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Abstract Prior to the arrival of the Mars Atmosphere and Volatile EvolutioN (MAVEN) spacecraft at Mars,
the only available measurements of the composition of the planet’s ionosphere were those acquired by
the two Viking Landers during their atmospheric entries. Many numerical models of the composition

of the ionosphere of Mars have been developed, but these have only been validated for species, altitudes,
and conditions for which Viking data exist. Here we compare the ionospheric composition and structure
predicted by 10 ionospheric models at solar zenith angles of 45-60° against ion density measurements
acquired by the MAVEN Neutral Gas and lon Mass Spectrometer (NGIMS). The most successful models
included three-dimensional plasma transport driven by interactions with the surrounding space
environment but had relatively simple ionospheric chemistry.

1. Introduction

For almost four decades, only two vertical profiles of the composition of the ionosphere of Mars have been
available for study. Those profiles were measured by Viking Landers 1 and 2 during their descents to the sur-
face of Mars on 20 July 1976 (solar longitude (Ls) = 97°) and 3 September 1976 (Ls = 118°), respectively. Both
profiles were measured by the retarding potential analyzer (RPA) instrument at solar zenith angles near 45°
during solar minimum conditions (the solar 10.7 cm radio flux, F,, ;, at Earth 70) and near aphelion. Analysis
of raw RPA data required the Viking investigators to specify the chemical constituents of the ionosphere before
ion densities could be inferred by fitting the raw data [Hanson et al., 1977]. The preferred analysis included
only O*, 0%, and COEr ions, although the data could also have been consistent with the presence of NO*, CO*,
and N3 [Hanson et al., 1977]. The Viking lander ion composition data shown in Figure 6 of Hanson et al. [1977]
extend from 120 km to almost 300 km with a vertical resolution of 5 km. The minimum reported ion density
was on the order of 100 cm~3. The main features of the Viking profiles are as follows:

1. Between 125 km and 225 km, the ratio of COQr density to O} density is practically constant (0.13 + 0.02).

2. O; is the dominant ion species at all altitudes measured.

3. 0% is more abundant than CO%’ above 210 km.

4. The peak O* abundance of 700 cm™3 occurs at 230 km.

5. Inthe Viking Lander 1 profile, the O} and COQr densities decrease exponentially with increasing altitude from
shortly above the ionospheric peak to the top of the profiles (290 km for OF and 230 km for COj). Between
150 km and 280 km, the OF scale height is 26 km. Between 150 km and 220 km, the CO} scale height is
22 km.

6.In the Viking Lander 2 profile, the O} and COj densities decrease with increasing altitude above the peak,
but both have a noticeable increase in scale height above 180 km.

Since the Viking landings, these ion composition data have been used as benchmarks for every model
of the ionosphere of Mars. In turn, these models have predicted ionospheric conditions at altitudes, solar
zenith angles, and solar activities not sampled by the Viking Landers. The chemical composition of the
ionosphere is critically important for every aspect of ionospheric behavior, including dynamics, energetics,
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electrodynamics, interactions with the neutral atmosphere, interactions with the surrounding plasma envi-
ronment, and the escape of volatiles. It is therefore important to test the many models of ionospheric
composition that have been introduced since those Viking observations were made. Although most pub-
lished models reproduce the Viking observations adequately, these models make a wide range of predictions
concerning species and altitudes not observed by the Viking Landers. Evaluation of which predictions are
good and which are not good will identify which models are most realistic. More significantly, comparison of
the assumptions underlying these models has the potential to quickly indicate where assumptions are poor.
For instance, if all successful models include a given set of chemical reactions, but all unsuccessful models do
not, then it can be concluded that this set of chemical reactions is significant for the ionosphere of Mars.

The aim of this article is to evaluate previously published ion composition predictions made by numerical
models. This aim will be achieved by comparison of ion compositions predicted by models and observed
by Mars Atmosphere and Volatile EvolutioN (MAVEN) Neutral Gas and lon Mass Spectrometer (NGIMS). To
the extent possible, the observations are compared to predictions made using a similar solar irradiance
and heliocentric distance. The consequences of differences between modeled and observed conditions are
discussed later.

Section 2 describes the MAVEN NGIMS data that are used in this work, section 3 presents the predictions of 10
ionospheric models and compares them to the MAVEN NGIMS data, and section 4 summarizes the conclusions
of this work.

2. MAVEN NGIMS Observations of lonospheric Composition

The MAVEN spacecraft has been orbiting Mars since 22 September 2014. On each 4.6 h elliptical orbit, the
spacecraft dips into the upper atmosphere and ionosphere as it descends to and ascends from its periapsis.
Periapsis altitude is typically 150 km but can be as low as 120 km during occasional “deep dip campaigns.”
During many periapsis passes, the MAVEN ion/neutral mass spectrometer, NGIMS, makes in situ measure-
ments of the composition of the ionosphere below 500 km [Mahaffy et al., 2014]. NGIMS, which is the latest in
along series of successful spacecraft mass spectrometers from the NASA Goddard Space Flight Center, makes
these measurements using a dual ion source and a quadrupole analyzer. It has unit mass resolution over its
full range of 2 to 150 amu, and its vertical resolution is much less than the neutral scale height. For the period
analyzed here (February 2015 to May 2015, Ls = 299°-348° of Mars Year 32), solar activity was moderate
(F,07 at Earth ~140) and the planet was near perihelion (1.42-1.53 AU). One hundred and two orbits of data
are used that cover latitudes 60°S-40°N and local solar times 8-16 h.

We consider all MAVEN NGIMS measurements of the density of the following ion masses: 12 (C*), 16 (O%),
17 (OH™), 28 (N}, CO™), 29 (HCO™, N,H*), 30 (NO¥), 31 (HNO*), 32 (O}), 33 (HO}), and 44 (CO3). The Viking
Lander observations and all model output discussed in section 3 are at solar zenith angles of either 45° or 60°.
Since Benna et al. [2015] showed that variations in ionospheric composition and density are relatively small
over that range, for each ion mass, we select all measurements between 45 and 60° solar zenith angle. We
further divide these measurements into 10 km vertical bins. For each ion mass and each 10 km vertical bin,
we find the median ion density and report the resultant profiles in Figure 1. The formal 16 uncertainty in an
individual MAVEN NGIMS density measurement is 20%. Since some of the contributions to that uncertainty
are systematic, not random, a similar uncertainty should be assigned to the median densities reported here.
Furthermore, MAVEN NGIMS ion densities are calibrated by normalizing the sum of the count rate of all ions to
the electron density measured by the Langmuir Probe and Waves instrument. This calibration was performed
in the first few weeks of the mission [Benna et al., 2015], and the possibility of drifts in the calibration is still
being assessed. The main features of these MAVEN NGIMS ion density profiles are as follows:

1. Between 200 km and 400 km, the ratio of COQr density to O] density decreases exponentially with altitude
from 0.08 at 200 km to 0.02 at 400 km with a scale height of 155 km.

2. Below 290 km, O7 is the dominant ion species. Above 290 km, O3 and O* have roughly equal densities.

3. 0" is more abundant than COQ’ above 220 km.

4. The peak O* abundance of 1500 cm~3 occurs at 300 km.

5. O;’ and CO} densities decrease exponentially with increasing altitude above the peak. Between 180 km and
330 km, the O scale height is 44 km, and the COj scale height is 34 km.
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Figure 1. Median MAVEN NGIMS ion density profiles for solar zenith angles of 45°-60°. Species are indicated by color:
mass 12 (C*) in purple, mass 16 (O%) in red, mass 17 (OHY) in light green, mass 28 (N, CO*) in salmon pink, mass 29
(HCO™, N,H*) in grey, mass 30 (NO™) in cyan, mass 31 (HNO*) in magenta, mass 32 (OF) in blue, mass 33 (HO3) in olive
green, and mass 44 (CO;') in black. The total ion density is shown by the dashed black line. Horizontal lines show lower
and upper quartile ranges.

6. Between 160 km and its peak at 300 km, the O* density increases exponentially with increasing altitude
with a scale height of 55 km. The scale height for the increase in Ot density (55 km) is quite similar to the
scale height for the decrease in O3 density (44 km).

In addition to these main features, we also note that mass 12 (C*) peaks at 300 km and 5 x 10" cm~3,
mass 17 (OH") peaks at 330 km and 6 x 10" cm~3, mass 28 (NI, CO™) peaks at 270 km and 170 cm™3, mass
29 (HCO*, N,H*) peaks at 210 km and 240 cm=3, mass 30 (NO™) decreases exponentially with altitude with a
scale height of 75 km and density of 160 cm~3 at 250 km, mass 31 (HNO™) decreases exponentially with alti-
tude with a scale height similar to that ofCOEr and density of 100 cm~3 at 250 km, and mass 33 (HO}) decreases
exponentially with altitude with a scale height similar to that of CO} and density of 10 cm~3 at 250 km. Some
of these key features are tabulated in Table 1 alongside the relevant predictions of various models. Since all
models discussed here that include both mass 29 ions, HCO* and N,H™, predict that the HCO* density is much
greater than the N,H* density, the analysis in section 3 assumes that all observed mass 29 ions are HCO™.

3. Model Predictions of lonospheric Composition

The chemical composition of the ionosphere of Mars has been simulated by many workers, including
Chen et al. [1978], Shinagawa and Cravens [1992], Krasnopolsky [2002], Ma et al. [2004], Terada et al. [2009],

Table 1. Key Features of Observed and Predicted lon Density Profiles?

Feature VL1 NGIMS Cc78 S92 K02 Mo4 T09 N11 M14 C14 F15 D15
Solar activity Min Mod Min Min Mod Min Min Min Min Mod Min Min
Dominant ion species at
300 km and above O;r o™, O;r O; ot O;r ot, O; ot O; O;r N/A O; ot, O;r
Does O have a single scale

height from 150 km to peak? Yes Yes Yes No Yes, but Yes No Yes Yes Yes, but  Yes, but No
O™ peak altitude (km) 230 300 220 260 210 230 250 230 240 220 220 220
O* peak density (cm—3) 7x102 15%x103 6x102 15x103 3x102 4x102 2x103 2x102 3x102 2x103 7x102 8x10?
ot = CO}r altitude (km) 210 220 210 210 N/A 210 210 230 240 190 220 200
O* = COY density (cm—) 6x102  6x102 4x102 4x102 N/A 3x102 3x10%2 2x102 3x102 2x103 7x102 5x10?

aVL1 is Viking Lander 1 [Hanson et al., 19771, C78 is Chen et al. [1978], S92 is Shinagawa and Cravens [1992], K02 is Krasnopolsky [2002], M04 is Ma et al. [2004], TO9
is Terada et al. [2009], N11 is Najib et al. [2011], M14 is Matta et al. [2014], C14 is Chaufray et al. [2014], F15 is Fox [2015], and D15 is Dong et al. [2015]. Solar activity is
either “Mod” (moderate) or “Min” (minimum). For the O* scale height, “Yes, but” means that although the OF density does change exponentially, its scale height
is not similar to the O; scale height. “Ot = COZ’” refers to the location at which Ot and CO%r densities are equal.
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Najib et al. [2011], Matta et al. [2014], Chaufray et al. [2014], Fox [2015], and Dong et al. [2015]. In this section,
we compare published predictions made for solar zenith angles of 45° to 60° and solar minimum to moderate
conditions to MAVEN NGIMS data acquired at solar zenith angles of 45° to 60° and solar moderate conditions
(Figure 1). These published predictions correspond to heliocentric distances between the semimajor axis and
aphelion, whereas the observations correspond to heliocentric distances near perihelion. Where modelers
have reported the results of simulations from a given model in a series of papers, we concentrate on the most
recently reported set of suitable ion density profiles.

Chen et al. [1978] developed a one-dimensional model of ionospheric photochemistry, vertical dynamics, and
energetics between 100 km and 360 km in order to reproduce the Viking Lander 1 ion density measurements.
The model included H*, O+, NO™, 0;,and co; ion species. They reported ion density profiles for Viking-like
solar activity and solar zenith angle, which are shown in Figure 2a (their Figure 6). In this model, NO*, CO%’,
and O ion densities decrease exponentially with altitude with scale heights of 33 km, 23 km, and 33 km,
respectively, up to 270 km. Above 270 km, the scale heights for O and COQr become significantly larger. By
contrast, in the MAVEN NGIMS profiles, the densities of these three species continue to decrease exponentially
with altitude to much higher altitudes, and the O} and CO;r scale heights do not become significantly larger
above 270 km. Unlike in the MAVEN NGIMS profiles, where O* and O} densities are approximately equal above
290 km, the O* density is always less than the OF density, being at most 40% of the O3 density. The O* density
increases exponentially with altitude from 150 km up to its peak with a scale height that is similar to the scale
height for the decrease in the O;' density with altitude, behavior that is similar to that seen in the MAVEN
NGIMS profile. The O* peak density is 6 x 102 cm~3 at 220 km, much smaller and at lower altitude than in the
MAVEN NGIMS profiles. Similarly to the MAVEN NGIMS observations, the O and CO; densities are equal at
210 km and 4 x 102 cm~3. The NO* density at 200 km is smaller than the MAVEN NGIMS NO* density at this
altitude, and its scale height of 33 km is much smaller than the corresponding MAVEN NGIMS scale height of
100 km. The solar cycle is probably responsible for some of these differences, but it is unlikely to explain the
differences that concern the shiftin O and CO}r scale heights at 270 km or the dominant ion species at high
altitudes.

Shinagawa and Cravens [1992] discussed a one-dimensional multispecies magnetohydrodynamic (MHD)
model of the ionosphere of Mars (100-400 km). The model included H*, O*, O3, and COQr ion species. They
used this model to study the effects on the ionosphere of magnetic fields induced by magnetospheric inter-
actions and imposed by an intrinsic planetary field in order to investigate if the question of whether Mars has
an intrinsic magnetic field could be resolved by analysis of observations of the structure of the ionosphere.
They conducted several simulations with different assumptions for the magnetic environment under the con-
ditions of the Viking Lander 1 ionospheric measurements: solar minimum and a solar zenith angle of 44°.
One of the two sets of ion density profiles they reported is shown in Figure 2b (their Figure 10); the other
set is similar. In this model, the O; density decreases exponentially with altitude from the peak to the top
of the simulation at 400 km. By contrast, the COQr density decreases exponentially with altitude with a simi-
lar scale height until 230 km, above which it is practically uniform. The MAVEN NGIMS profiles do not show
this behavior for COZ, nor do they show O* being the dominant ion species above 260 km. The simulated O*
density increases with altitude from 150 km to its peak of 1.5 x 103 cm~3 at 260 km, but this increase is not a
steady exponential. Instead, unlike the MAVEN NGIMS observations, the O* density profile contains a signifi-
cant inflection at 210 km. Unlike in the MAVEN NGIMS profiles, where O* and O3 densities are approximately
equal above 290 km, the O* density is significantly greater than the O} density above 250 km. Similarly to
the MAVEN NGIMS observations, the O* and COEr densities are equal at 210 km and 4 x 10% cm~3. Solar cycle
differences are unlikely to account for the differences that concern the behavior of COJ at high altitudes, the
inflection in the O density profile at 210 km, or the dominant ion species at high altitudes. An earlier version
of this model [Shinagawa and Cravens, 1989] explored five different sets of assumptions for the magnetic field
and plasma transport: four of them resulted in COQr behavior similar to Shinagawa and Cravens [1992]. The
other did reproduce an exponential decrease in co; density with increasing altitude but predicted much too
high densities at high altitudes.

Krasnopolsky [2002] developed a one-dimensional model of the thermosphere and ionosphere (80-300 km)
in order to explore the fractionation of escaping hydrogen and the implications of the current D/H ratio for
the past water inventory of Mars. The model included 18 ion species. H*, H], He*, C*, N*, O*, N}, CO™, CO3,
and Ar* were produced by photoionization, whereas OH*, NH*, HN}, ArH*, OF, NO*, HCO*, and HCO} were
produced by subsequent ion-neutral reactions. lon density profiles at 60° solar zenith angle were reported

WITHERS ET AL.

COMPOSITION OF MARS IONOSPHERE 8969



@AG U Geophysical Research Letters 10.1002/2015GL065205

Viking trajectory: ( LAT: 10°N-17"N; LON: 64"W-56"W)

~—
S
o
=)

Multi-fluid results
- Multi-fluid with Hall
Viking Data

ALTITUDE (km)
£ 8 g
Altitude(km)
w
=]
S

]

ALTITUDE (km)
n
o
=]

o' 10 i0* 0* 0°
NUMBER DENSITY (cm)

10

> + - 10
10" 102 10®  10* 10° 10° 4 10

DENSITY (cm-3)

d e) f 400 -
o o Viking [0, ]
Viking (€0, ]
o0 o Viking[0*]
—_ _ %00 € 300f o m-a MHD[0;']
€ £ < g MHD [co,' |
= 3 8 =8 MHD [0 ]
() K ] %)
T L z g,
3 Z 200 < 200
':_: o &
<
100 - 100 2 :
I L 0 1 2 3 4 5 6
0.1 1 10 100 1000 10¢ 108 10 10 10 10 10 10 10
Density (cm=3) Number Density (cm=3)

Density (cm™)

9)

250ﬁ,

300 :
o LTz -
o= so -
o1

\ o’ LT=oH

250

200 200

h (km)
Alttude (km)

150

ey

g

150

L I L
10% 10°

o
a
Number Density (cm™®) Density (cm™)

(19.7°S, 99.4'W) 600 " : i

=
D
S
=
N o
~—

500 500 ]
é 400 € 400
! g L
= =
= 300 £ 300 :
<

[ ]
>
=]

100 L 100 =
10° 10" 10° 10° 10° 10° 10° 10

Number Density (cm - 3)

102 10°  10* 10°  10°
Number Density (cm-3)

Figure 2. Ten sets of simulated ion density profiles. (a) Figure 6 of Chen et al. [1978]. (b) Figure 10 of Shinagawa and Cravens [1992]. (c) Figure 8 of Najib et al.
[2011]. (d) Figure 9a of Matta et al. [2014]. (e) Figure 4c of Fox [2015]. (f) Dong et al. [2015]. (g) Figure 2 of Krasnopolsky [2002]. (h) Figure 4a of Chaufray et al.
[2014]. O" is in blue, O;r isin red, and CO;' is in green. The text focuses on the simulation for 15 h local time, the results of which are shown with asterisks and
dotted lines. Dashed lines and diamonds correspond to the simulation for 9 h local time, and solid lines and crosses correspond to the simulation for 12 h local
time. (i) Figure 8 of Ma et al. [2004]. H* is in lavender, OF is in green, O;r is in blue, and CO;r is in red. (j) Figure 3 of Terada et al. [2009]. Figures are reproduced by
permission of the respective publishers. See the original publications for larger symbols and labels and more complete captions.
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for solar minimum, moderate, and maximum conditions. The solar moderate ion density profiles are shown
in Figure 2g (their Figure 2). In this model, densities of O} and CO%’ decrease exponentially with altitude up
to the top of the model at 300 km. However, the ratio of COQr to O} density is approximately 3 times larger
in the model than in the MAVEN NGIMS observations. Even near the O* peak density of 3 x 102 cm~3 at
210 km, the O* density is always much less than the O] density, being at most 10% of the O} density. In the
MAVEN NGIMS observations, O* and O densities are much more similar at 200-300 km. They are identical
at 290 km and are within a factor of 2 of each other over the adjacent few scale heights. Although the O*
density increases exponentially with altitude from 140 km up to its peak, its scale height is significantly larger
than the scale height for the decrease in the O; density with altitude. In the model, the O* density is never
greater than 20% of the CO;r density, in stark contrast to the MAVEN NGIMS observations in which the Ot den-
sity is an order of magnitude greater than the COJ density at 300 km. Although the NO™ density decreases
exponentially with altitude with similar scale heights in this model and the MAVEN NGIMS observations, the
NO™ density is an order of magnitude smaller in the model. In both the model and MAVEN NGIMS observa-
tions, the HCO™ density decreases exponentially with altitude above its peak to a density of 1 x 102 cm~3 at
300 km. However, conditions at the HCO* peak differ slightly, being 180 km and 1x 103 cm~3 in the model and
210 km and 2 — 3 x 102 cm~3 in the MAVEN NGIMS observations. Since this simulation was conducted under
solar moderate conditions similar to those experienced by MAVEN NGIMS, model-observation differences
cannot be attributed to the solar cycle. The differences in the behavior of O*, COQ’, and NO* are substantial.

Ma et al. [2004] discussed a three-dimensional multispecies MHD model of the ionosphere of Mars and sur-
rounding space environment. The model included H*, O*, O, and COj ion species. They used this model
to explore the interaction of the solar wind with the magnetosphere and ionosphere of Mars, including
the effects of the planet’s crustal magnetic fields. They simulated Viking-like solar minimum conditions and
reported ion density profiles (100-600 km) for the location of the Viking Lander 1 entry, the subsolar point,
and locations 45° north and south of the subsolar point. Figure 2i shows the profile simulated 45° south of
the subsolar point (their Figure 8). In this model, O} and CO}r ion densities decrease exponentially with alti-
tude with similar scale heights up to 240 km. Above 240 km, they decrease exponentially with altitude with
larger scale heights. This shift in scale height at 240 km is not present in the MAVEN NGIMS observations. The
densities of O* and Oj are very similar above 280 km, as in the MAVEN NGIMS observations. The O* density
increases exponentially with altitude from 150 km up to its peak with a scale height that is similar to the scale
height for the decrease in the O;' density with altitude, behavior that is similar to that seen in the MAVEN
NGIMS profile. The O* peak density is 4 x 102 cm~3 at 230 km, much smaller and at lower altitude than in the
MAVEN NGIMS profiles. Similarly to the MAVEN NGIMS observations, the O and CO; densities are equal at
210km and 3 x 10?2 cm~3, The only significant difference between model prediction and MAVEN NGIMS obser-
vations, the O" peak, is likely caused by differences in solar activity. However, that is only true for the model
prediction 45° south of the subsolar point. The profile from 45° north of the subsolar point has all ion den-
sities less than 1 x 102 cm~3 above 300 km [Ma et al., 2004], an order of magnitude smaller than the MAVEN
NGIMS densities.

Terada et al. [2009] developed a three-dimensional global MHD model of the interaction between the solar
wind and the ionosphere of Mars. The model included COJ, OF, NO*, CO*, N, O*, N*, C*, He*, and H* ion
species. They used this model to explore the plasma environment of early Mars under extreme solar wind
and extreme ionizing irradiance conditions. In order to validate the model for studies of early Mars, they sim-
ulated Viking-like solar minimum conditions and reported ion density profiles for the location of the Viking
Lander 1 entry, as shown in Figure 2j (their Figure 3). In this model, the OF density decreases exponentially
with altitude from the peak to 230 km. Above 230 km, the O scale height becomes significantly smaller. By
contrast, the COEr scale height is uniform up to above 300 km. This shift in the O} scale height at 230 km is not
present in the MAVEN NGIMS observations. The simulated O* density increases with altitude from 150 km to
its peak of 2 x 103 cm~3 at 250 km, but this increase is not a steady exponential. Instead, unlike the MAVEN
NGIMS observations, the O* density profile contains a significant inflection at 190 km. Unlike in the MAVEN
NGIMS profiles, where O* and O densities are approximately equal above 290 km, the O* density is signif-
icantly greater than the O3 density above 260 km. Similarly to the MAVEN NGIMS observations, the O* and
CO; densities are equal at 210 km and 3 x 10> cm=3. The NO™ density decreases roughly exponentially with
altitude up to above 300 km, similar behavior to that seen by MAVEN NGIMS. The model and observations
have the same NO™ density at 200 km, 3 x 102 cm~3. The model’s NO™ scale height is much smaller than the
NO™ scale height in the MAVEN NGIMS observations. In the model, the two mass 28 species, N3 and cot,
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have similar vertical profiles, which makes comparison to MAVEN NGIMS observations of mass 28 ions
possible. In both the model and the MAVEN NGIMS observations, the density of mass 28 ions increases expo-
nentially with altitude until a peak then decreases exponentially with altitude above that peak. Peak density
for mass 28 ions occurs around 100-200 cm~3 and 240 km in the model and 170 cm~3 and 270 km in the
MAVEN NGIMS observations. Solar cycle differences are unlikely to account for the differences that concern
the inflection in the O* density profile at 190 km, the inflection in the O density profile at 230 km, or the
dominant ion species at high altitudes.

Najib et al. [2011] developed a multifluid version of the model used by Ma et al. [2004]. Separate mass, momen-
tum, and energy equations were solved for each of the four ion species: H*, 0*, 0, and COE’. In other respects,
these simulations were similar to those of Ma et al. [2004]. lon density profiles were reported for Viking-like
conditions of solar minimum and 44° solar zenith angles between 100 km and 340 km, as shown in Figure 2c
(their Figure 8). In this model, O3 and COQr ion densities decrease exponentially with altitude with similar scale
heights up to 340 km. Unlike in the MAVEN NGIMS profiles, where O* and O} densities are approximately
equal above 290 km, the O* density is always less than the O density, being at most 20% of the O density.
The O* density increases exponentially with altitude from 160 km up to its peak with a scale height that is sim-
ilar to the scale height for the decrease in the O] density with altitude, behavior that is similar to that seen in
the MAVEN NGIMS profile. The O* peak density is 2 x 102 cm~3 at 230 km, much smaller and at lower altitude
than in the MAVEN NGIMS profiles. Similarly to the MAVEN NGIMS observations, the O* and COEr densities are
equal at 230 km and 2.5 x 10% cm™3. Solar cycle differences are unlikely to account for the differences that
concern the dominant ion species at high altitudes.

Matta et al. [2014] used a one-dimensional model (80-400 km) of ionospheric photochemistry and vertical
dynamics to investigate the importance of self-consistent calculations of ion and electron temperature on
predicted ionospheric conditions. The model included 16 ion species [Matta et al., 2013]. H*, H}, O*, N3, cot,
CO;, and Ar* were produced by photoionization, whereas H}, OH*, NO*, O, HCO*, HOC*, ArH*, N,H*, and
HCOJ were produced by subsequent ion-neutral reactions. lon density profiles at solar minimum and 47°
solar zenith angle were reported for a subset of species (0", 03, COQ, HCO*, and HCOE’) between 80 km and
350 km and are shown in Figure 2d (their Figure 9a). In this model, O} and COj densities decrease exponen-
tially with altitude up to the top of the model, but the scale height for the decrease in O} density is much
larger than observed by MAVEN NGIMS. Unlike in the MAVEN NGIMS profiles, where O* and O densities are
approximately equal above 290 km, the dominant ion species at all altitudes is O} . Indeed, the O* density
never exceeds 10% of the OF density. The O* density increases exponentially with altitude from 170 km up
to its peak with a scale height that is similar to the scale height for the decrease in the O} density with alti-
tude, behavior that is similar to that seen in the MAVEN NGIMS profile. The O* peak density is 3 x 102 cm™3
at 240 km, much smaller and at lower altitude than in the MAVEN NGIMS profiles. The model predicts the
HCO™ density to be near constant at 5 x 102 cm~3 at all altitudes above 200 km, whereas the observed HCO*
density decreases exponentially with altitude above its peak of 240 cm=3 at 210 km. Solar cycle differences
are unlikely to account for the differences that concern the dominant ion species at high altitudes and the
behavior of HCO*.

Chaufray et al. [2014] added three-dimensional multifluid ionospheric dynamics to the photochemical iono-
spheric model of Gonzdlez-Galindo et al. [2013], which is incorporated within a general circulation model of
the neutral atmosphere [Forget et al., 1999]. The model included C*, N*, O*, NO*, O;, and CO}r ion species,
although only O*, 0%, and COQr were included in their figures of vertical profiles of ion density. They used this
model to explore the effects on ionospheric composition and structure of three-dimensional plasma trans-
port. They reported ion density profiles for moderate solar activity at solar zenith angles of 0 and 45° between
80 km and 250 km, shown in Figure 2h (their Figure 4). We focus on the set of profiles at 45° solar zenith angle
(15h local time), but the other sets of profiles are quite similar. In this model, O;f and COEr densities decrease
exponentially with altitude up to the top of the model at 250 km. Although Oj is the dominant ion species up
to 250 km in both the model and MAVEN NGIMS observations, the OJf/O;r ratio at this altitude is much larger
in the model than in the MAVEN NGIMS observations. The Ot peak density is 2 x 103 cm™3 at 220 km, similar
in density, but lower in altitude than in the MAVEN NGIMS profiles. Although the O* density increases expo-
nentially with altitude from 130 km up to its peak, its scale height is significantly smaller than the scale height
for the decrease in the OF density with altitude. In the model, the O* and CO; densities are equal at 190 km
and 2 x 10° cm~3. By contrast, they are equal at 220 km and 6 x 10> cm~3 in the MAVEN NGIMS observa-
tions. This model’s photochemical results for NO* were shown in Gonzdlez-Galindo et al. [2013] (their Figure 3).
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The NO* density varied exponentially from 5 x 103 cm=3 at 110 km to 6 x 102 cm~3 at 200 km, larger than the
densities seen by MAVEN NGIMS. Since this simulation was conducted under solar moderate conditions sim-
ilar to those experienced by MAVEN NGIMS, model-observation differences cannot be attributed to the solar
cycle. The most significant difference concerns the predicted Ot density.

Fox [2015] used a longstanding one-dimensional model of ionospheric photochemistry and vertical dynam-
ics to explore the chemistry of protonated species in the ionosphere (80-400 km). The model included 24
ion species (COJ, Ar*, NZ, several states of O*, CO*, C*, N¥, OF, NO*, He*, H*, 0%*, H}, HCO*, OCOH™, HOJ,
OH*, N,H*, H;, HNO™, ArH, and CH*). lon density profiles at 60° solar zenith angle were reported for solar
minimum and maximum conditions. The solar minimum ion density profiles for a simulation with a specified
upward ion flux are shown in Figure 2e (their Figure 4c). In this model, O;’ and COQr ion densities decrease
exponentially with altitude above the peak until 230 km. Above 230 km, their scale heights increase. This
shift in scale height at 230 km is not present in the MAVEN NGIMS observations. The ratio of COJ to 05
density changes little with altitude, whereas it changes by a factor of 4 in the MAVEN NGIMS observations.
Consequently, the COj/O;r ratio at high altitudes is much greater in the model (0.1) than in the MAVEN NGIMS
observations (0.02). Unlike in the MAVEN NGIMS profiles, where O* and O} densities are approximately equal
above 290 km, the dominant ion species at all altitudes is O} . The modeled O* density never exceeds 30% of
the O density. Although the O* density increases exponentially with altitude from 140 km up to its peak, its
scale height is significantly larger than the scale height for the decrease in the O} density with altitude. The O*
peak density is 7 x 102 cm~3 at 220 km, much smaller and at lower altitude than in the MAVEN NGIMS profiles.
Similarly to the MAVEN NGIMS observations, the O* and CO; densities are equal at 220 km and 7 x 10 cm .
The NO™ density decreases exponentially with altitude up to 240 km. Above 240 km, its scale height increases.
By contrast, the MAVEN NGIMS NO* density decreases exponentially with altitude with a uniform scale height
from 160 km to 400 km. The model’s NO™ scale height at 140-240 km is much smaller than the NO™ scale
height in the MAVEN NGIMS observations. HCO™ ions are not shown in Figure 2e, although they are reported
in Figure 4d of Fox [2015]. The peak HCO* density is 8 x 102 cm™3 at 190 km, which is larger in magnitude and
lower in altitude than the peak observed by MAVEN NGIMS at 240 cm~3 and 210 km. In the model, the two
mass 28 species, NJ and CO*, have similar vertical profiles, which makes comparison to MAVEN NGIMS obser-
vations of mass 28 ions possible. In both the model and the MAVEN NGIMS observations, the density of mass
28 ions increases exponentially with altitude until a peak then decreases exponentially with altitude above
that peak. Peak density for mass 28 ions, the sum of N3 and CO*, occurs at 100-200 cm~3 and 210 km in the
model and 200 cm~3 and 260 km in the MAVEN NGIMS observations. The solar cycle is probably responsible
for some of these differences, but it is unlikely to explain the differences that concern the shiftin OF, COQ’, and
NO™ scale heights at 230 km, the small NO* scale height, or the dominant ion species at high altitudes.

Dong et al. [2015] extended the multifluid MHD model of Najib et al. [2011] by incorporating one-way coupling
to two other comprehensive three-dimensional models in order to better simulate the interaction of the solar
wind with the Mars upper atmosphere. Coupling to the M-GITM model provided neutral atmospheric proper-
ties and photoionization frequencies, while coupling to the M-AMPS model provided densities of hot oxygen
atoms in the corona. As with Najib et al. [2011], separate continuity, momentum, and energy equations were
solved for each of the four ion species: H, 0%, 0, and CO}. lon density profiles were reported for solar min-
imum conditions and a solar zenith angle of 60° between 100 km and 320 km, as shown in Figure 2f. In this
model, 03 and CO}r ion densities decrease exponentially with altitude with similar scale heights up to the top
of the model. The densities of O and O} are very similar above 280 km, as in the MAVEN NGIMS observa-
tions. The simulated O* density increases with altitude from 150 km to its peak of 800 cm~3 at 220 km, but this
increase is not a steady exponential. Instead, unlike the MAVEN NGIMS observations, the Ot density profile
contains a significant inflection at 190 km. The O* peak density is 8 x 102 cm~3 at 220 km, somewhat smaller
and at much lower altitude than in the MAVEN NGIMS profiles. Similarly to the MAVEN NGIMS observations,
the O+ and COEr densities are equal at 200 km and 5x 10?2 cm~3. The only significant difference between model
prediction and MAVEN NGIMS observations, the Ot peak, is likely caused by differences in solar activity.

4. Discussion and Conclusions

Few of the predictions discussed in this article used the same solar irradiance, heliocentric distance, and
season as the MAVEN NGIMS observations. These differences may affect ionospheric composition and den-
sities via their effects on neutral composition, neutral temperature, and electron and ion temperatures.
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Nevertheless, several observed features of the composition and structure of the ionosphere were predicted
accurately by most of the models highlighted in this article. These include (1) densities ofCO} and Oj are pro-
portional over a wide range of altitudes, (2) densities of COQr and O;f decrease exponentially with increasing
altitude for 100 km above the main peak, (3) the O* density peaks at least 100 km above the peak densities
of COQr and 07, and (4) O is the dominant species at altitudes below the O* peak. Furthermore, most of the
models accurately predicted the altitude and density at which O* and COEr ion densities are equal.

In the MAVEN NGIMS observations, densities of O, O}, and CO}r all decrease exponentially with increasing
altitude at high altitudes, specifically above 170 km for OF and CO; and above 300 km for O*. Several mod-
els incorrectly predicted that ion densities would decrease slowly with increasing altitude at high altitudes.
Chenetal.[1978] predicted scarcely any decrease in O* and O density with increasing altitude above 270 km.
Shinagawa and Cravens [1992] predicted scarcely any decrease in COQr density with increasing altitude above
230 km. Terada et al. [2009] predicted a shift in the O scale height at 230 km. Matta et al. [2014] predicted
only afactor of 3 decrease in O density with increasing altitude from 200 km to 350 km. Fox [2015] predicted
scarcely any decrease in O; and COEr density with increasing altitude above 250 km. Although the reported
results of the model of Chaufray et al. [2014] did not extend to high enough altitudes for this issue to be a fac-
tor, extrapolation of their O density profile beyond the top of their model suggests scarcely any decrease.
By contrast, the results of Ma et al. [2004], Najib et al. [2011], and Dong et al. [2015] that are highlighted in this
article do show exponential decreases at high altitudes similar to those observed. The highlighted results of
Ma et al. [2004] were generated 45° south of the subsolar point. However, the results of Ma et al. [2004] that
were generated 45° north of the subsolar point show ion densities at high altitudes that are much, much
smaller than observed by MAVEN NGIMS. The MAVEN NGIMS data used in this article were collected both
north and south of the subsolar point. A possible explanation for this set of outcomes is that interactions
with the surrounding space environment are important for the structure of the topside ionosphere. This is
indeed implied by the striking geographic variations in the simulation of Ma et al. [2004]. With the exception of
Maetal. [2004], Terada et al. [2009], Najib et al. [2011], and Dong et al. [2015], these existing ionospheric models
do not include particularly sophisticated representations of the interactions of the thermosphere and iono-
sphere with the surrounding space environment. Solar wind erosion may be responsible for the differences
between several predictions of slow decreases in the O} and COQr density with altitude and observations of
more rapid decreases. The inhibiting effects of a horizontal magnetic field, either the crustal field or the draped
interplanetary magnetic field, on the vertical transport of plasma, which lead to a reduced plasma scale height
at high altitudes, may also be important [Breus et al., 1998].

In the MAVEN NGIMS observations, the O* density peaked at 300 km and 1.5 x 10> cm~3. Several models
predicted O peak density and peak altitude smaller and lower than the MAVEN NGIMS findings. However,
for some of those models [Chen et al., 1978; Ma et al., 2004; Terada et al., 2009; Naijib et al., 2011; Matta et al.,
2014; Fox, 2015; Dong et al., 2015], these poor predictions for MAVEN NGIMS can be explained by the models
using solar minimum conditions appropriate for Viking, not the solar moderate conditions appropriate for
MAVEN NGIMS. This explanation is not possible for Krasnopolsky [2002], who predicted a small and low O*
peak at solar moderate conditions. Chaufray et al. [2014] predicted an O* peak at solar moderate conditions
with the right density but too low an altitude. Ma et al. [2004] also reported the results of a solar maximum
simulation (their Figure 6). Here the O* peak density of 2 x 10° cm~3 occurred above 300 km. Assuming that
the O* peak properties for solar moderate conditions lie somewhere between those for solar minimum and
maximum conditions, it is likely that a solar moderate simulation using the model of Ma et al. [2004] would
predict the O* peak density accurately but at a lower altitude than observed by MAVEN NGIMS. Fox [2015] also
reported the results of a solar maximum simulation (their Figure 5). Here the O* peak density of 2 x 103 cm—3
occurred at 260 km. Similarly, it is likely that a solar moderate simulation using the model of Fox [2015] would
predict the O* peak density accurately but at a lower altitude than observed by MAVEN NGIMS. By contrast,
Shinagawa and Cravens [1992] did predict Ot peak density and altitude accurately. One possible explanation is
that vertical plasma transport is suppressed by a horizontal magnetic field to a greater extent than is assumed
in most simulations, which will increase the density and altitude of the O* peak.

Seasonal effects may also affect the O* peak altitude [Chaufray et al., 2014]. The Viking measurements were
acquired at Ls = 97°, near the start of northern summer and near aphelion, under solar minimum conditions,
and the MAVEN measurements were acquired at Ls = 299° — 348°, during northern winter and near perihelion,
under solar moderate conditions. Both the increase in solar activity and the decrease in Mars-Sun distance
from Viking to MAVEN cause greater heating of the lower thermosphere, which expands the atmosphere and
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shifts any ionospheric peak located at a fixed pressure level upward. These irradiance changes will also affect
the neutral O/CO, ratio at a fixed pressure level, with greater irradiance causing a smaller O/CO, ratio [Bougher
et al., 2000]. Many of the modeling papers discussed in this article used generic neutral atmospheric profiles
for a set level of solar activity and did not consider seasonal effects. Moreover, many used an O profile inferred
indirectly from Viking Lander observations.

In the MAVEN NGIMS observations, the O* ion density increases exponentially with increasing altitude from
low altitudes up to its peak and does so with a scale height that is similar to the scale height with which the
Oj ion density decreases with increasing altitude. The models of Shinagawa and Cravens [1992], Terada et al.
[2009], and Dong et al. [2015] did not predict an exponential increase in the Ot density with altitude. The
models of Krasnopolsky [2002], Chaufray et al. [2014], and Fox [2015] do predict an exponential increase but
with a scale height that is not similar to the O;f scale height. By contrast, Chen et al. [1978], Ma et al. [2004],
Najib et al. [2011], and Matta et al. [2014] did accurately predict an exponential increase in the O* ion density
with a scale height similar to the O scale height.

In the MAVEN NGIMS observations, O* and OF densities were approximately equal above 280 km. The models
of Chen et al. [1978], Krasnopolsky [2002], Najib et al. [2011], Matta et al. [2014], and Fox [2015] predicted a
topside composition dominated by OF, while the models of Shinagawa and Cravens [1992] and Terada et al.
[2009] predicted a topside composition dominated by O*. Even at solar maximum, Fox [2015] predicted a
topside composition dominated by O;. The model of Chaufray et al. [2014] did not extend to high enough
altitudes to predict the composition above 300 km. However, this model predicts that the O*/O7 ratio at a
pressure level of 8 x 1078 Pa varies by an order of magnitude with season. Such possible seasonal effects are
not considered in this work. By contrast, the models of Ma et al. [2004] and Dong et al. [2015] did predict a
mixed topside composition.

There are several factors that may have contributed to differences between these compositional predictions
and observations. The O* density is strongly dependent on the density of neutral O, which was not directly
measured by the Viking neutral mass spectrometer [Nier and McElroy, 1977] and which is predicted to be
highly variable with local time and season [Valeille et al., 2009a, 2009b; Gonzdlez-Galindo et al., 2009a, 2009b].
As noted above, the thermospheric temperature and any inhibition of vertical plasma transport by magnetic
fields will also affect the O* density. Assumptions about ionospheric temperatures, which affect reaction rates,
and about solar wind and crustal magnetic fields may also have contributed.

The models of Ma et al. [2004] and Dong et al. [2015] successfully predicted several features of the behavior
of O and the exponential decrease of ion densities at high altitudes. Yet many aspects of these models are
similar to, or even simpler than, the equivalent aspects of many of the other models considered herein. The
neutral atmosphere includes only CO,, O, and H, with H being a minor constituent over most of the altitudes
discussed here. The solarirradiance is monochromatic, and the set of chemical reactions is minimal. The model
of Najib et al. [2011] is closely related to the models of Ma et al. [2004] and Dong et al. [2015]. Yet the models
of Ma et al. [2004] and Dong et al. [2015] accurately predicted a mixed O+/O; topside composition, whereas
the model of Ngjib et al. [2011] did not. We defer explanation of this difference to future work.

Since the models of Ma et al. [2004] and Terada et al. [2009] are both single-fluid MHD models, the differences
between their predictions for the same solar zenith angle are noteworthy. Terada et al. [2009] predicted that
Ot is the dominant species in the topside ionosphere, which is neither observed nor predicted by Ma et al.
[2004]. We have not conclusively determined the reasons for these differences, but do note that Ma et al. [2004]
showed that conditions in the topside ionosphere are not simply a function of solar zenith angle. Geographic
location is also important. The location at which the ion density profiles of Terada et al. [2009] (Figure 2j) were
calculated is not stated by those authors, so it may well differ from the location selected by Ma et al. [2004]
(Figure 2i).

Relative to other models, the unique attribute of the models of Ma et al. [2004] and Dong et al. [2015] is their
inclusion of three-dimensional plasma transport (MHD) and interactions with the surrounding space environ-
ment. It appears that three-dimensional plasma transport driven by interactions with the surrounding space
environment plays an important role in controlling the behavior of the major species in the ionosphere of
Mars at high altitudes. Yet inclusion of these effects is no guarantee of model success, as demonstrated by
Terada et al. [2009] and Najib et al. [2011].
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In order for the MAVEN mission to reach conclusions about the integrated history of the escape of volatiles
from Mars from analysis of present-day observations, it will be necessary to validate numerical models under
present-day conditions then use them to extrapolate back over billions of years of solar system history. Many
of the models described herein are available to the MAVEN team for that activity, and the initial results
reported herein will inform decisions about how best to apply these modeling resources to this problem.
Another challenge is to simulate and reproduce the neutral and ion densities simultaneously once instrument
calibrations are mature. This article has focused on previously published simulations; new simulations based
on the conditions appropriate for the MAVEN NGIMS observations will be particularly informative.
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