas law, P =
Nk, T, where N is the number density of CO, (m™), k, is the Boltzmann constant, and T is temperature.
Temperatures are derived from the scale heights of CO, densities. Around a pressure level of 10~7 Pa, the
CO, and N, densities vary by a factor of 1.4 and 2.2, respectively, from L, = 59-63 to L = 299-310, which
would be caused by the variation in temperature in the thermosphere. Around the same pressure level, the
O density varies by a factor of 2.2 from L = 59-63 to L, = 299-310, which would be explained by the ther-
mospheric temperature and transport of O. It is noted that the O density for L, = 342-346 shows the lowest
density among the profiles. This can be explained by the decrease in the number density during the regional
dust event, as discussed above.
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Figure 9. Vertical profiles of neutral species shown in Figure 4 are replaced with pressure coordinates. The pressure level is derived from the CO, density and
its scale height. The lines are the median CO, densities. Diamonds in (a) are the median N, densities, and triangles in (b) are the median O densities. Each
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5.1. Escape Flux

Profiles of ion density are shown in pressure coordinates in Figure 10. Variations in CO,*, O,*, and O* den-
sities are found at each pressure level. Because the ionospheric density follows the PCE, those variations
would be influenced by the variation in CO,, O, and photoionization rates. Additionally, O,* and O* densi-
ties for L, = 342-346 are affected by the small O density related to the regional dust event.

The typical neutral exobase is located at a pressure level of ~10~7 Pa (cf. Jakosky et al., 2017). Our obser-
vation shows that the number densities of CO,*, O,*, and O* vary above the exobase by factors of 2.9, 2.3,
and 2.3, respectively, based on the difference between L_ = 59-63 and L = 299-310 for CO," and between
L, = 342-346 and L, = 299-310 for O,* and O*. This variation would in turn modify the escape rate of
ionospheric ion outflow (e.g., Carlsson et al., 2006; Fox, 1997; Lundin et al., 2004) if it is assumed that ion-
ospheric ion outflow occurs above the neutral exobase. An increase in low-energy O,* and O* escape fluxes
with solar EUV flux is observed by ASPERA-3 aboard Mars Express as well as the ion sensor Suprathermal
And Thermal Ion Composition aboard MAVEN (Dong et al., 2017; Dubinin, Fraenz, Pitzold, Andrews,
et al., 2017; Dubinin, Fraenz, Pitzold, McFadden, et al., 2017). In our observations, the highest number
densities of major ions appear in L, = 299-310 in MY 32 when the solar EUV irradiance is higher than for
other seasons. It must be emphasized that not only the change in ionization rates but also the compositional
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Figure 10. Vertical profiles of ion species shown in Figure 5 are replaced with neutral pressure coordinates.
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Table 1
Relative Seasonal Variations in the 0,*/0* and CO,*/O" Density Ratios
Compared to Those Observed in L, = 59-63

L,=59-63 L =113-133 L =299-310 L =342-346
0,*/0* 1.00+034 1.09+0.34  085+022  1.11+0.58
CO,*/0O*  1.00+028 188+0.68  149+0.52  2.92+091

Note. As a typical value, density ratios around a pressure level of 8 X
10~ Pa are shown. Uncertainties in the ion density ratios are maximum
errors. The largest value of the quartile around a pressure level of 8 X
10~8 Pa is assumed to be the deviation of the number density.

variation in the neutral atmosphere is suggested to be important to de-
termine the ionospheric densities from the present study. Martian ion
outflow is also affected by the solar wind, the direction of the motional
electric field (Dubinin, Fraenz, Pitzold, McFadden, et al., 2017; Dubinin
et al., 2018; Lundin et al., 2008), and the crustal magnetic fields in the
southern hemisphere (Dong et al., 2015).

5.2. Mass Composition of the Escaping Ion

According to the GCM results in Chaufray et al. (2014), the dayside den-
sity ratios of O,*/O* and CO,*/O" can seasonally vary by up to one order
of magnitude at a pressure level of 8 X 1078 Pa. Larger density ratios are
predicted during the solstice season. The variability of the density ratio

simulated by Chaufray et al. (2014) is explained by the variation in neutral compositions of CO, and O due
to the variability of the homopause position (Gonzalez-Galindo et al., 2009). In their neutral atmospher-
ic model, the pressure level of the homopause altitude can vary by up to one order of magnitude due to
strengthened global circulation during the solstice season (Gonzalez-Galindo et al., 2009). On the other
hand, we did not obtain such a significant variation in the O,*/O* and CO,*/O" ratios around a pressure
level of 8 x 1078 Pa. As summarized in Table 1, the relative variations in 0,*/O* and CO,*/O* ratios are
calculated, and each ratio is normalized by the value for L, = 59-63. As we can see, the O,*/0* and CO,*/0*
ratios vary by factors of ~1.3 and ~3.0, respectively. However, the variation in the O,*/O* ratio is smaller
than the uncertainties. The observed variabilities in the ion composition suggest that the effects of changes
in homopause altitude on neutral and ion compositions at a certain pressure are not as obvious as the results
in Chaufray et al. (2014). According to Yoshida et al. (2020), the dayside homopause altitude is suggested to
be located around a certain pressure level. The homopause pressure level can be estimated by extrapolating
the N,/CO, profile and finding the pressure level where the N,/CO, ratio is equal to the lower atmospheric
ratio (cf. Slipski et al., 2018; Trainer et al., 2019). The averaged homopause level in this study is located at
approximately 5.25 X 107> Pa, and the variability is only a factor of 4.

Recently, the seasonal variation in the O/CO, profile in the thermosphere has been improved more realis-
tically in the Mars Climate Database (MCD) model (Millour et al., 2018). The O/CO, ratio at a certain pres-
sure is less variable than that shown in Gonzalez-Galindo et al. (2009). Thus, simulated O,*/O* and CO,*/
O density ratios based on the MCD would be improved, and such large variations suggested in Chaufray
et al. (2014) would not be obtained.

A several-fold change in the CO,*/O" ratio is observed over the entire pressure level range. It also suggests
that the ratio of CO,*/O* escape (e.g., Carlsson et al., 2006; Inui et al., 2018, 2019) can vary several-fold due
to seasonal and dust storm variations.

6. Conclusions

We present the variations in neutral and ion densities in the upper atmosphere observed by MAVEN/
NGIMS to clarify (a) the vertical coupling between the lower thermosphere and upper neutral atmosphere
and (b) the coupling between the ionosphere and thermosphere and then to discuss the effects on heavy

ion outflow.

The thermospheric densities of CO,, N,, and O show seasonal sinusoidal variations at a 200 km altitude,
with higher densities around perihelion and lower densities around aphelion. The most variable species
is CO,, which causes variations in the N,/CO, and O/CO, in the upper thermosphere. The variability in
number densities and mixing ratios at a 200 km altitude resembles the variations in CO,, N,, and N,/CO,
in the lower thermosphere reported by Yoshida et al. (2020). This suggests that densities in the upper ther-
mosphere change in response to the variation in the lower thermosphere. In the ionosphere, seasonal sinu-
soidal variation is found in the CO,* and O,* number densities at a 200 km altitude, corresponding to the
seasonal trend of neutral CO, in the upper thermosphere. However, that of the O* density is less discernible.
The N* number density shows the opposite seasonal variation as that of the CO,* number density. This can
be explained by the process of N* loss, which is destroyed by reactions with CO, below its peak altitude
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(normally ~220 km under solar minimum conditions; Fox et al., 1996). The three-fold seasonal variation in
CO, compared to N, would enhance the process of N* loss and decrease the N* density, as observed.

The vertical structures between altitudes of ~150 and ~250 km for neutral and ion densities show variations
due to the season and solar activity. The observed CO,*, O,*, and O* densities at a 180 km altitude vary by
factors of ~5.0, ~2.9, and ~1.3, respectively. We estimated the variation in ion densities using a PCE model
below a ~200 km altitude. The observed variations in ion number densities due to the combination of sea-
sonal and solar cycle variations are reproduced by the model except for O,*.

In addition, decreases in the number densities of O, O,*, and O* between altitudes of ~165 and ~250 km
are found for L, = 342-346 in MY 33 during the regional dust event. Since the photochemistry of O,* is con-
trolled by the reactions between O* and CO, as well as between CO,* and O and that of O* is controlled by
the reaction between O and CO,*, a significant decrease in O density would qualitatively lead to a decrease
in O* and O,* density. Different behavior of ionospheric compositions during the dust event is suggested.

The vertical structures of neutral and ion number densities in pressure coordinates are shown to discuss
the effects on heavy ion outflow. The number density of ion species varies several-fold. The change in ion
density at a certain pressure level in the ionosphere can modify the ionospheric ion outflow. In the case of
ionospheric composition, we observed that the O,*/O* and CO,*/O* vary by factors of ~1.3 and ~3.0, re-
spectively, around a pressure level of 8 X 10~ Pa. Chaufray et al. (2014) simulated an enhancement of one
order of magnitude in those density ratios during the solstice season. The observed variations in ionospheric
composition at a certain pressure level suggest that the effects of the variation in the dayside homopause
altitude on the ionospheric composition are smaller than those predicted in the model. The clear variations
in the CO,*/O" ratio would also suggest that the composition of the ionospheric ion outflow can vary sev-
eral-fold due to the combination of seasonal and dust-related variations.

In the present study, we only focus on the coupling between the ionosphere and the thermosphere. The
simultaneous observation of ion outflow and ionospheric density would provide further suggestions about
the connection between the reservoir region and ion outflow.

Data Availability Statement

The MAVEN/NGIMS level 2 version 8 revision 1 data set used in this study is available at the NASA PDS
at https://pds-atmospheres.nmsu.edu/data_and_services/atmospheres_data/MAVEN/ngims.html. The
MAVEN/LPW level 2 version 3 data set are also available at the NASA PDS at https://pds-ppi.igpp.ucla.
edu/search/?sc=MAVEN&t=Mars&i=LPW. Bundle LID is urn:nasa:pds:maven.lpw.derived:data.lp.nt. MA-
VEN/EUVM level 2 version 11 revision 4 data are available through the NASA PDS at https://pds-ppi.igpp.
ucla.edu/search/?sc=MAVEN&t=Mars&i=EUV. The data set used in this study are available at Yoshida
et al. (2021), Data set of MAVEN/NGIMS density and estimated ion number densities under the photo-
chemical equilibrium, Zenodo (https://doi.org/10.5281/zenodo.5115241).
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