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Abstract We compare Viking and Mars Atmosphere and Volatile EvolutioN mission (MAVEN) Neutral Gas
and Ion Mass Spectrometer (NGIMS) observations of the thermosphere and ionosphere of Mars in order to
test predictions of large variations in conditions over the solar cycle and with season. Substantial differences
exist between the Viking observations at solar minimum and near aphelion and the MAVEN NGIMS
observations at moderate solar activity and near perihelion. Differences in the O/CO2 ratio, the O+

ionospheric peak, ion densities at high altitude, and neutral and ion scale heights can be attributed to
differences in solar activity and season, but the relative importance of solar activity and season for these
differences was not established. Current models do not explain the observed differences in the mixing ratios
of N, NO, and O2. These results place new constraints on models of how the thermosphere and ionosphere
of Mars vary over the solar cycle and with season.

1. Introduction

Solar irradiance maintains the atmospheres of the solar system. Conditions at tropospheric altitudes are con-
trolled by the visible portion of the solar spectrum, which is very stable over time. By contrast, composition,
dynamics, and temperature at thermospheric and ionospheric altitudes are controlled by the extreme ultra-
violet and soft X-ray portion of the spectrum. This irradiance is highly variable on time scales of minutes to
hours due to solar flares, days to weeks due to the solar rotation, and years due to the 11 year solar cycle [Lean,
1987, 1991]. Consequently, thermospheric and ionospheric conditions are expected to vary significantly on a
range of time scales. Since the irradiance at ionizing wavelengths shortward of 90 nm doubles from solar min-
imum to solar maximum [Girazian and Withers, 2015], variations over the course of the 11 year solar cycle are
predicted to be large. Upper atmospheric conditions are also predicted to vary with season, which includes
changes in both subsolar latitude caused by obliquity and heliocentric distance caused by orbital eccentricity.

In regard to the atmosphere of Mars, Bougher et al. [2015] predicted that the midafternoon thermospheric
temperature at 200 km practically doubles from solar minimum to solar maximum. They also predicted
that the altitude at which neutral atomic oxygen takes over from neutral carbon dioxide as the dominant
species increases by 40 km from solar minimum to solar maximum. Valeille et al. [2009] predicted that the
density of neutral atomic oxygen at 165 km and the escape rate of suprathermal neutral atomic oxygen dou-
ble from solar minimum to solar maximum. González-Galindo et al. [2009] predicted that the midafternoon
thermospheric temperature at a pressure level of 10−6 Pa doubles from solar minimum to solar maximum.
Krasnopolsky [2002] predicted that the ionospheric electron density at 250 km increases by an order of
magnitude from solar minimum to solar maximum. A similar increase was also predicted by Fox [2015].

González-Galindo et al. [2009] predicted that the altitude at which neutral atomic oxygen takes over from
neutral carbon dioxide as the dominant species changes by 40 km over a Mars year and that the O/CO2 ratio
at the 1.4 × 10−4 Pa pressure level (∼150 km) varies by a factor of 4 over a Mars year. González-Galindo et al.
[2013] predicted that the altitude of ionospheric peak at the subsolar point changes by over a scale height
over a Mars year, and the corresponding peak density changes by over 20%. Chaufray et al. [2014] predicted
that the O+ density at 200 km altitude above the subsolar point changes by a factor of 4 over a Mars year.
Furthermore, geographic location may also affect upper atmospheric conditions, particularly those that are
influenced by interactions with the solar wind and magnetosphere [e.g., Ma et al., 2004].
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Accurate predictions of variations in atmospheric composition over the seasons and the solar cycle are
important for understanding the behavior of present-day Mars and for determining the state of the planet’s
atmosphere and climate in the ancient past. This is especially true for the O/CO2 ratio, since CO2 is the dom-
inant species at low altitudes and O is the dominant species at high altitudes. Neutral atomic oxygen plays
a crucial role in the aeronomy of the thermosphere and ionosphere of Mars [Chamberlain and Hunten, 1987;
Barth et al., 1992; Mendillo et al., 2002; Nagy, 2008]. It is one of the most abundant species in the thermo-
sphere and exosphere. It affects the efficiency of CO2 15 μm radiative cooling. The abundance of O in the
upper atmosphere helps to understand why CO2 is surprisingly stable against losses due to dissociation by
the absorption of photons and the impacts of suprathermal electrons. It is responsible for conversion of the
primary photo-produced ion, CO+

2 , into the most abundant ion, O+
2 . Many pathways for the escape of oxygen

atoms to space involve neutral oxygen-bearing species. Of these species, atomic oxygen is the most abundant
in the thermospheric reservoir from which escape occurs.

For almost four decades, the only measurements of the vertical structure of the composition of the ther-
mosphere and ionosphere of Mars have been the two Viking Lander profiles. With essentially no other
compositional measurements available for either the thermosphere or the ionosphere, understanding of
how the neutral and ion compositions change over the solar cycle and seasons has been poorly constrained
and hence highly uncertain. This situation changed with the arrival of the Mars Atmosphere and Volatile
EvolutioN mission (MAVEN) spacecraft at Mars on 22 September 2014. The MAVEN payload includes the
Neutral Gas and Ion Mass Spectrometer (NGIMS) [Mahaffy et al., 2014], which measures the densities of
neutral and ionized species in the upper atmosphere and exosphere of Mars when the spacecraft descends
to low altitudes on periapsis passes.

Due to differences in solar irradiance, season, and geographic location, thermospheric and ionospheric con-
ditions are expected to be different between the Viking and MAVEN observations. The aims of this article
are to report how thermospheric and ionospheric compositions changed between the Viking and MAVEN
NGIMS observations and to draw conclusions from these findings about the aeronomy of Mars. These
aims will be achieved by presenting both sets of thermospheric and ionospheric observations, then iden-
tifying and interpreting the major differences between them. Section 2 describes the Viking and MAVEN
NGIMS thermospheric and ionospheric observations. Section 3 compares these two sets of thermospheric
observations, and section 4 compares these two sets of ionospheric observations. Section 5 summarizes the
conclusions of this work.

2. Description of Observations

Viking Lander 1 and 2 measured vertical profiles of thermospheric and ionospheric composition dur-
ing their descents to the surface of Mars on 20 July 1976 (23∘N, Ls = 97∘, local solar time 16:13) and
3 September 1976 (48∘N, Ls = 118∘, local solar time 09:49), respectively [Seiff and Kirk, 1977]. Both these
dates are near the start of northern summer and near aphelion, and both profiles were measured at solar
zenith angles near 45∘ during solar minimum conditions (F10.7 at Earth ≈70, ftp://ftp.ngdc.noaa.gov/STP/
space-weather/solar-data/solar-features/solar-radio/noontime-flux/penticton/penticton_adjusted/listings/
listing_drao_noontime-flux-adjusted_monthly.txt).

For MAVEN NGIMS, data from inbound and outbound legs of periapsis passes were used for ionospheric
species, but only data from the inbound legs of periapsis passes were used for neutral species. This was
because neutral atomic oxygen measurements on the outbound legs of periapsis passes require more sophis-
ticated processing that has not yet been completed [Mahaffy et al., 2015]. Even so, additional processing
was required for the inbound neutral atomic oxygen measurements, since the instrumental background is
relatively large for this species even in inbound measurements. We began with the original atomic oxygen
densities, calculated the average density from 400 km to 450 km, and declared this to be the relevant instru-
mental background. Adjusted oxygen densities were calculated by subtracting this background from the
original densities. Nevertheless, the adjusted atomic oxygen densities were still not acceptable at high alti-
tudes and adjusted atomic oxygen densities above 250 km were replaced by an exponential extrapolation of
densities between 200 km and 250 km.

The ionospheric data come from February 2015 to May 2015 (Ls = 299∘–348∘ of Mars Year 32), when solar
activity was moderate (F10.7 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. Due to the
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restriction to inbound legs, the neutral data come from May 2015 (Ls = 339∘–348∘ of Mars Year 32), when solar

activity was moderate (F10.7 at Earth ≈140). Thirty-six orbits of data are used that cover latitudes 60∘S–40∘S

and local solar times 7–9 h.

MAVEN NGIMS data were acquired at many different solar zenith angles. In order to compare the MAVEN

NGIMS data to Viking, for each species we select all measurements between 45∘ and 60∘ solar zenith angle.

We further divide these measurements into 10 km vertical bins. For each species and each 10 km vertical bin,

we find the median density. Since the data set includes a range of latitudes, seasons, and solar irradiances, it

is not necessary to use a narrower solar zenith angle range. Reducing the solar zenith angle range does not

significantly decrease the scatter in density for a given species and altitude.

The formal 1𝜎 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. To provide a sense of the variability in the data,

lower and upper quartiles are also reported.

2.1. Thermospheric Observations
The Viking neutral mass spectrometer measured densities of six neutral species (CO2, N2, CO, O2, NO, and Ar),

as shown in Figure 1a [Nier and McElroy, 1977]. Inconveniently, Ar was omitted from this figure by the original

authors—its abundance is approximately 2% that of CO2. Separate abundances of N2 and CO, both of which

have masses of 28 amu, were determined by analysis of mass peaks attributed to fragments of the original

molecules. The instrumental range spanned masses 1 to 49 amu. In addition to the aforementioned species,

Nier and McElroy [1977] found that the mixing ratios of H2 and He were less than 10−4 at the low altitudes where

instrumental sensitivity was greatest. They also inferred that O must be present in the atmosphere but stated

that “a quantitative determination of atomic oxygen has not been possible as yet owing to uncertainties in the

extent to which gas may be removed on surfaces of the instrument.” Chemical models constrained by these

neutral data and simultaneous ion composition data acquired by a retarding potential analyzer suggested that

the abundance of O was significant and that it becomes the most abundant species above 200 km altitude.

Chen et al. [1978] predicted that the density of O decreases exponentially with increasing altitude with a scale

height of 30 km and a density at 200 km of 3.5 × 107 cm−3.

The MAVEN NGIMS neutral density profiles are shown in Figure 1b. The density profiles are shown to be

400 km, a much higher altitude than the Viking data, which do not extend above 200 km. The basic composi-

tion is similar to that observed by Viking—and, in the case of O, inferred by Viking. CO2 is the most abundant

species at low altitudes, with O taking over at higher altitudes. Although O is the most abundant species at

high altitudes, the abundances of the other species are not negligible, as can be seen from a comparison of the

O and total densities in this figure. Above 250 km, the abundances of the nonnegligible species CO2, CO/N2,

N, and O2 are all quite similar. Species detected include masses 4 (He), 14 (N), 16 (O), 28 (CO and N2), 30 (NO),

32 (O2), 40 (Ar), and 44 (CO2). At high altitudes, the abundance of NO (mass 30) decreases with altitude with a

scale height that is surprisingly similar to that for He (mass 4).

2.2. Ionospheric Observations
The Viking lander ion composition measurements, which are shown in Figure 1c, 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 these profiles were summarized in Withers et al. [2015]. Models that reproduce

these observations and extend to higher altitudes generally predict a topside composition dominated by O+
2

and relatively slow decreases in O+, O+
2 , and CO+

2 ion density with increasing altitude above 250 km [e.g., Chen

et al., 1978; Fox, 2015].

The MAVEN NGIMS ion density profiles are shown in Figure 1d. The density profiles extend to 500 km, a much

higher altitude than the Viking data, which do not extend above 300 km. The main features of these profiles

were summarized in Withers et al. [2015].
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Figure 1. (a) Viking Lander 1 measurements of the number densities of neutral CO2, N2, CO, O2, and NO. Ar was also
measured, but is not shown. Its mixing ratio is approximately 2% that of CO2. Neutral atomic oxygen could not be
measured by this instrument. Figure 4 of Nier and McElroy [1977], reproduced by permission of American Geophysical
Union. (b) MAVEN NGIMS measurements of neutral densities between solar zenith angles of 45∘ and 60∘. Species are
indicated by color, as shown on the figure. The total number density is shown by the dotted black line. Median, lower
quartile, and upper quartile values are shown for each species. (c) Viking Lander 1 measurements of the number
densities of O+ , O+

2 , and CO+
2 ions. Figure 6 of Hanson et al. [1977], reproduced by permission of American Geophysical

Union. (d) MAVEN NGIMS measurements of ion densities between solar zenith angles of 45∘ and 60∘. Species are
indicated by color as shown. The total ion density is shown by the dotted black line. Median values are shown. The
lower and upper quartile values are illustrated for each species at several altitudes by horizontal lines.

3. Comparison of Thermospheric Observations

Figure 2a, which compares the Viking and MAVEN NGIMS thermospheric composition data, illustrates the
main similarities and differences between them, and Figure 2b shows the thermospheric composition at
200 km as measured by Viking and MAVEN NGIMS.

The mixing ratios of mass 28 species CO and N2, Ar, and CO2 are similar in the two data sets. At present, MAVEN
NGIMS data processing has yielded the total abundance of the two mass 28 species CO and N2. The separate
abundances of these species will be determined later as the data processing progresses further, as was done
for Viking [Nier and McElroy, 1977]. The small He mixing ratio in the MAVEN NGIMS observations is roughly
consistent with the upper limit reported by the Viking investigators. The main differences between the Viking
and MAVEN NGIMS thermospheric mixing ratios are that the O2 mixing ratio is more than an order of magni-
tude smaller in the Viking observations than in the MAVEN NGIMS observations, the NO mixing ratio is about
5 times smaller in the Viking observations than in the MAVEN NGIMS observations, the O mixing ratio is about
6 times greater in the Viking observations than in the MAVEN NGIMS observations, and N, which has a mixing
ratio of 0.1 in the MAVEN NGIMS observations, was not detected by Viking.

WITHERS ET AL. FROM VIKING TO MAVEN 4
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Figure 2. (a) Direct comparison of neutral densities measured by Viking Lander 1 (dashed lines) and MAVEN NGIMS
(solid lines). Species are indicated by color as shown. Median, lower quartile, and upper quartile values are shown for
MAVEN NGIMS densities. (b) Mixing ratios of neutral species at 200 km as measured by Viking Lander 1 (crosses) and
MAVEN NGIMS (diamonds). Colors as shown. The lower (upper) end of each vertical line indicates the ratio of the lower
(upper) quartile density of that species to the median total number density. (c) O/CO2 ratio inferred from Viking Lander
1 data (dashed line) and measured by MAVEN NGIMS (solid line). The three solid lines show the ratios of the O lower
quartile density to the CO2 upper quartile density, the O median density to the CO2 median density, and the O upper
quartile density to the CO2 lower quartile density. (d). Direct comparison of O+ , O+

2 , and CO+
2 densities measured by

Viking Lander 1 (dashed lines) and MAVEN NGIMS (solid lines). Species are indicated by color as shown. Median, lower
quartile, and upper quartile values are shown for MAVEN NGIMS densities.

Although the Viking thermospheric observations do not extend above 200 km, many models have been
developed that reach higher altitudes and are consistent with the available Viking observations [e.g.,
Krasnopolsky, 2002; Bougher et al., 2015; Fox, 2015]. Such models have predicted that the high-altitude com-
position is dominated by O, CO2, or both. However, in the MAVEN NGIMS observations, densities of N, O, mass
28 species (CO and N2), and O2 are within a factor of a few of each other between 200 km and 400 km, and the
density of CO2 is also similar to the densities of these species above 250 km. At 300 km, the densities of most
of these species are between 3 × 105 and 1 × 106 cm−3. The chemical composition of the upper atmosphere
is not dominated by a single species or even a couple of species. Furthermore, the observed densities of N,
NO, and O2 are significantly greater than pre-MAVEN expectations [Fox, 2015; Bougher et al., 2015].

These compositional differences at and above 200 km are unlikely to be the result of differences in solar activ-
ity and heliocentric distance, since they also exist with respect to model simulations at solar maximum as
well as solar minimum. Instead, they indicate that current models of the thermosphere of Mars do not yet
completely capture its chemistry.

The scale heights of neutral species are larger in the MAVEN NGIMS observations than in the Viking observa-
tions. The CO2 scale height, for example, is 15 km in the MAVEN NGIMS observations and 10 km in the Viking
Lander 1 observations, corresponding to temperatures of 270 K and 180 K, respectively. It is 7 km (120 K) in the
more northerly Viking Lander 2 observations. These Viking temperatures were confirmed by the atmospheric
structure investigations on the two Viking Lander [Seiff and Kirk, 1977]. The Viking Lander 2 temperature is
colder than the Viking Lander 1 temperature due to its more poleward latitude. The warmer temperatures
seen by MAVEN NGIMS are due to differences in the Mars-Sun distance and in the solar spectrum. Assuming a
constant solar irradiance, the solar flux at the time of the MAVEN NGIMS observations and a Mars-Sun distance
of 1.5 AU is 20% greater than that at the time of the Viking Lander 1 observations and a Mars-Sun distance
of 1.65 AU. Moreover, the irradiance at fixed distance at the extreme ultraviolet wavelengths that heat and
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ionize the thermosphere increased from Viking to MAVEN as solar activity advanced from minimum to
moderate (F10.7 at Earth ≈70 to 140).

The exobase altitude is higher in the MAVEN NGIMS observations than in the Viking observations. The exobase
altitude zexo satisfies the following:

𝜎C ∫
z=∞

z=zexo

n(z)dz = 1 (1)

Here n is the neutral number density, z is altitude, and 𝜎C is the collision cross section, which equals
3 × 10−15 cm2 for typical atmospheric species [Chamberlain and Hunten, 1987; Fox and Hać, 2009]. Hence, the
column density above the exobase equals 3 × 1014 cm−2, which in the MAVEN NGIMS observations places the
exobase around 200 km, an altitude at which CO2 is the dominant neutral species. By contrast, the exobase
altitude in the Viking observations is 180 km [Mueller-Wodarg et al., 2008]. This can also be attributed to
differences in the Mars-Sun distance and in the solar activity.

As previously noted, the O/CO2 ratio is critically important for the aeronomy of the thermosphere and iono-
sphere of Mars. However, the abundance of neutral atomic oxygen is notoriously challenging to measure with
mass spectrometers, because it readily adsorbs and recombines on instrumental surfaces [Nier and McElroy,
1977; Hanson et al., 1977]. Consequently, the Viking investigators inferred the abundance of neutral atomic
oxygen, which could not be directly measured, indirectly using chemical models constrained by simultaneous
Viking neutral and ion density data [Chen et al., 1978]. Current mass spectrometers, such as MAVEN NGIMS, are
better able to measure neutral atomic oxygen. The O/CO2 ratios inferred by Viking and measured by MAVEN
NGIMS are shown in Figure 2c as functions of altitude. Densities of the two species are equal at 240 km in the
MAVEN NGIMS data and 200 km in the Viking data. The MAVEN NGIMS O/CO2 ratio increases exponentially
with altitude between 170 km and 270 km with a scale height of 17 km. At altitudes where both spacecraft
acquired data, the MAVEN NGIMS ratio is an order of magnitude smaller than the Viking ratio. The somewhat
counter-intuitive result that higher solar activity, which might be expected to enhance the photodissociation
of CO2, causes a smaller O/CO2 ratio is supported by theoretical predictions [Bougher et al., 2000].

Bougher et al. [2000] reported simulated values of the O/CO2 ratio for Ls = 270∘ and moderate solar activity
at 15 h local solar time, conditions that are similar to those experienced by MAVEN NGIMS. At 160–200 km,
the MAVEN NGIMS O/CO2 ratio is half the predicted ratio. Differences of this magnitude are not surprising.
Models and data both show significant changes in the O/CO2 ratio with altitude, so comparisons at fixed
altitude can be biased by expansion or contraction of the lower atmosphere. Even at a fixed pressure level,
seasonal variations may be significant. González-Galindo et al. [2009] predicted that the O/CO2 ratio at the
1.4 × 10−4 Pa pressure level (∼150 km) varies by a factor of 3 from Ls = 270∘ to 360∘. The magnitude of the
observed differences in the O/CO2 ratio between MAVEN NGIMS observations, values inferred from Viking,
and predictions, though large, are therefore consistent with plausible variations with altitude, season, and
solar activity. They do not necessarily indicate gaps in the present understanding of the chemistry of atomic
oxygen on Mars.

Although the MAVEN NGIMS data do not extend low enough to reach the ionospheric peak, the altitude of
the peak can be estimated from the neutral densities. It is generally considered that the ionospheric peak
occurs at an optical thickness of one for ionizing EUV photons in a carbon dioxide atmosphere [Chamberlain
and Hunten, 1987]. That is,

∑

j

𝜎I,j ∫
z=∞

z=zpk

nj(z)dz = cos(SZA) (2)

Here the subscript j labels the neutral species, 𝜎I is the ionization cross section, zpk is the altitude of the
ionospheric peak, and SZA is solar zenith angle. In this case, we may assume that neutral densities vary
exponentially with altitude and that CO2 is the dominant neutral species. Thus,

𝜎I,CO2 nCO2

(
zpk

)
H = cos(SZA) (3)

The relevant ionization cross section is 3 × 10−17 cm2 for CO2 [Ma et al., 2004; Withers, 2009].

As before, H = 15 km. For solar zenith angles of 45∘ to 60∘, the CO2 number densities at the ionospheric
peak are 1.6 to 1.1 × 1010 cm−3, which occur at 132–137 km. These predicted peak altitudes are consistent

WITHERS ET AL. FROM VIKING TO MAVEN 6



Geophysical Research Letters 10.1002/2015GL065985

with the range observed by other instruments [Morgan et al., 2008; Němec et al., 2011; Fallows et al., 2015].
Since these previous observations span a wide range of latitudes, seasons, and solar activity levels, it is not
surprising that the peak altitude inferred from MAVEN NGIMS thermospheric measurements is consistent with
them. This result implies that the assumption that the ionospheric peak occurs at an optical thickness close to
1 is reasonable. However, the inferred peak altitude is higher than the values reported by Hantsch and Bauer
[1990]. We attribute this difference to changes in the reference areoid from the Viking era to the post-Mars
Global Surveyor era [Withers and Pratt, 2013].

4. Comparison of Ionospheric Observations

Figure 2d compares the Viking and MAVEN NGIMS O+, O+
2 , and CO+

2 densities, which illustrate the main similar-
ities and differences between them. The Viking observations left the ionospheric composition above 300 km
tantalizingly unclear: does O+ become dominant at high altitudes, does O+

2 remain the most abundant, or do
densities of the two species become similar? The MAVEN NGIMS observations show that densities of O+ and
O+

2 are remarkably similar above 300 km. In both MAVEN NGIMS and Viking observations, the CO+
2 /O+

2 ratio
changes very slowly with altitude and O+ is more abundant than CO+

2 above 210–220 km. However, there are
some substantial differences between the Viking and MAVEN NGIMS observations. The peak O+ abundance is
twice as large and 60 km higher in altitude in the MAVEN NGIMS observations than in the Viking observations.
The O+

2 and CO+
2 density scale heights are 50% larger in the MAVEN NGIMS observations than in the Viking

observations, although in both cases the O+
2 scale height is about 25% larger than the CO+

2 scale height. At
290 km, both O+ and O+

2 densities are about 6 times larger in the MAVEN NGIMS observations than in the
Viking observations. The CO+

2 densities in the two data sets are remarkably similar at 170–230 km, despite
differences in the corresponding neutral densities and scale heights.

It is noteworthy that the neutral O/CO2 ratio is larger for Viking than MAVEN NGIMS, but the O+/CO+
2 ratio is

larger for MAVEN NGIMS than for Viking. This may be related to the role played by O in the destruction of CO+
2

ions by charge exchange. The fact that both ion and neutral scale heights are 50% larger in MAVEN NGIMS data
than in Viking data illustrates the close relationship that exists between the vertical structures of the ionized
and neutral components of the upper atmosphere. As with the neutral scale heights, the ion scale heights are
greater in MAVEN NGIMS data than in the Viking data due to differences in the Mars-Sun distance and in the
solar activity.

Ion densities at fixed altitude are greater in MAVEN NGIMS data than in Viking data due to solar activity
increasing from minimum to moderate and the heliocentric distance decreasing from near aphelion to near
perihelion. This not only increases ionization rates, but it also causes the atmosphere to expand, which raises
levels of fixed pressure and fixed optical thickness. The latter factor tends to increase ion densities at fixed alti-
tude since ion densities decrease with decreasing optical thickness above the peak. Furthermore, increased
solar activity increases the electron temperature, which decreases ion loss rates and increases ion densities.

Numerical models that allowed solar activity to change while heliocentric distance and electron temperature
were held constant predicted changes in peak O+ abundance and altitude, O+

2 and CO+
2 scale heights, and

ion densities at 290 km over the solar cycle that are comparable to those reported here [Krasnopolsky, 2002;
Fox, 2015].

The altitude above which the ionosphere is no longer in photochemical equilibrium and plasma transport can
no longer be neglected and can be calculated from these data. At this transition altitude, the time constants for
removal of plasma by chemical neutralization, 𝜏C , and by transport, 𝜏T , are equal. The location of this transition
altitude is not merely important for delineating different ionospheric regions. Its location affects not only the
amount of ionospheric plasma that can be stripped away by certain escape processes but also the amount
of plasma that may flow across the terminator from the dayside to the nightside, which is one of the primary
mechanisms that sustains nightside plasma densities. At higher altitudes, plasma is susceptible to escape by
ion outflow and to transterminator flow from the dayside to the nightside.

Anticipating the eventual result, we assume that this transition altitude occurs at an altitude where O+
2 is the

dominant ion and CO2 is the dominant neutral, which leads to the following expressions.

𝜏C = 1
𝛼DRNi

(4)
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𝜏T =
H2mi𝜈in

kB

(
Te + Ti

) (5)

This expression for 𝜏T is derived under certain idealized assumptions regarding the plasma velocity [Rishbeth
and Garriott, 1969; Schunk and Nagy, 2009], but is sufficient for an initial evaluation of the situation. In
equations (4) and (5), 𝛼DR is the rate coefficient for the dissociative recombination of an O+

2 ion with an elec-
tron, Ni is the O+

2 density, H is the neutral scale height, mi is the mass of an O+
2 ion, 𝜈in is the ion-neutral collision

frequency, kB is the Boltzmann constant, Te is the electron temperature, and Ti is the ion temperature. From
Schunk and Nagy [2009], 𝛼DR = 2.4 × 10−7

(
300K∕Te

)0.7
. As noted previously, H is 10 km for Viking and 15 km

for MAVEN NGIMS. From Banks and Kockarts [1973], 𝜈in is proportional to the CO2 number density as specified
in equation (56) of Withers [2008]. We assume representative uniform values for Te and Ti of 1500 K and 500 K,
respectively [Chen et al., 1978; Hanson et al., 1977; Hanson and Mantas, 1988]. The numerical values are con-
sistent with Viking data and initial interpretation of MAVEN observations (R. Lillis, personal communication,
2015), but the assumption of uniform values is not particularly realistic. However, 𝜏C increases exponentially
with altitude due to the exponential decrease of Ni with altitude and 𝜏T decreases exponentially with altitude
due to the exponential decrease of 𝜈in and the neutral density with increasing altitude. Given these trends,
the inferred altitude at which 𝜏C = 𝜏T is not very sensitive to crude assumptions concerning Te and Ti. With
these assumptions, the altitude at which 𝜏C = 𝜏T is one scale height higher in the MAVEN NGIMS observations
(170 km) than in the Viking observations (155 km).

5. Summary and Conclusions

Substantial differences exist between thermospheric and ionospheric conditions observed at similar solar
zenith angles by Viking Lander 1 and MAVEN NGIMS.

In the thermosphere, neutral scale heights are 50% greater in the MAVEN NGIMS observations than in the
Viking observations. The exobase is 1–2 scale heights higher in the MAVEN NGIMS observations than in the
Viking observations. The O/CO2 ratio is an order of magnitude smaller in the MAVEN NGIMS observations
than in the Viking observations. These differences can be attributed to solar activity levels increasing from
minimum at the time of the Viking observations to moderate at the time of the MAVEN NGIMS observations,
coincident with the Mars-Sun distance decreasing from near aphelion to near perihelion. However, com-
positional differences concerning the abundances of N, NO, and O2, which are larger in the MAVEN NGIMS
observations than in the Viking observations, and the number of species that contribute significantly to
the total number density at high altitudes, which is larger in the MAVEN NGIMS observations than in the
Viking observations, cannot be explained by these factors. Instead, they indicate that current models of the
thermosphere of Mars do not yet completely capture its chemistry.

In the ionosphere, both O+ and O+
2 densities at 290 km are about 6 times larger in the MAVEN NGIMS observa-

tions than in the Viking observations. The peak O+ abundance is twice as large and 60 km higher in altitude in
the MAVEN NGIMS observations than in the Viking observations. The scale heights that describe the change
in O+

2 and CO+
2 density with altitude are 50% larger in the MAVEN NGIMS observations than in the Viking

observations. The altitude above which the ionosphere is no longer in photochemical equilibrium and plasma
transport can no longer be neglected is one scale height higher in the MAVEN NGIMS observations than in the
Viking observations. These differences can also be attributed to solar activity levels increasing from minimum
at the time of the Viking observations to moderate at the time of the MAVEN NGIMS observations, coincident
with the Mars-Sun distance decreasing from near aphelion to near perihelion.

Many thermosphere-ionosphere models have been developed to reproduce the Viking observations. Those
models that are also successful at reproducing the MAVEN NGIMS observations reported here will be useful
for elucidating the physical processes that determine the chemical compositions of the thermosphere and
ionosphere, for describing how the thermosphere and ionosphere of Mars vary over the solar cycle and with
season and for predicting conditions in the past. Those that are not will not.
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