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Abstract The Mars thermosphere-ionosphere-exosphere (TIE) system constitutes the at-
mospheric reservoir (i.e. available cold and hot planetary neutral and thermal ion species)
that regulates present day escape processes from the planet. The characterization of this TIE
system, including its spatial and temporal (e.g., solar cycle, seasonal, diurnal, episodic) vari-
ability is needed to determine present day escape rates. Without knowledge of the physics
and chemistry creating this TIE region and driving its variations, it is not possible to con-
strain either the short term or long term histories of atmosphere escape from Mars. MAVEN
(Mars Atmosphere and Volatile Evolution Mission) will make both in-situ and remote mea-
surements of the state variables of the Martian TIE system. A full characterization of the
thermosphere (∼100–250 km) and ionosphere (∼100–400 km) structure (and its variability)
will be conducted with the collection of spacecraft in-situ measurements that systematically
span most local times and latitudes, over a regular sampling of Mars seasons, and throughout
the bottom half of the solar cycle. Such sampling will far surpass that available from exist-
ing spacecraft and ground-based datasets. In addition, remote measurements will provide
a systematic mapping of the composition and structure of Mars neutral upper atmosphere
and coronae (e.g. H, C, N, O), as well as probe lower altitudes. Such a detailed character-
ization is a necessary first step toward answering MAVEN’s three main science questions
(see Jakosky et al. 2014, this issue). This information will be used to determine present day
escape rates from Mars, and provide an estimate of integrated loss to space throughout Mars
history.
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1 Motivation

1.1 Why Mars Aeronomy Is Key to MAVEN Mission Goals

The term ‘aeronomy’ is attributed to an interdisciplinary field that studies the physics
and chemistry of any atmospheric region where ionization and photo-dissociation pro-
cesses play a key role (e.g. Chapman 1931). In this formulation, aeronomy is applicable
to the entire Martian atmosphere, including the upper, middle and lower atmospheres, since
photo-dissociation is important throughout. However, the upper atmospheric region includes
the planetary thermosphere, ionosphere and exosphere (also sometimes referred to as the
corona). They are key to understanding how energy and material flow into and out of the
main atmosphere- the latter of which includes the escaping component that is so important
to the goals of the MAVEN mission to Mars (see Jakosky et al. 2014 and other papers in this
issue). These atmosphere regions are also important for understanding the Martian iono-
sphere that, together with Mars crustal magnetic fields, provides the obstacle to the solar
wind interaction. In addition, the neutral atmospheric regime (thermosphere) also controls
spacecraft orbital dynamics and aerobraking maneuvers. Overall, the Martian upper atmo-
sphere is the conduit linking the external environment and the surface and main atmosphere.
This key region needs to be understood in order to elucidate the atmospheric escape pro-
cesses.

1.2 What Are the Basic Features, Processes and Vertical Extent of This Upper Atmosphere
Reservoir?

The Mars dayside thermosphere (∼100–200 km) is commonly characterized by tempera-
tures that increase dramatically with altitude above the mesopause (located at ∼90–110 km),
largely due to solar EUV-UV heating, while approaching an asymptotic and maximum
value at an altitude of ∼160–200 km. It is distinguished by a transition region called the
homopause (located at ∼125 km mean altitude on the dayside), below which atomic and
molecular constituents are well mixed by winds and dissipative turbulence (e.g. Stewart
1987; Bougher 1995; Bougher et al. 2000, 2009a, 2009b, 2014). Above the homopause
region, is the heterosphere, where individual species begin to separate according to their
unique masses and scale heights via atomic/molecular diffusion. Mars’ thermosphere is
dominated by CO2 and its dissociation products O and CO, as well as N2. The thermo-
spheric layer extends from the top of the middle atmosphere (mesopause) to the beginning
of collision-free space (exobase). Most importantly, the thermosphere is an intermediate
atmospheric region (see Fig. 1) strongly coupled to the lower-middle atmosphere (e.g. sea-
sonal inflation/contraction, gravity waves, planetary waves, thermal tides, dust storms) and
also coupled from above with energy inputs from the Sun (solar X-ray, EUV, and UV fluxes,
and solar wind particles) (see reviews by Bougher 1995; Bougher et al. 2002, 2009a, 2009b,
2014).

Since Mars presently has a very small intrinsic magnetic field, consisting of localized
near surface remnant field regions, the solar EUV, UV and near-IR heating are the primary
(periodic) drivers of the Mars thermospheric thermal structure (e.g. Bougher 1995; Bougher
et al. 2000, 2009a, 2009b, 2014). However, the solar wind impact on Mars is not isolated
to localized regions. This Mars situation is unlike the Earth, where the field structure leads
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Fig. 1 Cartoon of Mars atmospheric regions and processes. Illustrates the coupling of the thermosphere and
ionosphere with atmospheric regions above and below

to large inputs of solar wind generated energy inputs focused at auroral latitudes, result-
ing in large changes in the atmosphere. The radiative heat deposited at Mars is conducted
downward toward the mesopause by molecular thermal conduction, where it is partially ra-
diated away to space by CO2 15-micron emission. Global scale winds transport atomic and
molecular constituents around the planet, as well as dayside produced heat, giving rise to an
intricate feedback of global composition, temperature, and wind fields (see Bougher et al.
1999a, 1999b, 2000, 2006, 2009a, 2009b).

The primary charged particles (e.g. O+
2 , CO+

2 , O+, N+
2 , CO+, NO+, etc.) that make up the

Mars ionosphere (a weakly ionized plasma embedded within the thermosphere) are formed
by: (1) solar EUV fluxes and their generation of photo-electrons that ionize local neutral
thermospheric species (e.g. CO2, N2, CO, O, etc.); (2) precipitating particles (e.g. suprather-
mal electrons) that ionize these same neutral species (especially on the nightside); and (3)
ion-neutral photochemical reactions (e.g. Fox 2009; Bougher et al. 2014). The solar zenith
angle (SZA) dependence of the dayside neutral thermospheric structure is directly reflected
in the ionospheric structure (see reviews of Withers 2009; Haider et al. 2011). Since Mars
lacks a significant intrinsic global magnetic field, the variable solar wind (including its par-
ticles, the interplanetary magnetic field, and the solar wind convection E field) penetrates
and interacts with the Mars upper atmosphere (including the thermosphere, ionosphere and
exosphere). This results in additional ionization, and various types of ion energization and
neutral heating (see Lillis et al. 2014). Detailed reviews of the solar wind interaction can be
found in Chassefiere and Leblanc (2004) and Brain et al. (2014).
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The Mars upper atmosphere can change dramatically over time since this atmospheric
region is primarily controlled by two highly variable components of the Sun’s energy output
composed of solar radiation (0.1–200 nm) and the solar wind (see reviews by Bougher et al.
2002, 2009a, 2009b, 2014). The amount of the soft X-ray (0.1–5 nm) and EUV (5–110 nm)
solar radiation most responsible for heating the Mars thermosphere (and forming its iono-
sphere) varies significantly over time (e.g. see Eparvier et al. 2014). These temporal varia-
tions result from Mars’ changing heliocentric distance as it orbits the Sun (∼1.38–1.67 AU),
the planet’s obliquity (determining the local season), and the short-term changes in the radi-
ation from the Sun itself. It is noteworthy that solar EUV-UV fluxes received at Mars vary
by 44 % throughout the Martian year, solely the result of the changing heliocentric distance.
Both solar rotation (∼27-day) and solar cycle (∼11-year) variations of the solar EUV and
soft X-ray fluxes are also significant (up to factors of ∼ 3 to 100), producing dramatic vari-
ations in global thermospheric temperatures, composition, and winds (e.g. Bougher et al.
2000, 2002, 2009a, 2009b; Forbes et al. 2008), as well as ionospheric densities (e.g. Fox
et al. 1996; Withers 2009; Haider et al. 2011).

Above the thermosphere, in the exosphere, collisions no longer dominate and the light-
est species form an extended hot corona, some of which escapes to space (see exosphere
discussion below) (e.g. Valeille et al. 2009a, 2009b, 2010a, 2010b; Yagi et al. 2012;
Lee et al. 2014). Mars with its weak gravity (unlike Venus and Earth) permits an extended
corona of several species (e.g. O, N, C, H). The “traditionally labeled” boundary between
the thermosphere and exosphere is the exobase, defined as the level above which an escap-
ing particle moving along a radial direction will encounter only one collision on average
(e.g. Valeille et al. 2009a, 2009b; Schunk and Nagy 2009). For a single constituent upper
atmosphere, this is equivalent to the altitude where the collision mean free path equals the
temperature scale height of the constituent (e.g. Schunk and Nagy 2009). More recently, it
has become understood that the transition from the collisionally dominated thermosphere
(below ∼200 km) to the kinetic dominated extended exosphere (above ∼300 km) is not
a sharp boundary (e.g. Valeille et al. 2009a, 2009b, 2010a, 2010b; Fox and Hać 2009,
2010).

The exosphere is also populated by ‘nonthermal’ species related to the ionospheric pho-
tochemistry of the CO2 atmosphere. For example, dissociative recombination of the primary
O+

2 ion, as well as other minor constituents such as CO+, produce important enhancements
to the thermal exosphere species O and C. In particular, approximately half of the hot O pro-
duced by the exothermic dissociative recombination of O+

2 with electrons can escape, which
makes characterizing this process, and understanding the ionosphere, an essential task for
MAVEN. In addition, charge exchange between the exospheric thermal H and solar wind
protons can produce a non-thermal H component (although at the expense of the thermal
exospheric H). An understanding of the Martian exosphere is important for quantifying at-
mospheric ion and neutral escape rates, needed in particular for estimating the global loss of
water over Mars history (e.g. Chassefiere and Leblanc 2004; Valeille et al. 2009b).

Transient solar events compete with the periodic solar variations (i.e. diurnal, seasonal,
solar cycle) in controlling thermospheric heating. In addition, Mars surface events (such as
major dust storms) can temporarily alter its atmospheric global responses to solar radiation.
It is noteworthy that episodic heating of the Mars thermosphere is expected, yet still un-
confirmed, by enhancements in the EUV flux and solar wind changes due to solar flares.
Coronal Mass Ejection (CME) events, and various solar wind interaction processes may
also significantly modify the normal periodic (solar driven) thermospheric structure. Alter-
natively, dust storms change the atmosphere’s opacity, resulting in lower atmosphere aerosol
heating and expansion of the entire atmosphere. Upward propagating planetary atmosphere
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waves and tides can also have a significant influence on thermospheric structure and dy-
namics (e.g. Forbes and Hagan 2000; Forbes et al. 2002; Wilson 2002; Withers et al. 2003;
Moudden and Forbes 2008; Bougher et al. 2014). Limited measurements suggest that this
influence is felt most strongly in the thermosphere when regular solar forcing is at a mini-
mum (e.g. Seiff and Kirk 1977). And, of course the ionosphere responds to changes in the
neutral atmosphere structure (e.g. Bougher et al. 2004, 2014).

The Mars TIE system constitutes the atmospheric reservoir (i.e. available cold and hot
planetary neutral and thermal ion species) that regulates present day escape processes from
the planet (see Brain et al. 2014). The characterization of this TIE system, including its spa-
tial and temporal (e.g., solar cycle, seasonal, diurnal) variability is needed to determine the
escape rates. For example, the Mars thermosphere regulates the escape by: (1) absorbing and
spatially redistributing solar EUV and UV energy, (2) filtering and absorbing upward prop-
agating waves of various scales, (3) mediating interactions between the solar wind and the
ionosphere, and (4) controlling the upward transport of species from the lower atmosphere
through diffusion and large-scale dynamics to where they can be removed (see Bougher
et al. 2014). As discussed further below, it is within this region that either sufficient energy
is imparted to constituents to allow either direct escape as neutrals or ions, or indirect es-
cape by exposing them to removal agents such as the solar wind and its related electric and
magnetic fields. Without knowledge of the physics and chemistry creating this TIE region
and driving its variations, it is not possible to constrain either the short term or long-term
histories of atmosphere escape.

The interconnectedness of Martian volatile escape processes and the underlying TIE
reservoir are now being investigated (and appreciated) through specific model simula-
tions that link its regions and processes. Recent numerical experiments that couple global
thermosphere-ionosphere and exosphere codes (see Lillis et al. 2014) strongly suggest that
seasonal, plus solar cycle variations of the thermosphere-ionosphere structure have a pro-
found impact upon computed hot O and C distributions and the corresponding hot atom
escape rates (see Valeille et al. 2009a, 2009b; Yagi et al. 2012; Lee et al. 2014). Likewise,
the solar cycle plus seasonal variations in the combined TIE system are predicted to have a
profound impact on variations in the sources of ions, the extended ionosphere structure and
the resulting ion escape rates (see Ma and Nagy 2007; Lundin et al. 2008; Najib et al. 2011;
Dong et al. 2014). In short, each of the present day neutral and ion escape mechanisms is
regulated to some degree by the changing solar EUV radiation and the resulting variation
in the TIE structure (see reviews of Bougher et al. 2014 and Brain et al. 2014). However,
a comprehensive observational study that characterizes the Martian TIE reservoir related to
escape processes has yet to be realized.

In this paper we specifically focus on measurements that the MAVEN mission will be
providing to expand our knowledge of the upper atmosphere (i.e. TIE system) and its drivers
and variability. In addition, we outline several outstanding questions about the Martin upper
atmosphere that MAVEN measurements are designed to address. The aim is to provide the
reader with a sense of the level of global observational coverage and detailed information
that will become available in the area of Mars aeronomy, and an understanding of how all of
this information will inform investigations and models of atmospheric escape and evolution,
the mission’s main goal.

The MAVEN mission (see Jakosky et al. 2014) is slated to make systematic measure-
ments that will characterize the TIE reservoir. MAVEN’s three main science objectives can-
not be addressed without starting with the first, which is the focus of this paper; i.e. to deter-
mine the composition, structure, and dynamics of the upper atmosphere and the processes
controlling them.
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2 Major Unanswered Questions about the Martian Upper Atmosphere

The MAVEN mission is designed to obtain key measurements that will be used to ad-
dress several outstanding problems, thereby enhancing our understanding of the climatol-
ogy and variability of the Martian upper atmosphere structure and the processes that control
them. This section reviews these major questions. Section 3 will discuss the corresponding
MAVEN measurements to be obtained and their application to these problems.

2.1 Thermosphere

2.1.1 What Are the Global Thermosphere and Exosphere Temperature Structures and How
Do These Vary Both Spatially and Temporally?

Presently, the Martian upper atmosphere thermal structure is poorly constrained by a lim-
ited number of both in-situ and remote sensing measurements at selected locations, seasons,
and periods scattered throughout the solar cycle (see reviews by Stewart 1987; Bougher
1995; Bougher et al. 2000, 2014; Müeller-Wodarg et al. 2008). In particular, the vertical
thermal structure of the upper atmosphere has been sampled many times, but only in limited
latitude/local time zones, and mostly during solar minimum to moderate conditions (see re-
view by Bougher et al. 2014). Existing temperature profiles include those from: (a) Viking
Landers 1 and 2 entry accelerometers on the dayside based on mass density scale heights
(Seiff and Kirk 1977), (b) Viking Landers 1 and 2 Upper Atmosphere Mass Spectrome-
ter (UAMS) on the dayside (Nier and McElroy 1977), (c) Mars Global Surveyor (MGS),
Mars Odyssey (MO), and Mars Reconnaissance Orbiter (MRO) aerobraking accelerometers
for both dayside and nightside (e.g., Keating et al. 1998, 2003, 2006, 2008), and (d) Mars
Express SPICAM (mostly nightside) inferred from stellar occultations (Forget et al. 2009;
McDunn et al. 2010). In addition, vertical profiles of key dayglow emissions observed by
Mariners 6, 7, 9, and Mars Express have been used to extract temperatures, especially
topside (exosphere) values (e.g. Stewart 1972; Stewart et al. 1972; Leblanc et al. 2006;
Huestis et al. 2010; Stiepen et al. 2014). Generally, dayside isothermal temperatures are
found above ∼160 km for solar minimum conditions, and at higher altitudes for solar
moderate-to-maximum conditions (e.g. Keating et al. 2008; Bougher et al. 2014).

The Mars orbit eccentricity demands that both the solar cycle and seasonal variations
in upper atmosphere temperatures be considered together (e.g., Bougher et al. 2000).
These combined variations in Martian dayside upper thermosphere and exosphere tem-
peratures have been the subject of considerable debate and study since the first Mariner
6, 7, and 9 ultraviolet spectrometer (UVS) measurements (1969–1972), up to recent Mars
Express SPICAM UVS measurements (2004–present) (e.g., Stewart 1987; Bougher et al.
1999b, 2000, 2009b, 2014; Keating et al. 2003, 2008; Withers 2006; Leblanc et al. 2006;
Forbes et al. 2008; González-Galindo et al. 2009; Krasnopolsky 2010; Huestis et al. 2010;
Stiepen et al. 2014). Presently, a “composite estimate” exists of the extreme solar cycle plus
seasonal variation of Martian dayside exospheric temperatures, from ∼200 K to ∼350 K
(see Bougher et al. 2014). However, this estimate is most uncertain for solar moderate-to-
maximum conditions, for which little data is available (see Fig. 2). It is noteworthy that this
“composite” range of Mars exospheric temperatures is likely larger than that of Venus (see
reviews of Bougher 1995; Bougher et al. 1997; Kasprzak et al. 1997). Finally, lower atmo-
sphere influences upon upper atmosphere temperature variations are only beginning to be
characterized (e.g. Stiepen et al. 2014).

A full characterization of the thermospheric temperature structure (∼100–250 km) re-
quires spacecraft measurements that systematically span all local times and latitudes, over
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Fig. 2 Mars dayside (low SZA) exospheric temperatures from previous spacecraft measurements obtained
at different Mars seasons and periods during the solar cycle. Symbols are as follows: diamonds (SMIN
conditions, F10.7 ∼ 70), triangles (SMOD conditions, F10.7 ∼ 130), and squares (SMAX conditions,
F10.7 ∼ 200). Superimposed SMIN thermosphere simulation results are added to illustrate the predicted
role of seasonal forcing. Spacecraft abbreviations are as follows: VL1 (Viking Lander 1), VL2 (Viking Lan-
der 2), M4 (Mariner 4), MEX (Mars Express), MGS1 (MGS Phase 1 Aerobraking), MGS2 (MGS Phase 2
Aerobraking), M9N (Mariner 9 nominal mission), M6-7 (Mariner 6-7). Adapted from Bougher et al. (2000),
Fig. 2. J. Geophys. Res., American Geophysical Union

a regular sampling of Mars seasons, and throughout the solar cycle. Such temperature mea-
surements of the topside thermosphere and into the exosphere (above ∼150 km) would be
most important for constraining escape model simulations and determining volatile escape
rates. Sections 3.1.1 (NGIMS) and 3.2.1 (IUVS) contain a discussion of MAVEN measure-
ments that will be made to constrain these neutral thermospheric temperatures.

2.1.2 What Are the Neutral Species (Especially Atomic Oxygen) Global Density
Distributions and How Do These Vary Both Spatially and Temporally?

The composition of the Mars thermosphere, specifically neutral species densities, has thus
far only been directly measured with the UAMS instruments onboard the descending Viking
1 and 2 Landers (e.g., Nier and McElroy 1977). The two sets of density profiles, corre-
sponding to solar minimum near aphelion conditions, reveal CO2 to be the major species,
followed by N2 and CO (see Fig. 3). Atomic O could not be measured by the UAMS; in-
stead, ionosphere model calculations (to match the Viking Lander 1 ion composition mea-
surements) have estimated that the O density exceeds the CO2 density at ∼200 km (e.g.,
Hanson et al. 1977). This uncertain abundance of O is a major unknown for the Mars upper
atmosphere; in particular, systematic measurements of atomic O (both spatially and tem-
porally) are needed to constrain the heat budget and chemistry of the dayside thermosphere
(see review by Bougher et al. 2014). Systematic neutral density measurements (both dayside
and nightside) are also essential for characterizing the target atmosphere that is ionized (or
sputtered), providing the major sources for neutral and ion escape.

The study and inversion of airglow emissions can also be used at Earth and other plan-
ets to retrieve neutral densities and temperatures. Specifically, detailed Martian studies have
been conducted for example to extract O and CO2 density profiles from key dayglow emis-
sions from Mariner and Mars Express datasets (e.g. Strickland et al. 1972, 1973; Stewart
et al. 1992; Chaufray et al. 2009; Gronoff et al. 2012). Retrieval techniques utilized for
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Fig. 3 Number densities of
CO2, N2, CO, O2, and NO
determined from measurements
made by upper atmospheric mass
spectrometers (UAMS) on the
Viking 1 and 2 Landers. Ar was
also measured but is not shown
here. Taken from Nier and
McElroy (1977), Fig. 4.
J. Geophys. Res., American
Geophysical Union

these Mars investigations are constantly being improved. However, density retrievals are
limited owing to sampling conditions available from existing (and limited) datasets. Alter-
natively, a spectrum obtained from FUSE measurements is of superior quality and resolution
(Krasnopolsky and Feldman 2002), yet it has not been studied in detail to extract the densi-
ties of the Martian thermosphere and ionosphere.

On the other hand, mass densities of the Mars thermosphere (between ∼100 and
∼160 km) have been repeatedly measured by accelerometers onboard MGS, MO, and MRO
spacecraft (e.g., Keating et al. 1998, 2003, 2006, 2008; Bougher et al. 1999a, 2006, 2014;
Tolson et al. 1999, 2005, 2007, 2008; Withers et al. 2003; Withers 2006). The accelerometer
sampling occurred at limited seasons and solar cycle conditions, as well as restricted (lati-
tude, local time) locations dictated by their spacecraft orbits (see Fig. 4). A strong variation
of mass densities with latitude was observed, along with distinct differences in the polar
night regions between the aphelion and perihelion seasons. The accelerometer samplings of
mass densities provide the best existing record of Mars’ upper atmosphere structure, much
more extensive than the two Viking descent profile measurements of neutral densities (see
review by Bougher et al. 2014). However, by its nature, accelerometer spatial and temporal
coverage is quite sparse, providing only a rudimentary database for characterizing the upper
atmosphere structure and its variations over the solar cycle and Mars seasons.

A full characterization of Martian thermospheric composition (∼100–250 km) requires
spacecraft measurements that systematically span all local times and latitudes, over a reg-
ular sampling of Mars seasons, and throughout the solar cycle. Sections 3.1.1 (NGIMS)
and 3.2.1 (IUVS) provide a discussion of MAVEN measurements that will be made to con-
strain neutral thermospheric densities, especially atomic O. In addition, the Accelerome-
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Fig. 4 US Accelerometer
coverage for MGS (two phases),
Odyssey, and MRO aerobraking
campaigns. Periapsis locations
for each orbit as a function of
latitude and local time. Adapted
from Tolson et al. (2007), Fig. 1c.
Journal of Spacecraft and
Rockets

ter Experiment (ACC) will also use atmospheric drag accelerations sensed by the Inertial
Measurement Units (IMU) onboard the spacecraft to recover atmospheric density (and de-
rive corresponding neutral temperatures) which can also be used to constrain thermospheric
structure (see Zurek et al. 2014, this issue).

2.1.3 How Does the Thermospheric Structure Respond to Lower Atmosphere Forcing (e.g.
Upward Propagating Waves and Dust Storms)?

Presently, mass densities derived from accelerometer measurements reveal large-amplitude
Sun-synchronous longitudinal variations at altitudes of ∼100–160 km (e.g., Keating et al.
1998; Forbes and Hagan 2000; Forbes et al. 2002; Withers et al. 2003; Bougher et al. 2014).
They generally appear as stationary waves from an orbit that precesses slowly in local time
(e.g., Forbes and Hagan 2000; Forbes et al. 2002; Wilson 2002; Angelats i Coll et al. 2004;
Moudden and Forbes 2008, 2010) and are likely produced by vertically-propagating non-
migrating solar thermal tides that are excited near Mars’ surface and propagate into the
thermosphere. However latitude/local time (spatial) and seasonal (temporal) sampling of
these longitude features is sparse (see Fig. 4). Excitation of these waves is commonly at-
tributed to topographic modulation of near-surface solar heating (e.g., Forbes et al. 2002).
However, secondary contributors to the excitation of these non-migrating tides are also be-
ing investigated (Moudden and Forbes 2008, 2010). The neutral thermospheric waves are
also observed to have a corresponding impact on the ionosphere structure; e.g., the height
of the main ionospheric peak varies in step with these longitude features (e.g. Bougher et al.
2004, 2014; Withers 2009; Haider et al. 2011).

Dust storm impacts on the upper atmosphere are only beginning to be observed and un-
derstood (see reviews by England and Lillis 2012; Withers and Pratt 2013). The Noachis
regional dust storm of 1997–1998 occurred during MGS aerobraking, providing a striking
picture of the significant blooming (factor of three enhancement) of upper atmospheric den-
sities (at a constant altitude) during the onset of the storm (e.g. Keating et al. 1998; Bougher
et al. 1999a, 2014). See Fig. 5. Subsequent dust storm events (e.g. July 2005) did not have
upper atmosphere sampling with accelerometers. However, ∼4 Martian years of MGS elec-
tron reflectometry (ER) data were recently employed to derive neutral mass densities at
∼185 km on the nightside near 2 AM local time (Lillis et al. 2010). Seasonally repeating
features included: (a) overall expansion/contraction of the nighttime thermosphere with he-
liocentric distance, and (b) much lower densities at the aphelion winter pole compared to
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Fig. 5 Noachis dust storm evolution of mass densities at 130 km obtained by the MGS Accelerometer
Experiment (ACC). Orbits ∼10–200 are displayed, spanning Ls ∼ 188–300 (28-September 1997 to 27-March
1998) corresponding to pre-storm (#10–49), plus Noachis storm onset and its gradual decay (#50–200). The
Noachis storm started at Ls ∼ 224 (27-November 1997). Superimposed MTGCM simulations correspond to
static dust cases (tau = 0.3, solid curve; tau = 1.0, dashed curve). Adapted from Bougher et al. (1999a),
Fig. 2. Adv. Space Research

the perihelion winter pole. In addition, inter-annual differences were observed, and may be
related to changing dust opacities.

A vastly improved characterization of Martian upper atmosphere responses to lower at-
mosphere forcing (e.g. waves and dust storms) requires spacecraft measurements that sys-
tematically span all local times and latitudes, over a regular sampling of Mars seasons. This
would remove the aliasing problem encountered with tidal analyses, which thus far have
utilized only two local time sampling (over most latitudes) provided by most orbiter mis-
sions. One notable exception to this aliasing problem is provided by MRO/MCS off axis
sampling that provided an opportunity to sample at several local times, thereby confirming
the usefulness of such observations for conducting detailed tidal analyses (e.g. Lee et al.
2009). Also, regular seasonal and inter-annual sampling would permit dust event impacts
upon the upper atmosphere to be examined throughout the Martian year, and over several
Mars years. This would enable a climatology of upper atmosphere structure and its varia-
tions via coupling with the lower atmosphere to be assembled, in much the same way as is
already underway for the Mars lower atmosphere (e.g. Liu et al. 2003; Smith 2004, 2009;
Smith et al. 2014).

Sections 3.1.1 (NGIMS) and 3.2.1 (IUVS) contain a discussion of MAVEN measure-
ments that will be made to constrain these wave features in the upper atmosphere structure.
In addition, the MAVEN Accelerometer Experiment (ACC) will be used to derive mass den-
sity variations that can be used to constrain these same wave features (see Zurek et al. 2014,
this issue).

2.1.4 What Is the Global Thermospheric Neutral Wind Structure and How Does It Vary
Both Spatially and Temporally?

Neutral thermosphere winds are also important to measure systematically over all local times
and latitudes, over a regular sampling of Mars seasons, and throughout the solar cycle. How-
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Fig. 6 Zonal winds derived from MGS IMU and gyro rate datasets acquired during the same Noachis dust
storm event illustrated in Fig. 5. Zonal winds (with error bars) are plotted and compared to MARSGRAM
computed mean zonal winds (solid curve) and 3-σ variations (dotted curves) about the zonal wind mean
value. Taken from Baird et al. (2007), Fig. 9. Journal of Spacecraft and Rockets

ever, thermospheric (in-situ) neutral wind measurements are presently lacking. When such
winds are available to be combined with simultaneous neutral density and temperature mea-
surements, they enable 3-D models to identify/quantify the intricate feedbacks of energetic,
chemical, and dynamical processes in the upper atmosphere (Bougher et al. 2008, 2014).
Wind measurements are also necessary to establish the baseline to identify changes that
may occur in response to special events driven by dust storms and solar activity. In fact,
studies utilizing MGS IMU plus gyro rate datasets were used to unfold zonal wind speeds
during the Noachis dust storm event (1997–1998); i.e. these zonal winds (see Fig. 6) dou-
bled from ∼100 to 200 m/s during the onset of the storm and relaxed back toward pre-storm
levels over the following ∼6–8 weeks (e.g. Baird et al. 2007; Zurek et al. 2014, this issue).
Global horizontal wind patterns can also be inferred (estimated) based upon density, temper-
ature, and airglow distributions (see Bertaux et al. 2005a, 2005b; Bougher et al. 2006, 2014).
However, we presently lack the global measurements of detailed thermospheric parameters
(i.e. temperatures, densities, winds) that provide comprehensive constraints for 3-D global
models.

MAVEN will not make in-situ thermospheric wind measurements. However, the Ac-
celerometer Experiment (ACC) will use IMU and spacecraft attitude control datasets to de-
rive torques that can be used to estimate cross-track winds during the Deep-Dip campaigns
(see discussion in Zurek et al. 2014, this issue).
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Fig. 7 Viking Lander 1 ion
density profiles measured by the
RPA instrument. Adapted from
Hanson et al. (1977), Fig. 6a.
J. Geophys. Res., American
Geophysical Union. O+

2 , CO+
2 ,

and O+ are plotted as measured
upon descent by the VL1
spacecraft

2.2 Ionosphere

2.2.1 What Is the SZA (Solar Zenith Angle) Dependence of the Ionospheric Densities and
Altitude Profiles, as Well as Variations with the Mars Seasons and Solar Cycle?

Many basic ionospheric properties and processes are poorly constrained by existing obser-
vations (see reviews by Withers 2009; Haider et al. 2011; Bougher et al. 2014). The only
existing in-situ data on the composition, temperatures and motions of the Martian ionosphere
still consist of the two altitude measurement profiles (including densities of O+

2 , CO+
2 , and

O+) from about 110 to 300 km as measured by the Retarding Potential Analyzers (RPA)
on the Viking 1 and 2 Landers near 44° SZA at low solar activity (see Fig. 7) (e.g., Hanson
et al. 1977).

By contrast, many electron density profiles from the ionosphere of Mars have been ob-
tained by radio occultation (RO) experiments (over a wide range of solar cycle conditions)
beginning with the Mariner 4 flyby in 1964 and continuing to Mars Express (2004–present)
(e.g., Fjeldbo and Eshleman 1968; Barth et al. 1992; Hinson et al. 1999; Pätzold et al. 2005;
Mendillo et al. 2003, 2013). Also see reviews by Withers (2009), Haider et al. (2011),
Bougher et al. (2014). The early measurements from Mariner 9 and Viking gave indica-
tions of solar cycle variations of the ionospheric profiles, and revealed a very weak (often
not measurable) and variable nightside ionosphere (e.g. see Zhang et al. 1990a, 1990b and
references therein). From 1998 to 2005, the Mars Global Surveyor (MGS) Radio Science
Subsystem (RSS) returned ∼5600 high-latitude electron density profiles in the SZA range
71–89° (e.g., Hinson et al. 1999). Also, the radio science experiment MaRS on the European
Mars Express (MEx) orbiter returned ∼500 electron density profiles during 5 Earth occul-
tation seasons spanning the period from April 2004 to September 2008 (e.g., Pätzold et al.
2005).

MEx also employs the Mars Advanced Radar for Subsurface and Ionospheric Sounding
(MARSIS) instrument to measure the topside ionospheric electron density profile and the
peak density by vertical sounding (e.g. Gurnett et al. 2008). An advantage of the MARSIS
experiment is that it can access regions of the ionosphere that RO experiments cannot for
geometrical reasons: the deep nightside ionosphere (SZA > 125°) and the region near the
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Fig. 8 Examples of Mars
International Reference
Ionosphere (MIRI) outputs for
peak electron densities (Nmax) as
a function of SZA for a specific
input conditions corresponding
to: (a) the Viking 2 lander, and
(b) the MAVEN arrival at Mars.
Both input and outputs
parameters are shown, and the
blue asterisk gives the Nmax
values at the SZA of the Viking 2
lander. The uncertainty levels
come from parameterizations of
observed variabilities and for
predictions of solar cycle F10.7
uncertainties. Taken from
Mendillo et al. (2013), Fig. 2.
Geophys. Res., Lett., American
Geophysical Union

subsolar point (SZA < 45°). MARSIS has enabled improved studies of the SZA behavior
of electron density peak magnitudes and heights to be conducted (e.g. Morgan et al. 2008).
In addition, in-situ electron densities can be extracted from MARSIS using a plasma wave
technique (Duru et al. 2008).

Most recently, Mendillo et al. (2013) have initiated an effort to use MARSIS/AIS-mode
observations (spanning a range of solar zenith angles, solar fluxes, and seasons) to begin the
formulation of a Mars International Reference Ionosphere (MIRI) model. Nearly 113,000
values of maximum electron density (Nmax) obtained from 2005 to 2012 are presently
utilized. Validation studies using several radio occultation measurements (e.g. MGS) and
Viking in-situ observations provide initial confirmation of a useful MIRI climatological
model. This semi-empirical model can be applied to extract the major trends and charac-
terize the variability of the ionospheric structure for both past observations and predictive
cases (see Fig. 8). However, systematic global coverage is still lacking as is knowledge of
the physical parameters (ion composition, temperatures, atmospheric composition) needed
for definitively understanding the underlying physics.

A full characterization of Martian electron and ion density profiles (from ∼100–400 km)
is needed that requires spacecraft measurements that systematically span a range of local
times and latitudes (effectively SZA), a regular sampling of Mars seasons, and range over
a significant portion of the solar cycle. Such measurements would expand the identification
of ion species in the Mars upper atmosphere and describe (quantify) their behavior. In par-
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ticular, hydrogen (H2) induced changes to ion composition are important (e.g. Matta et al.
2013) and should be characterized for the Mars. This expanded coverage would also pro-
vide a confirmation of the SZA dependence (e.g. Morgan et al. 2008; Mendillo et al. 2013)
of basic features of the ionosphere (e.g. electron and ion species distributions, peak heights
and magnitudes, ion layers), and investigate the temporal variability of these electron/ion
densities and including their day-night distributions. In addition, the MIRI model can be
updated and expanded to include MAVEN electron density datasets. Although MAVEN’s
baseline orbit will not penetrate to 100 km, UV limb scans may be able to provide useful
compositional measurements below the ionosphere peak and MAVEN’s detailed measure-
ments of ionospheric/atmospheric parameters and solar inputs at periapsis will allow more
accurate modeling of the lower altitude ionosphere regime. Sections 3.1.1 (NGIMS), 3.1.2
(LPW) and 3.1.3 (STATIC) contain a discussion of MAVEN measurements that will be made
to provide an expanded characterization of Martian electron and ion density structure and
variability.

2.2.2 What Are the Global Distributions of Thermal Ion and Electron Temperatures and
How Do They Vary Both Spatially and Temporally?

Measurements of Mars electron and ion temperatures are also limited to two profiles re-
turned from the RPAs on the Viking 1 and 2 landers (e.g. Hanson and Mantas 1988) (see
Sect. 2.2.1). Some form of these plasma temperature profiles are still used today in most
ionospheric model calculations, regardless of the SZA location or solar cycle conditions.
Electron temperature datasets (including temporal and spatial variations) are very impor-
tant to obtain, since they have a strong impact on dissociative recombination (DR) rates,
as a function of altitude, for molecular ion species (e.g. O+

2 , CO+
2 , N+

2 , CO+, NO+). It is
noteworthy that DR of O+

2 is the primary source of hot O atoms at Mars, which is included
in exosphere models for calculating escape fluxes and global escape rates (e.g. Nagy and
Cravens 1988; Fox and Hać 2009, 2010; Valeille et al. 2009a, 2009b, 2010a, 2010b; Yagi
et al. 2012). In addition, electron and ion temperatures are needed to determine the thermal
plasma pressure in the ionosphere, which is a key forcing term in the plasma dynamics and
plays an important role in the solar wind interaction with Mars.

A global characterization of these plasma temperatures is needed in combination with the
density measurements described above. Sections 3.1.2 (LPW) and 3.1.3 (STATIC) contain
a discussion of MAVEN measurements that will be made to provide an expanded character-
ization of Martian electron and ion temperatures (respectively) and their variability.

2.2.3 What Are the Global Ionospheric Flows and Their Variations with Solar Cycle and
Mars Seasons?

Reliable data on Mars plasma motions is entirely absent except for some very sparse deduc-
tions from the Viking RPA’s (e.g. Hanson et al. 1977). Trans-terminator ion flow is likely to
exist on Mars (e.g. Fränz et al. 2010), but maybe not to the same degree at all terminators
as Venus, owing to the Mars crustal magnetic fields and the absence of planetary rotation on
Venus. Ion flow datasets were found to be crucial at Venus for understanding the mechanisms
responsible for maintaining the nightside ionosphere (see review of Fox and Kliore 1997).
Mars ion flow may contribute to the near terminator (and maybe deeper nightside) iono-
sphere structure as well (e.g. Němec et al. 2010, 2011). Information on the cross-terminator
flows is essential to distinguishing the transport source of ionization from the suggested par-
ticle precipitation sources of the nightside (e.g., Fox et al. 1993; Dobe et al. 1995; Fox 2009;
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Fig. 9 Peak electron densities,
Nm, measured by the MARSIS
AIS mode as a function of SZA
(χ ) over roughly 36 minutes on
14 November 2005. Dots indicate
values of peak electron density
(Nm) that are close to their
expected values; crosses indicate
values of Nm that are
significantly larger than their
expected values. The solid line
shows a fit of the data points to a
function of the form
Nm = N0 cos(χ)0.5. Taken from
Nielsen et al. (2007), Fig. 1.
Planetary and Space Science

Ma and Nagy 2007; Fränz et al. 2010; Haider et al. 2011). Moreover, it must be determined
whether these flows are a result of ionospheric thermal pressure gradients (as for Venus at
solar maximum conditions), or are controlled mainly by the solar wind interaction through
penetrating magnetic and electric fields. It is also important to evaluate the ion (neutral) drag
forces that will feed back into the neutral (ion) dynamics. Currently the global models of the
thermosphere, even those containing the ionosphere, do not include drag feedback effects
that must become significant at some altitudes.

Measurements of the ionospheric flows, covering as much of the terminator region as
possible, and including latitude and solar cycle coverage, are necessary to establish the ex-
tent to which the dayside is the source of the nightside ionosphere. These measurements
must include supporting information, such as solar wind pressure and solar EUV fluxes, that
will allow determination of the circumstances that control it from the outside. But they must
also include information about the prevailing magnetization state of the ionosphere. Key
MAVEN measurements addressing thermal ion flows will be obtained from STATIC (see
Sect. 3.1.3).

2.2.4 How Is Ionospheric Structure Affected by the Crustal Fields?

Dayside ionospheric structures from MGS radio occultation measurements (∼130–200 km)
reveal several “anomalous” profiles corresponding to abrupt changes in topside electron
density with altitude above strong crustal magnetic fields (see Withers et al. 2005). Alterna-
tively, Fig. 9 shows MARSIS peak electron densities, measured in the AIS mode, that are
nearly twice as large as expected (see Nielsen et al. 2007). These enhancements are also
associated with strong and vertical crustal fields, and are attributed to increased electron
temperatures (yielding reduced dissociative recombination rates) at this location. Withers
et al. (2005) conclude that the presence of strong magnetic fields is a necessary condition
for the production of the anomalous MGS profiles. However, it is unknown whether the oc-
currence of such anomalous features in some, but not all, profiles above strong crustal fields
is due to some combination of solar wind conditions and crustal field magnitudes, or some
other physical process.

As discussed above, the sources of the nightside ionosphere are assumed to be similar
to those at Venus: transport of ions from the dayside or precipitation of energetic particles
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(see reviews by Withers 2009; Haider et al. 2011; Bougher et al. 2014). However, energetic
particle precipitation at Mars is subject to the crustal magnetic field topology. Fillingim et al.
(2007) proposed that nightside ionization would be localized and patchy, due to precipita-
tion of solar wind electrons mainly in regions of open (nearly radial) magnetic field lines,
and the absence of ionization in regions of closed (or horizontal) magnetic fields. Safaeinili
et al. (2007) came to a similar conclusion, when they analyzed MEX MARSIS data to de-
termine the total electron content (TEC) of the nightside ionosphere. This patchiness may
partially explain the existing orbits for which RO measurements did not detect a well defined
nightside ion density peak (e.g. Němec et al. 2010). In addition, MHD models of the global
solar wind interaction including the ionosphere (see Ma et al. 2004; Ma and Nagy 2007;
Najib et al. 2011; Dong et al. 2014) suggest that the ionospheric flows on the dayside will be
affected by the stronger crustal fields’ presence. These effects may range from simple flow
deflections to turbulence in regions of stagnation, flow convergence, or shear.

Systematic thermal ion/electron density measurements, along with supra-thermal elec-
tron spectra, are needed (with high temporal and spatial resolution) to confirm and charac-
terize the nightside ionosphere patchiness and its relation to particle precipitation in regions
of nearly radial magnetic fields, and to investigate the more global ionospheric flow influ-
ences of the Martian crustal magnetization. Sections 3.1.1 (NGIMS), 3.1.2 (LPW) and 3.1.3
(STATIC) contain a discussion of MAVEN measurements that will be made to provide an
expanded characterization of Martian thermal electron and ion densities and their variability.
Suprathermal electron measurements will be obtained by SWEA (see Mitchell et al. 2014,
this issue). Magnetic field measurements will be made by MAG (see Connerney et al. 2014,
this issue).

2.2.5 How Does the Upper Boundary of the Ionosphere, the Ionopause, Vary Spatially and
Temporally?

The transition between the main ionosphere and the shocked solar wind is complex and
not fully-understood. Nonetheless, this boundary has been defined in a couple of ways (see
review by Brain et al. 2014). The first relies on the fact that ionization of atmospheric CO2

and O produces electrons with specific energies (Mitchell et al. 2000). The presence of
these photoelectrons (along with tracing along magnetic field lines) is used as a tracer of the
ionosphere, and the transition between regions where photoelectrons are evident and where
they are lacking is termed the photoelectron boundary (PEB). The PEB ranges in altitude
from ∼150 to 1500 km, but has a median value of ∼380 km (Mitchell et al. 2001). In short,
the PEB can be considered a boundary separating flux tubes containing significant quantities
of solar wind electrons from those containing only ionospheric photoelectrons (Brain et al.
2014).

Alternatively, and similar to Venus, an ionopause can be defined where the ionospheric
electron density decreases rapidly with height (see review by Brain et al. 2014). Steep gra-
dients in local electron density, similar to those observed at Venus, are sometimes (but not
usually) evident in MEx MARSIS observations. Instead, a transient and spread-out transi-
tion, or “ionopause” (Duru et al. 2009) is more often present. Furthermore, MARSIS in-situ
observations can provide an additional (limited) view of the upper edges of the ionosphere
and its variations (Duru et al. 2009, 2010). Nevertheless, they indicate the Mars topside
ionosphere is not generally characterized by a sharp ionopause gradient in density, clearly
different than Venus during solar maximum conditions. Thus far, the average measured Mars
ionopause altitude is almost constant on the dayside (∼450 km), and increases near the ter-
minator. Also, the ionopause height is observed to rise in regions where strong crustal fields
are located (Brain et al. 2014).
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The transient nature of this boundary, and the underlying processes that control the al-
titude variation, are not well understood in part because of the large number of controlling
parameters (see Brain et al. 2014). For example, exploration of the influence of the Martian
crustal fields and their variable plasma interaction geometry, with an independently variable
interplanetary field orientation, has so far only been accessible through modeling. Details
such as plasma velocity shear and density gradient size may also be a factor outside of
crustal regions if the Kelvin Helmholz instability occurs near the Martian ionopause flanks
as it is proposed to occur at Venus (e.g. Penz et al. 2005).

A wide variety of MAVEN measurements are planned that systematically (a) sample
the photoelectron spectrum (SWEA), and (b) the electron density variations throughout the
dayside and nightside upper ionosphere regions (LPW), taking the local and global crustal
magnetic field context into consideration. Corresponding electron temperature (LPW), mag-
netic field (MAG), ion composition (NGIMS, STATIC) and ionospheric flow measurements
(STATIC) are slated to help diagnose cause and effect in producing the observed ionospheric
boundary characteristics. Even then, statistical results with wide coverage are needed to es-
tablish global context. These measurements will also span the Mars seasons and range over a
wide variation in solar radiation fluxes in order to capture changing solar cycle impacts upon
the ionospheric thermal pressure. Finally, monitoring of upstream solar wind conditions is
planned (SWEA, SWIA, SEP, MAG) to constrain the changing behavior of the solar wind
dynamic pressure and interplanetary magnetic field (see Mitchell et al. 2014; Halekas et al.
2013, this issue; Larson et al. 2014; and Connerney et al. 2014). MAVEN thermal ion and
electron measurements (densities and temperatures) are discussed in Sects. 3.1.1 (NGIMS),
3.1.2 (LPW), and 3.1.3 (STATIC).

2.2.6 How Does the Thermosphere-Ionosphere Respond to Episodic Solar Events (e.g.
Solar Flares, CMEs, etc.)?

The response of Earth’s upper atmosphere to solar activity-related events, specifically flares
and coronal mass ejections (CMEs) is well documented (see review by Fuller-Rowell and
Solomon 2010). Flare response is fairly straightforward because it is mainly a response to
impulsive solar EUV and X-ray flux enhancements. It is seen most easily in radio occultation
electron density profiles. For example, Martian MGS radio occultation electron density pro-
files were acquired within minutes of a solar flare on 15 April 2001 (X14.4 class flare) and
26 April 2001 (M7.8 class flare) (Mendillo et al. 2006). See Fig. 10. At Mars, the primary
electron density layer, produced by EUV ionization, typically shows a peak near ∼120–
135 km (local noon) and is sometimes referred to as the F1 layer (or M2 layer), after an
Earth-based (Mars-based) nomenclature (e.g. Bougher et al. 2014). Likewise, a secondary
layer, sometimes visible with a peak near ∼110 km, and produced by highly variable X-
ray ionization and associated electron impact ionization, is known as the E layer (or M1

layer) (see Pätzold et al. 2005). From the passage of these solar flares, the electron densi-
ties above the F1 layer did not change by more than the measurement uncertainties, yet the
electron densities in the E-layer region were significantly increased (doubled at 100 km)
(Mendillo et al. 2006). This enhancement was relatively short-lived (minutes to hours). The
neutral atmosphere effects of this ionization enhancement are likely modest to insignificant,
but haven’t been investigated by measurements. Predictions of Martian atmospheric impacts
(both neutral and plasma) resulting from solar flare events are beginning to be made using
3-D thermosphere-ionosphere model simulations (e.g. Pawlowski and Bougher 2012; Ma
et al. 2014).

In the case of CMEs, the Earth’s relatively strong global dipole field plays a major role in
organizing the system’s response and all of its forms; i.e. this includes the polar auroral oval,
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Fig. 10 (a) MGS radio occultation electron density profiles acquired within minutes of a solar flare on 15
April 2001 (X14.4 class flare) and 26 April 2001 (M7.8 class flare). Measurement uncertainty is several 1000
electrons per cm3, and thus the two profiles in red (14:15 and 13:16 UTC, respectively) show statistically
significant departures at low altitudes because of solar flares; (b) Percentage differences between flare affected
profiles and the averages of the other profiles on each day. The shadings give the 1-σ standard error in the
relative change in electron density. Taken from Mendillo et al. (2006), Fig. 1. Science

atmospheric energy deposition, induced ionospheric and magnetospheric currents, and radi-
ation belt energizations that produce thermospheric responses (see review by Fuller-Rowell
and Solomon 2010). However, the weakly magnetized planets have their own distinctive re-
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sponses that are still only partly understood. For example, at both Venus and Mars, there is
deeper penetration of the interplanetary magnetic field (IMF) into the upper atmosphere as
well as reduction of the ionopause boundary altitude during the passage of a CME distur-
bance owing to its high solar wind dynamic pressure and enhanced fields (e.g. Crider et al.
2004). The responses of the Venus ionosphere to such magnetization, which can last for
hours to days, includes an apparent reduction in the cross-terminator transport of dayside
ionospheric plasma into the nightside ionosphere. However the consequences for the Mars
nightside ionosphere and resultant thermospheric responses are not known.

Instead, there are only model-based predictions for potentially large effects of such ‘space
weather’ impacts on both the Mars upper atmosphere properties (e.g. Fang et al. 2013) and
related atmosphere escape (e.g. Ma and Nagy 2007; Wang et al. 2012; Fang et al. 2013;
Lillis et al. 2014). A major energy input, unique to the weakly magnetized planets, is from
precipitating pickup ions that impact the atmosphere instead of escaping into the solar wind
(see Fang et al. 2013 and Lillis et al. 2014, this issue).

Finally, solar active region (i.e. 27-day solar rotation) effects are also important for the
Mars ionosphere structure and its variability. Evidence of these effects is provided in recent
work by Mendillo et al. (2013) and others.

In short, high temporal “campaign style” sampling of the Martian upper atmosphere
structure is needed to capture the responses to episodic solar events, together with infor-
mation about the solar flares and CMEs affecting Mars orbital location. Coordinated neutral
and ion measurements (around the globe) are needed to investigate the time-variable re-
sponses on the both the dayside and nightside and how they propagate around the planet.
These episodic events are also extremely important to systematically measure and study,
because they may be key to the MAVEN goal of understanding how escape to space has af-
fected the long-term evolution of the Martian atmosphere (if their effects significantly alter
the escape rates). They also provide an excellent method to test our ideas about response
times and heating/cooling mechanisms that control the upper atmosphere structure, energet-
ics and dynamics (e.g. Pawlowski and Bougher 2012; Ma et al. 2014).

2.2.7 How Does the Thermosphere-Ionosphere Respond to Dust Storm Events?

The dayside thermosphere was sampled using the MGS accelerometers during the onset and
decay phase of the Noachis regional dust storm in 1997–1998 (e.g. Keating et al. 1998;
Bougher et al. 1999a) (see Sect. 2.1.4). Measured mass densities at a constant altitude
(130 km) were enhanced by factor of ∼3 in a few days, and decayed gradually over
the following few weeks toward pre-storm values (see Fig. 5). This “blooming” effect
of the neutral thermosphere during dust events is accompanied by a corresponding im-
pact on the embedded ionosphere. The electron density (F1) peak altitudes are observed
to rise during regional or global dust storms in the lower atmosphere as seen during the
Mariner 9 primary mission and the early part of the Viking mission (Kliore et al. 1972;
Zhang et al. 1990a). For the Mariner 9 primary mission, F1 peak heights were reported in
the range from ∼134 to ∼154 km for a SZA of 50° to 60° (Kliore et al. 1972), which is
∼20–30 km higher than average. Also, during the onset of the 1997–1998 Noachis regional
storm, the MGS accelerometer found the height of the dayside 1.26-nbar level was raised
by ∼10 km (Keating et al. 1998). This is consistent with an ionospheric peak altitude that
is also raised by this same amount. Most recently, MGS radio occultation sampling during
a regional dust storm event (during MY27, around Ls = 230) revealed an initial rise of the
dayside F1-peak altitude by about ∼5 km. See Fig. 11. Further characterization of such
dust storm impacts upon the Mars ionosphere will require high temporal “campaign style”
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Fig. 11 Ionospheric peak altitudes measured at latitudes 62.4°N to 80.1°N by the MGS radio occultation
instrument during the dust storm that perturbed SPICAM density and pressure measurements at Ls = 130°
in MY 27. Data are shown as crosses. Mean altitudes for 2° wide Ls bins are shown by the thick solid line.
The standard deviation in the peak altitude for each of these bins is shown by shaded gray boxes. The dashed
line shows the average tropical dust opacity from Fig. 5 of Withers and Pratt (2013). Taken from Withers and
Pratt (2013), Fig. 9. Icarus

sampling of the thermosphere-ionospheric structure in order to capture the time-variable
responses during storm onset and decay.

A wide variety of MAVEN measurements (thermosphere-ionosphere-exosphere, and so-
lar wind interaction region) will be studied together to understand the whole atmosphere
response to episodic dust storm events. Such events are extremely important to systemati-
cally measure and understand. As was stated above, they provide excellent (time variable)
constraints against which to test ideas about the intricate feedback of global neutral-ion
composition, temperature, and wind fields that control the upper atmosphere structure (e.g.
Bougher et al. 2011a, 2011b; Pawlowski et al. 2011; Pawlowski and Bougher 2012). They
also are a potentially important part of understanding how and why atmospheric escape is
influenced by these events.

2.3 Exosphere

2.3.1 What Are the Global Distributions of Hot (Suprathermal) Neutral Species (e.g. Hot
O, N, C, H)? How Do These Distributions Vary with Solar Cycle, Season, and
Shorter Timescales Including Episodic Events?

Pioneer Venus Orbiter UVS datasets were used to constrain the hot atomic coronae (O, C,
H) of Venus (e.g. Nagy et al. 1981; Bertaux et al. 1985; Paxton 1985). On the other hand,
owing to a lack of data, the hot atom coronae of Mars have only been modeled using Venus
as an analogy (e.g. Nagy and Cravens 1988). Both 1-D and 3-D exosphere models, with
widely varying complexity, have recently been used to simulate the hot atomic O distribu-
tion as well as the corresponding escape fluxes and global escape rates (e.g. Kim et al. 2001;
Hodges 2002; Krestyanikova and Shematovitch 2005; Cipriani et al. 2007; Chaufray et al.
2007; Valeille et al. 2009a, 2009b, 2010a, 2010b; Yagi et al. 2012). Fox and Hać (2009) also
compute hot O escape fluxes and global escape rates. Even today, the amount of data avail-
able characterizing Mars’ extended upper atmosphere (exosphere) is very limited. For in-



The Aeronomy of Mars: Characterization by MAVEN

stance, an exospheric atomic O profile was derived recently from measurements of 130.4-nm
emission observed by Feldman et al. (2011) with Rosetta-ALICE.

The hot atomic coronae (e.g. O, N, C, H) in the exosphere of Mars are important for
understanding the overall interaction of the solar wind with Mars, the structure of the ex-
tended upper atmosphere, volatile escape rates from the atmosphere and their relation to
its long-term evolution. In addition, models suggest that episodic solar events will lead to
exospheric enhancements from processes such as sputtering (Wang et al. 2012) or upper
atmosphere heating or ionization by increased pickup ion precipitation (Fang et al. 2013).
Dust storms may also have an impact, as they do on the thermosphere-ionosphere.

What is needed is a systematic sampling of global exospheric atomic (e.g. O, N, C,
H) density (both cold and hot) distributions (i.e. across both dayside and nightside), over
a variety of Mars seasons, and throughout the solar cycle. Both in-situ (lower altitude) and
remote (higher altitude) measurements are required to characterize their behavior. Only then
will the spatial and temporal coverage necessary to characterize the changing exospheric
density distributions, and to subsequently estimate hot atom escape rates making use of
modern exospheric models, be in hand (see reviews of Bougher et al. 2008; Brain et al.
2014). Section 3.2.1 describes IUVS measurements that will be obtained to constrain these
hot atom (coronal) distributions.

3 What Specific Measurements by MAVEN Instruments Will Address These Open
Questions?

The MAVEN mission is slated to obtain in-situ measurements of the composition, densities,
and scale heights of the major neutral and ion species (NGIMS, STATIC), ion tempera-
tures and velocities (STATIC), as well as electron densities and temperatures (LPW). Each
of these in-situ measurements will be made along the orbit track, whose periapsis migrates
around the planet during the course of the primary mission (see Fig. 1 from Zurek et al. 2014,
this issue), providing a systematic spatial coverage over most latitudes and local times. The
elliptical orbit with an apoapsis above ∼6000 km, nominal periapsis near ∼150 km, and 5-
campaigns with periods of “deep dipping” down to ∼120 km, allows direct in-situ sampling
of the entire reservoir region. These “deep dipping” campaigns are designed to provide sam-
pling at/below the homopause and are dispersed throughout the MAVEN primary mission:
subsolar region, dawn/dusk terminators, anti-solar region and the South pole (see Zurek
et al. 2014, this issue). Finally, this in-situ sampling will be conducted during changing so-
lar fluxes during the declining phase of solar cycle #24, and throughout the seasons covering
half the Martian year (Ls ∼ 230 to 60°). See Sect. 3.1.

These “point” measurements will be extended to a global scale using remote-sensing
(IUVS) measurements of the entire visible disk (see Sect. 3.2). Retrieval techniques making
use of prominent Martian dayglow emissions have also been utilized as an efficient tool to
extract neutral O and CO2 densities (see Sect. 2.1.2). These same techniques will also be
exploited (and expanded to other density retrievals) making use of IUVS limb profiles (see
Sect. 3.2).

3.1 In-situ Measurements

3.1.1 NGIMS (Only Below ∼500 km)

The details of the NGIMS (Neutral Gas and Ion Mass Spectrometer) instrument heritage,
design, performance, and operations, are outlined elsewhere (see Jakosky et al. 2014 and
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Mahaffy et al. 2014, this issue). Here we outline the relevant parameters measured, and their
importance for characterizing the reservoir available for escape.

The NGIMS instrument will measure the neutral composition of the major gas species,
and the thermal ions in the Martian upper atmosphere. This includes density profiles of He,
N, O, CO, N2, O, O2, Ar and CO2, and their major isotopes from the homopause up to
about one scale height above the “traditional” exobase, with a vertical resolution of ∼5 km
and a target accuracy of ∼25 % for most of these species (Mahaffy et al. 2014, this issue).
Neutral temperatures (Tn) will be derived from neutral scale heights. Likewise, NGIMS
will measure density profiles of thermal O+

2 , CO+
2 , NO+, O+, CO+, C+, N+

2 , OH+, and
N+ from the primary (F1) peak near ∼120 km up to the average ionopause height (∼400–
500 km) (see Sect. 2.2.5) with a vertical resolution of ∼5.0 km (Mahaffy et al. 2014, this
issue). Measurements of targeted species will typically be secured at a cadence of at least 2
measurements (but typically many more) for each scale height below ∼400–450 km, with
unit mass resolution and with negligible crosstalk from an adjacent unit mass signal. The
NGIMS has the capability to measure any m/z values from 2 to 150 Da although typically
the mass range between 2 and 60 Da will be most intensively sampled. On selected orbits,
NGIMS measurements will cycle regularly between neutrals and ions while on other orbits
only neutral gases will be measured. The cadence of this cycling will be tested, but likely
will oscillate between orbits with sampling using: (a) Closed Source (CS) neutrals plus
Open Source (OS) neutrals, and (b) OS (ions) plus CS (neutrals). Sequence (a) will enable
the response of the open source to be normalized against that of the closed source for inert
gases and correct for any sensitivity changes in the open source due to neutral winds. The
sensitivity of each NGIMS ion source is 2–3 × 10−2 (counts/second)/(particle/cc) for a gas
that ionizes with the efficiency of argon. Background spectra will be secured before and
after atmospheric entry on each orbit.

These NGIMS in-situ measurements, with the spatial and temporal coverage outlined
above, will systematically characterize the features and the time variable behavior of the
reservoir region (i.e. thermosphere-ionosphere). Specifically, NGIMS will determine the
variation of the neutral composition with altitude, latitude, local time, longitude and sea-
son from the homopause upward into the exosphere where neutral escape can occur (see
Sect. 2.1.2). Variations across a range of solar cycle conditions will also be monitored.
These measurements will subsequently provide valuable constraints for numerical model
studies of thermospheric energetics, transport, global circulation, and the formation of the
dayside and nightside ionosphere. From these studies, the processes responsible for driv-
ing upper atmosphere responses to both periodic and transient solar forcing mechanisms
can be investigated (see Sects. 2.1.1, 2.1.2, 2.2.1, 2.2.6). In addition, these in-situ upper at-
mosphere measurements will reveal the impacts of upward propagating tidal and planetary
waves, as well the passage of dust storm events, from the lower atmosphere. Such impacts
are thought to significantly modify the structure and dynamics of the upper atmosphere,
beyond that driven solely by solar forcing (see Sects. 2.1.3, 2.1.4 and 2.2.7). In short, the
systematic characterization of the reservoir region, provided in part by the NGIMS instru-
ment, is crucial to move forward with detailed studies of atmospheric loss processes and the
determination of volatile escape rates (see Sect. 1.2).

3.1.2 LPW (SEUV Described Later in Sect. 3.3.1)

The details of the LPW (Langmuir Probe and Waves) instrument heritage, design, perfor-
mance, and operations, are outlined elsewhere (see Jakosky et al. 2014 and Ergun et al.
2014). Here we outline the in-situ parameters measured, and their importance for character-
izing the reservoir available for escape.
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The LPW instrument will measure the thermal electron density (from a few hundred up
to ∼ 3 × 105 cm−3) and temperatures (from 300 K up to ∼5000 K) from near the iono-
sphere primary (F1) peak to the average ionopause altitude (∼400–500 km) with a vertical
resolution of one O+

2 scaled height and 5 % accuracy (Jakosky 2008). In addition (not in-
situ), electric field wave power will be measured at frequencies important for ion heating
(∼0.5 Hz to 500 Hz) with a sensitivity of 10−10 (V/m2) below 500 Hz.

These LPW in-situ measurements, with the spatial and temporal coverage outlined above,
will systematically characterize the features and the time variable behavior of the reser-
voir region (i.e. electron densities and temperatures). This is important for monitoring the
changing nature of the ionopause location and the overall 3-D ionosphere structure (see
Sects. 2.2.1, 2.2.5). Furthermore, electron temperatures are crucially important to the cal-
culation of dissociative recombination (DR) rates (e.g. O+

2 DR), from which hot atoms are
produced and potentially escape from the exosphere (see Sect. 2.2.2). Model calculations of
hot atom escape rates will be vastly improved with the advent of such a MAVEN database
of global electron temperatures (see Sect. 2.3.1).

3.1.3 STATIC

The details of the STATIC (Supra-thermal and Thermal Ion Composition) instrument her-
itage, design, performance, and operations, are outlined elsewhere (see Jakosky et al. 2014
and McFadden et al. 2014). Here we outline the in-situ parameters measured, and their im-
portance for characterizing the reservoir available for escape.

The STATIC instrument measures the velocity distributions and mass composition of
both supra-thermal and thermal ions. When sampling below 500 km, density profiles of
the major ions (H+, O+, O+

2 , CO+
2 ), their corresponding ion temperatures (∼0.02 eV

to >10 eV), and the 3-component (X,Y,Z) ion flow velocities (∼0.2 to 25 km/s) are
measured (McFadden et al. 2014). For our purposes of characterizing the thermosphere-
ionosphere reservoir, we are focused upon thermal ions that originate in the ionosphere
(below the nominal ionopause). Here, measurements of thermal ions (O+, O+

2 , CO+
2 ) and

ion flow velocities approaching the nominal ionopause will be important for characterizing
the thermosphere-ionosphere reservoir. However, no other MAVEN instrument will provide
ion temperatures that are crucial for calculating ion-neutral chemical reactions of the iono-
sphere.

3.2 Remote Measurements

3.2.1 IUVS

The details of the IUVS (Imaging Ultraviolet Spectrometer) instrument heritage, design, per-
formance, and operations, are outlined elsewhere (see Jakosky et al. 2014 and McClintock
et al. 2014). Here we outline the parameters measured, and their importance for character-
izing the reservoir available for escape.

The IUVS is a remote sensing instrument that measures UV spectra (∼110–340 nm)
with four observing modes: (a) limb scans near periapsis, (b) disk mapping at high altitudes,
(c) coronal scans, and (d) stellar occultations. The nominal spectral resolution is 0.6-nm in
the FUV channel and 1.2-nm in the MUV channel, while the spatial resolution is ∼4 km
vertical on the limb and ∼120 km horizontal at disk center from apoapsis (see McClin-
tock et al. 2014). Products resulting from analysis of these spectra include column densities
and vertical profiles of H, C, N, O, CO, N2, and CO2 (from the homopause up to a few
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scale heights above the conventional exobase) and column densities and vertical profiles of
C+ and CO+

2 (from within the ionosphere F1 layer). In addition, CO2 scale heights can be
used to derive temperatures from limb datasets. Accuracies of 0.5–3.0 % for density and
2–12 % for temperatures are achieved, depending on species. Stellar occultation measure-
ments probe to lower altitudes, and provide CO2, O2, and O3 density profiles. Temperatures
are again derived from CO2 scale heights and provide a means to monitor the variable ther-
mal structure spanning the mesopause region (∼80–120 km) and a lower limit for the ion
temperatures.

These IUVS measurements will provide a systematic mapping of the composition and
structure of Mars neutral upper atmosphere and coronae (e.g. H, C, N, O). For the MAVEN
primary mission, this mapping will span all local times and latitudes, sample about half of
the Mars seasons (Ls ∼ 230 to 60°), and occur during the declining phase of solar cycle 24.
Such a detailed spatial and temporal characterization of Mars’ extended atmosphere, when
combined with corresponding in-situ NGIMS and LPW thermosphere-ionosphere measure-
ments, is precisely what is needed to properly constrain 3-D exospheric models from which
photochemical escape rates can be calculated (see Sects. 2.1.1, 2.1.2, 2.2.1, 2.2.2, 2.3.1). The
combined thermosphere-ionosphere-exosphere structure is crucial to characterize together,
since spatial and temporal variations of the thermosphere-ionosphere strongly impact the
resulting coronal distributions (and escape rates) of these light species (see Sect. 1.2). In ad-
dition, global neutral coronal distributions (e.g. hot O) are also crucial to measure in order to
provide the source of pickup ions (O+) for calculating ion escape using 3-D plasma models
(see Sect. 1.2).

Lastly, the IUVS will measure the D/H ratio above the homopause with sufficient accu-
racy (∼30 %) to capture spatial and temporal variations (factor of 2) and compare with the
measured D/H ratio in the bulk atmosphere (see Jakosky et al. 2014, this issue). Such mea-
surements are crucial in order to constrain estimates of the loss of water from the atmosphere
over Mars history.

3.3 Measurements Determining External Drivers

Specific MAVEN instruments will determine the external inputs that control the upper at-
mosphere and ionosphere structure, and that ultimately regulate atmospheric escape rates.

3.3.1 LPW/SEUV

The details of the LPW/SEUV (Solar Extreme Ultraviolet) instrument heritage, design, per-
formance, and operations, are outlined elsewhere (see Jakosky et al. 2014 and Eparvier et al.
2014). Here we describe the solar irradiance measured, and its importance for characterizing
the reservoir available for escape.

The LPW/SEUV instrument will measure solar irradiance at wavelengths important for
ionization, dissociation, and heating of the upper atmosphere. Specifically, photodiodes at
3-spectral intervals will be used to measure solar irradiance at soft X-ray (0.1–7.0 nm),
EUV (17–22 nm), and UV (Lyman-α) wavelengths with 10 % accuracy. The time resolution
for sampling whenever pointed at the sun (1-s cadence) is sufficient to capture solar flares.
These 3-channel measurements will be combined with the FISM model (e.g. Chamberlain
et al. 2008) in order to reconstruct the entire solar spectrum from ∼0.1 to 195.0-nm (at least
1.0-nm intervals).

Solar flux measurements are crucial to obtain at Mars, in order to characterize the solar
forcing that Mars upper atmosphere receives on any given sampling day from the side of
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the sun facing the planet. When combined with thermosphere-ionosphere numerical mod-
els, these solar fluxes can be used as inputs for the calculation of ionization, dissociation,
and heating rates. Subsequent comparison of model thermosphere-ionosphere outputs with
other MAVEN datasets (i.e. NGIMS, LPW, STATIC) will enable heating/cooling processes
and thermal structure to be much better constrained than at present (see Sect. 2.1.1). Fur-
thermore, the variable solar flux impacts on the ionospheric structure can be measured,
self-consistently modeled and the underlying physical processes examined in great detail
(see Sect. 2.2.1). Finally, the time variable impacts of solar flares on both the thermo-
sphere and ionosphere structure can be self-consistently investigated making use of NGIMS,
LPW, and SEUV datasets in coordination with global thermosphere-ionosphere models (see
Sect. 2.2.6).

Overall, the regular generation of complete solar spectra (0.1–195.0-nm) from these 3-
photodiode proxy measurements (using the continually improving FISM model to fill in
the gaps between the SEUV discrete measurements) will revolutionize our ability to model
the structure of the Martian thermosphere-ionosphere system for comparison with specific
MAVEN in-situ measurements. In addition, this coordination of MAVEN datasets and mod-
eling will greatly enhance the global characterization of the reservoir that regulates volatile
escape.

3.3.2 SEP

The details of the SEP (Solar Energetic Particle) instrument heritage, design, performance,
and operations, are outlined elsewhere (see Jakosky et al. 2014 and Larson et al. 2014). Here
we describe the solar particle energy spectrum measured, and its importance for character-
izing the reservoir available for escape.

The SEP instrument measures the energy spectrum and angular distribution of solar en-
ergetic electrons (30–300 keV) plus protons and heavier ions (30 keV–6 MeV) presumably
accelerated during solar flare and CME events. Fluxes of up to ∼3 × 106 cm−2 s−1 with an
accuracy of ∼20 % are possible. A time resolution of 32-seconds is typical for monitoring,
while an 8-s burst mode is available for SEP events in progress. With these measurements,
this instrument will determine the SEP energy inputs (as a function of altitude) for quantify-
ing episodic heating, ionization, and sputtering rates for the upper atmosphere. For instance,
ions with energies up to 1 MeV are deposited above the homopause; ions with energies
from 1–6 MeV are deposited below the homopause. Such rates are important to character-
ize and compare with solar flux (both periodic and transient) heating and ionization rates.
Ultimately, these SEP episodic heating, ionization, and sputtering rates will be incorporated
into thermosphere-ionosphere global models to examine the impact on upper atmosphere
structure and dynamics. It is currently unknown what impact SEPs have on the upper at-
mosphere. However, the important SEP events accompany CMEs, and both may have been
more frequent in the past when the Sun was likely more active. Thus the response to their
presence will be examined together with the responses to the other solar events. Fortunately
some SEP events arrive either in advance of or without the CME-associated solar wind dis-
turbance, allowing one to investigate their separate effects on occasion.

4 Thermosphere-Ionosphere Sampling along MAVEN Orbit Trajectories

Thermosphere-ionosphere key parameters (KPs) are presently being simulated in coordina-
tion with the construction of the MAVEN model library for specific solar cycle, seasonal,
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Fig. 12 MTGCM along the track (160–240 km) profiles of model key parameters (thermosphere-ionosphere)
for the five MAVEN spacecraft orbit trajectories for Nov. 4, 2014: (a) neutral temperature (K), (b) electron
temperature (K), (c) log10 CO2 density (#/cm3), (d) log10 atomic oxygen density (#/cm3), (e) log10 mass
density (kg/km3), and (f) log10 electron density (#/cm3). Six panel figure. The color bars indicate the mag-
nitudes of the plotted model fields, including the minimum and maximum values

and dust conditions (see Lillis et al. 2014). Detailed comparisons of these parameters with
corresponding in-situ measurements from the NGIMS, LPW, and STATIC instruments will
eventually be conducted. Along the orbit track predictions of a few thermosphere-ionosphere
KPs are presented here to illustrate the systematic method (and coverage) of sampling that
will be achieved by the MAVEN in-situ measurements. Implications for subsequent data
analysis strategies are briefly discussed.

Figure 12 illustrates outputs from the 3-D Mars Thermosphere General Circulation
Model (MTGCM) thermosphere-ionosphere model (see Bougher et al. 2008; Bougher 2012)
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for conditions generally appropriate to the first 2-months of MAVEN data taking operations
(November–December 2014) spanning Ls ∼245 ± 15°. This period brackets the perihelion
period of the Martian year, for which the solar declination is near its maximum southern ex-
tent. We assume solar moderate fluxes for this time period (F10.7 = 130 at Earth) and dust
opacities corresponding to archived values from the MGS/Thermal Emission Spectrometer
(TES) Year #1 measurements (Smith 2004). The latter selection imposes a horizontal dis-
tribution of integrated dust opacities outside of any dust storm event. Finally, a MAVEN
spacecraft 4-sec trajectory file is utilized corresponding to all complete orbits (5) planned
for November 4, 2014, early in the mission and soon after the start of MAVEN data tak-
ing. MTGCM fields are extracted and interpolated to the MAVEN trajectory points up to
∼240 km (the approximate topside of the model domain).

The 6 panels illustrate the following parameters: neutral and electron temperatures (Tn,
Te), major neutral densities (O, CO2), mass densities (ρ) and electron densities (Ne). Peri-
apses for these orbits are near 53°N latitude, with an altitude of ∼160 km, and a local time
of ∼10–11 AM. The inbound leg of each orbit is from the north. The included five orbits
each sample about the same local time conditions for each inbound and outbound leg. How-
ever, the longitude migrates around the planet during the 5-orbits included. Thus, these orbit
tracks (over 1-day) capture the combined altitude, latitude, and longitude variations of the
parameters being measured.

From these 6-panels, we can extract a few key trends. Neutral temperatures are nearly
isothermal above ∼160 km, yet low latitude values are slightly warmer than those at higher
latitudes. Horizontal variations are also visible along constant altitude levels on the out-
bound leg (∼160–180 km). However, electron temperatures vary strongly with altitude
above 160 km. Likewise, the O, CO2, ρ and electron density tracks all reveal strong ver-
tical variations that dominate any latitude and longitude variations that may be included. As
the MAVEN orbit migrates in latitude and local time (see Fig. 1 from Zurek et al. 2014, this
issue), one has the opportunity to combine data from several orbits (batches) and sort to ex-
tract variations separately as a function of latitude, local time, or longitude, etc. For example,
constant altitude maps (latitude versus longitude) can be constructed from several orbits of
data (batches) for which the local time range is narrowly confined. This removes the strong
altitude and most local time variations in order to isolate latitude-longitude variations. Short
term temporal variations are neglected (averaged out) in this exercise. This same strategy
was used by the MGS, MO and MRO accelerometer teams to quantify latitude-longitude
variations of mass densities that also varied strongly with altitude (e.g. Keating et al. 2008;
Bougher et al. 2014).

In short, in-situ sampling down to ∼150 km (and later to ∼120 km during deep dip
campaigns) provides a means to collect thermosphere-ionosphere datasets below ∼500 km
(and down to the homopause) along the orbit tracks. These “along the track” profiles cannot
be assumed to be vertical only, since variations in altitude are accompanied by variations in
latitude, longitude and local time for each orbit. Since the MAVEN spacecraft precesses in
latitude and local time (see Fig. 1 from Zurek et al. 2014, this issue), multiple orbits can be
assembled and studied to extract trends separately in each of these independent variables.
A detailed strategy will be developed to sample batches of orbits for which some of these
parameters (e.g. local time) can be assumed to vary slowly. In addition, sorting/binning is
needed to create 2-D maps of these key parameters for comparison to 3-D thermosphere-
ionosphere model simulations (see Lillis et al. 2014).
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5 Conclusions and Summary

5.1 MAVEN Measurements Will Be Used to Characterize the Reservoir That Regulates
Escape

The Mars thermosphere-ionosphere-exosphere (TIE) system constitutes the atmospheric
reservoir (i.e. available cold and hot planetary neutral and thermal ion species) that regu-
lates present day escape processes from the planet. The characterization of this TIE system,
including its spatial and temporal (e.g., solar cycle, seasonal, diurnal, episodic) variability is
needed to determine present day escape rates. Without knowledge of the physics and chem-
istry creating this TIE region and driving its variations, it is not possible to constrain either
the short term or long term histories of atmosphere escape from Mars.

MAVEN will make both in-situ and remote measurements of the state variables of the
Martian TIE system. A full characterization of the thermosphere (∼100–250 km) and iono-
sphere (∼100–400 km) structure (and its variability) will be conducted with the collection of
spacecraft in-situ measurements (NGIMS, LPW, STATIC) that systematically span most lo-
cal times and latitudes, over a regular sampling of Mars seasons, and throughout the bottom
half of the solar cycle. Such sampling will far surpass that available from existing datasets.
In addition, remote measurements (IUVS) will provide a systematic mapping of the com-
position and structure of Mars neutral upper atmosphere and coronae (e.g. H, C, N, O), as
well as probe lower altitudes. Such a detailed characterization is a necessary first step to-
ward answering MAVEN’s three main science questions. This information will be used to
determine present day escape rates from Mars, and provide an estimate of integrated loss to
space throughout Mars history.

5.2 How Will Models Be Used in Conjunction with MAVEN Data to Determine
Atmospheric Escape Rates?

The application of numerical models to determine Martian escape rates is reviewed in detail
by Lillis et al. (2014). In brief, MAVEN in-situ and remote measurements must be combined
with numerical models to: (a) explicitly determine neutral escape rates using TIE measure-
ments from many instruments, and (b) set measured ion escape rates in the context of the
variable solar wind environment and TIE structure. Both these applications are essential to
develop a proper understanding of the underlying drivers and processes regulating neutral
and ion escape rates. Only then is it possible to proceed with these same numerical models
and extrapolate backwards in time to address the time evolution of these escape processes
and rates over Mars history.
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F. Němec, D.D. Morgan, D.A. Gurnett, F. Duru, Nightside ionosphere of Mars: Radar soundings by the Mars
Express spacecraft. J. Geophys. Res. 115, E12009 (2010). doi:10.1029/2010JE003663
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