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Abstract NASA implemented a Participating Scientist Program and released a solicitation
for the Mars Atmosphere and Volatile EvolutioN mission (MAVEN) proposals on Febru-
ary 14, 2013. After a NASA peer review panel evaluated the proposals, NASA Headquar-
ters selected nine on June 12, 2013. The program’s intent is to enhance the science return
from the mission by including new investigations that broaden and/or complement the base-
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line investigations, while still addressing key science goals. The selections cover a broad
range of science investigations. Included are: a patching of a 3D exosphere model to an
improved global ionosphere-thermosphere model to study the generation of the exosphere
and calculate the escape rates; the addition of a focused study of upper atmosphere vari-
ability and waves; improvement of a multi-fluid magnetohydrodynamic model that will be
adjusted according to MAVEN observations to enhance the understanding of the solar-wind
plasma interaction; a global study of the state of the ionosphere; folding MAVEN measure-
ments into the Mars International Reference Ionosphere under development; quantification
of atmospheric loss by pick-up using ion cyclotron wave observations; the reconciliation
of remote and in situ observations of the upper atmosphere; the application of precise orbit
determination of the spacecraft to measure upper atmospheric density and in conjunction
with other Mars missions improve the static gravity field model of Mars; and an integrated
ion/neutral study of ionospheric flows and resultant heavy ion escape. Descriptions of each
of these investigations are given showing how each adds to and fits seamlessly into MAVEN
mission science design.

Keywords Mars · Aeronomy · Thermosphere · Ionosphere magnetosphere MAVEN
mission

1 Background

1.1 Motivation for the Enhancement of MAVEN’s Science Team

NASA science missions are planned with specific science goals, and the spacecraft, science
team, and science operations are designed to that end. In order to augment expertise, bring
fresh perspective and reap the benefit of additional insights and ideas while the mission can
actively respond to them, NASA may employ a mission Participating Scientist Program. Par-
ticipating scientists augment the scientific return from a mission by broadening involvement
by researchers from outside the already established science team. Participating scientists
augment the existing science team to include new investigations that enhance and/or comple-
ment the currently funded investigations to advance the state of knowledge. A Participating
Scientist Program may also invite international participation through selected high-impact
investigations by non-US scientists without US financial support.

The objectives of the MAVEN Participating Scientist Program are to enhance the sci-
entific return from the mission by augmenting the existing science team to include new
Mars science investigations that enhance and/or supplement the funded Principal Investi-
gator (PI)-led investigations, thus maximizing the contribution of the mission to the future
exploration and scientific understanding of Mars. The second and equally important goal
of this opportunity is to increase the number of scientists supporting daily mission oper-
ations and aiding in mission planning and data archiving. The program saw many appli-
cants, including a number from outside of the US, and the proposed investigations under-
went a competitive review by experts from the scientific community. These participating
scientists selected through this process bring investigations that complement the MAVEN
mission’s science questions in a manner that does not duplicate planned science investi-
gations, and they will also support mission planning and execution. They have become
members of the science team and their participation in the real-time response to new ob-
servations will enable their science investigations and enhance the overall science return
from MAVEN.
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Table 1 Listing of MAVEN Participating Scientist awards

Participating scientist
principal investigator

Institution Maven

Studies

Pascal Rosenblatt Royal Observatory
of Belgium

Radio Science Investigations

Scott England U. California, Berkeley Mars Upper Atmosphere Variability and Connection
to Lower Atmosphere

Michael Stevens Naval Research Laboratory Upper Atmosphere: Reconciling Remote
Observations with In situ Measurements

Paul Withers Boston University Integration of Neutral and Plasma Observations

Michael Mendillo Boston University Semi-Empirical Modeling of Martian Ionosphere
and its Day-To-Day Variability

Michael Combi U. Michigan Distributions and Escape Rates of Atomic Neutrals
from the Upper Atmosphere of Mars

Kanako Seki Nagoya University Effects of Regional Couplings on Atmospheric
Flows and the Atmospheric Escape from Mars

Yingjuan Ma University of California,
Los Angeles

MHD Study of the Solar Wind Induced Plasma
Escape from Martian Atmosphere

Frank Crary U. Colorado, Boulder Multi-Instrument Study of Ionospheric Loss
from Mars

1.2 The Added Science

The Participating Scientist proposals received and accepted typically addressed one or more
of MAVEN’s three key Mars science questions:

1. What is the current state of the upper atmosphere and what processes control it?
This involves spatial and temporal characterization of the key components of the upper
atmosphere—which includes the ionized components.

2. What is the escape rate at the present epoch and how does it relate to the controlling
processes?
This involves measurements and modeling of escape rates and processes in response to
variations in measured solar energy inputs.

3. What has the total loss to space been through time?
Using main sequence stellar observations to define the evolution of the Sun’s historical
energy output through time, the variations of the upper atmosphere system and losses at
the current epoch in response to solar activity changes provides the information needed
to extrapolate the history of Mars’ volatile escape into the past.

The proposals were peer reviewed and nine were selected by NASA, two from non-USA
institutions. The accepted proposals utilize the entire range of MAVEN’s broad scope of
measurement capabilities, from the lower atmosphere to the solar wind, and add significant
contributions to the exploration of the key processes that couple the solar energy inputs to
atmospheric escape. The accepted task titles (and the Participating Scientist teams’ Principal
Investigators), in rough order of the altitudes of their prime interest, from low to high, are
listed in Table 1. Figure 1 sketches how the Participating Scientist realms of investigations
extend through all the spatial regions that the MAVEN spacecraft is going to traverse.

The Rosenblatt study will measure, through precise radio tracking of the spacecraft or-
bit, low altitude atmosphere density variations and improve our understanding of the Mars
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Fig. 1 Rough sketch of regions
where the Participating Scientists
(identified by the individual leads
of each investigation) will make
contributions to the science of
MAVEN. The ensemble of
studies encompasses all regions
to be covered by MAVEN

Gravity field. The England task will look further into the upper atmosphere variability by
using in situ and remote sensing MAVEN observations to bracket atmospheric wave and
climate variability. Using the same instruments, Stevens’ Participating Scientist objective is
to synoptically quantify global-scale compositional variability in the upper atmosphere of
Mars.

Although the neutral atmosphere is the parent of all escaping species to be explored by
MAVEN, the ionosphere is one of its progenies that plays a very significant role in atmo-
spheric escape. In this ionized regime of the upper atmosphere the Withers and Mendillo
efforts will use MAVEN’s ionosphere observations to advance understanding of the iono-
sphere spatial structure and its controlling agents. The former will explore the connections
between solar energy inputs and atmospheric structure with the ionosphere, while the latter
will incorporate MAVEN ionosphere observations into an ongoing international effort to de-
velop an up-to-date empirical Mars ionosphere model—such models for the terrestrial and
Venus ionosphere have taken on extremely important roles in theoretical understanding of
the two planet’s ionosphere processes.

Getting into the core of MAVEN’s goals (i.e., the measurement of atmospheric escape
rates in the current epoch and determining the solar control of their variations, so that one
can extrapolate back with the history of the sun to determine where the atmosphere went)
systematical investigations of the escaping particle properties are the objectives of the last
studies in Table 1. The Combi effort will use updated theoretical models and MAVEN mea-
surements of the hot escaping coronal atmospheric species to determine the escape rate
variations. The Seki tasks will explore the relative importance of all the processes that have
been isolated as potential sources of the losses of heavy ions from Mars atmosphere. Ma’s
modeling efforts will develop and run specific magnetohydrodynamic models of the escap-
ing plasmas for many different states of the Sun’s activity. These will be available to the
MAVEN team for planning and interpretation of the data. Finally, Crary’s investigation will
explore the loss of atmosphere through direct measurement of pick-up ionization and the
source environs, with a much needed advancement in the theoretical modeling needed to
understand the process. Details of each investigation will be singled out subsequently in
separate sections.
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In addition to extending the scope of MAVEN’s originally proposed science investiga-
tions, the MAVEN Participating Scientist activities will use, and participate as players in
planning of MAVEN’s instrument activities. Although each of the instruments is described
in great detail in separate papers in the Space Science Review MAVEN Special Issue, since
they are cited in the ensuing pages of this paper, they are sketched here for completeness:

1. Imaging Ultraviolet Spectrometer (IUVS). Samples profiles of neutrals and ions through
limb emissions and stellar occultations and provides maps of D/H and hot oxygen corona.

2. Langmuir Probe and Waves (LPW). Measures electron density, temperature, spacecraft
potential and low frequency waves. A separate sensor monitors solar EUV irradiance.

3. Neutral Gas and Ion Mass Spectrometer (NGIMS). Measures in situ composition (in-
cluding isotopes) of atmosphere and ionosphere.

4. Suprathermal and Thermal Ion Composition Spectrometer (STATIC). Measures com-
position, velocity and energy distributions of dominant ion species from thermal to
∼20 keV energies.

5. Magnetometer (MAG). Samples vector magnetic field from ∼0.1 NT to ∼60,000 nT.
6. Solar Wind Electron Analyzer (SWEA). Measures energy distribution, pitch angles of

electrons from 5 eV to 5 keV.
7. Solar Wind Ion Analyzer (SWIA). Measures proton and alpha particle velocity distribu-

tions from less than 50 to more than 2000 km/s.
8. Solar Energetic Particle (SEP) Analyzer. Samples protons, heavier ions and electrons

from ∼25 keV to greater than MeV energies.
9. Accelerometer Science (ACC). Spacecraft accelerometer (ACCEL) and orientation data

are used to deduce profiles of atmosphere density, temperature and possibly neutral
winds.

2 The Proposed Studies

2.1 MAGE: Maven Atmospheric Drag and Gravity Experiment

Team: Rosenblatt, P. and Beuthe, M., Royal Observatory of Belgium; Marty, J.C., Centre
National d’Etudes Spatiales, Groupe de Recherche en Géodésie Spatiales; Konopliv,
A.S. and Castillo, J.C., Jet Propulsion Laboratory, California Institute of Technology

2.1.1 Overview

The two objectives of the Maven Atmospheric drag and Gravity Experiment (MAGE) are
to measure in situ the mass density of the Martian atmosphere during low-altitude pericen-
ter passes and to improve the resolution of Mars’ static gravity field. The experiment will
perform Precise Orbit Determination (POD) of the spacecraft by using the radio-navigation
tracking data.

Mars’ upper atmosphere density will be inferred on the basis of the precise reconstruc-
tion of the drag acceleration imparted to the spacecraft. This method of measuring the mass
density of the upper atmosphere completely differs from what other instruments onboard
MAVEN will do (e.g. the ACCEL and the NGIMS instruments) and thus provide an inde-
pendent determination of that parameter. The MAVEN atmospheric mass densities derived
from the orbital drag retrieval will add to the long time series obtained by other spacecraft
using the same POD method or other methods, thus providing a monitor of Mars’ upper at-
mosphere densities through almost two solar cycles (i.e. 1997–2016). MAGE will thus help
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to contribute to the characterization of the present Mars upper atmosphere and to studies
of the influence of the solar activity on the atmospheric escape. The MAGE atmospheric
density estimates will also be used to cross-validate the ACCEL density estimates and to
support calibration of the NGIMS measurements.

The precise reconstruction of the orbital perturbations of the MAVEN spacecraft will al-
low us to improve the static gravity field model of Mars particularly due to MAVEN’s lower
periapse altitude (∼150 km) than for previous spacecraft. The stacking of MAVEN tracking
data with data provided by other Martian spacecraft like the Viking orbiters, Mars Global
Surveyor (MGS), Mars Odyssey (ODY), Mars Express (MEX), and Mars Reconnaissance
Orbiter (MRO), will provide the best global solution of Mars’ static gravity ever obtained.
This updated gravity field will support studies of the geological history of the Martian sur-
face and of the thermal evolution of its interior.

2.1.2 Precise Orbit Determination (POD) Method

The POD method consists in fitting modeled spacecraft velocities perturbations projected
onto the Earth-spacecraft line-of-sight (LOS) direction to LOS velocities measured by the X-
band Doppler radio-tracking data. The velocity perturbations are modeled using a numerical
integration of the orbital motion, which involves a spacecraft force model. This force model
takes into account gravitational forces (gravity field of the planet, gravitational attraction of
its moons and of the other planets in the solar system) as well as non-gravitational forces that
act on the faces of the spacecraft (bus, solar panels and high gain antenna). These surface
forces result from the low-altitude atmospheric drag and from radiation pressure (due to
photons emitted by the Sun, to reflected light and to thermal infra-red emission of Mars).
The spacecraft attitude is maintained by regularly performing specific maneuvers (Angular
Momentum Desaturation or AMD) generating spacecraft accelerations that must also be
accounted for. A detailed description of the force model for Martian spacecraft is given
in Rosenblatt et al. (2008), Marty et al. (2009) and Konopliv et al. (2011). Nevertheless,
a perfect force model cannot be achieved because (1) the gravity field is not perfectly known,
(2) the fidelity of AMD acceleration modeling is limited, and (3) the modeling of non-
gravitational forces depends on poorly known quantities such as the atmospheric density
at low altitude. Hence, the least-squares fit of the modeled LOS velocities to the Doppler
tracking data aims at improving the force model in order to reconstruct a precise orbit of
the spacecraft. In turn, this approach also leads to a better knowledge of the planet’s upper
atmosphere (mass density) and gravity field (e.g. Mazarico et al. 2008; Marty et al. 2009;
Konopliv et al. 2011; Rosenblatt et al. 2012).

2.1.3 Atmospheric Density from Drag

With the POD method one can measure the drag produced by air friction on the spacecraft
at each pericenter pass tracked from the Earth. This method has been successfully used in
the past for the study of the Martian upper atmosphere (Mazarico et al. 2008 and references
therein) and more recently of the Venusian atmosphere with the Venus Express Atmospheric
Drag Experiment (VExADE) (see Rosenblatt et al. 2012). Non-gravitational forces (in par-
ticular the atmospheric drag), are modeled with the so-called box-and-wings macro model
in which the spacecraft is represented by flat plates (6 for the bus and 2 for each solar panel)
with known areas and optical properties. Given the orientation of each plate (provided as
telemetered quaternions), the drag acceleration imparted to the spacecraft is computed as
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Fig. 2 Predicted non-gravitational acceleration (atmospheric drag, solar pressure and albedo) for a spacecraft
with a circular MRO-type orbit (left panel), and for an eccentric MAVEN-type orbit (right panel). The x-axis
is time in seconds and the y-axis is acceleration in m/s2

the summation of the acceleration �AD for each plate exposed to the drag. It is expressed as
follows:

�AD = 1

2
ρFD

i=N∑

i=1

Cdi

Si

m
( �Vr · �ni) �Vr (1)

where Si , Cdi and �ni are, respectively, the surface area, the drag coefficient and the normal
vector of each plate facing the spacecraft velocity �Vr relative to the atmosphere, which is
assumed to be co-rotating with the planet; m is the mass of the spacecraft, ρ Mars’ upper at-
mosphere density as given by an a priori model (see for example the MARSGRAM model),
and FD is the scale factor of the drag acceleration (or drag scale factor) fitted to the track-
ing data in the least squares iterative procedure of the POD. The FD value is then used to
scale the atmospheric density value of the a priori model used to compute the orbit (FD = 1
means that the a priori model fits the tracking data). This fitting procedure requires tracking
data in the part of the orbit where the drag acceleration can be detected. If the orbit is nearly
circular, drag is permanent like for MRO (10−6 m/s2 on average, see Fig. 2—on left), while
drag only occurs closely around the pericenter pass for an elliptical orbit like MAVEN (up
to 10−4 m/s2 at pericenter, see Fig. 2—on right). The MAVEN tracking coverage is con-
tinuous for two successive 4.5 h (orbit period) periods, followed by four without tracking.
Thus, it offers the opportunity to provide in situ measurements of atmospheric densities at
two successive pericenter passes out of every six, using the POD method.

The precision on the estimated densities depends not only on the precision of the tracking
data but also on the quality of the reconstructed orbit and on the error on the computed
value of the drag coefficient Cd . The computation of this coefficient is based on several
assumptions, corresponding to an overall error of about 25 % (e.g. Rosenblatt et al. 2012
and references therein).

These results obtained with MAGE on MAVEN will be compared to densities derived
from tracking data of previous spacecraft, MGS, ODY, MRO, and Mars Express (MEX) in
order to provide monitoring of the upper atmosphere densities over almost two solar cycles
(although with varying altitude ranges between about 155 km and 400 km as well as varying
local time and latitude sampling, see Fig. 3 for the latitudinal and longitudinal repartition of
the sampled areas of the upper atmosphere).
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Fig. 3 Projections of MAVEN orbit tracks onto the topographic map of Mars for orbital altitudes lower
than 320 km. These tracks correspond to the tracking passes scheduled for the nominal mission (i.e. two
successive passes out of every six). It shows the latitudinal and longitudinal sampling of the low-altitude
upper atmosphere as well as the areas where the local gravity field will be improved as expected from the
MAGE experiment. The color scale is for altitudes in meters

2.1.4 Improving Mars’ Static Gravity Field

The spacecraft orbit is mainly determined by the gravity of the planet. The gravitational
potential U associated with the external planetary gravity field is usually represented as a
spherical harmonics series:

U = GM

r
+ GM

r

l=L∑

l=2

(
R

r

)l +l∑

m=0

(Clm cosmλ + Slm sinmλ)Plm(sinϕ) (2)

where G is the gravitational constant, M is the mass and R the equatorial reference radius
of the planet, Clm and Slm are normalized harmonic coefficients of degree l and order m,
the Plm’s are the normalized Legendre functions of the first kind (Legendre polynomials
when m = 0), and r, ϕ,λ are the spherical coordinates of the point P in a reference system
fixed with respect to the planet. The first term in the right-hand side of Eq. (2) represents the
central term of the potential and generates the Keplerian motion of the orbiter. The second
term represents the potential Up , which generates perturbations of this Keplerian orbit. The
Keplerian orbit and its perturbations are described by the Lagrange planetary equations,
which can be solved by perturbative methods, as done by Kaula (1966). This type of solution
shows that each gravity field harmonic perturbs the orbital motion with a given dependence
on the main characteristics of the orbit, i.e., the semi-major axis, inclination and eccentricity.
In particular, some harmonics produce amplified perturbations (or resonances) depending on
the spacecraft orbital characteristics. The differences in orbital properties for MAVEN and
MRO result in resonances for these orbits at different orders (as for example the orders
around 50, 60, 70 and 80).

Study of these resonances will contribute to improving the harmonics of the global solu-
tion with respect to the currently existing solution mainly based on MRO, MGS and ODY
data. This improvement will be obtained by merging the normal equations inferred from
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MAVEN POD with those derived from other spacecraft POD. A significant improvement is
expected in particular at short wavelengths since the tracking data of MAVEN offers a good
coverage of the planet for low-altitude pericenter passes where the spacecraft is sensitive to
short wavelengths gravity perturbations (see Fig. 3).

Two solutions of the gravity field will be computed, one at JPL and one at ROB/CNES,
using two different software, the ODP (Orbit Determination Program, Konopliv et al. 2011)
and GINS (Géodésie par Intégrations Numériques Simultanées, Marty et al. 2009) respec-
tively. Each solution will be evaluated following established procedures (e.g. spectral anal-
ysis, correlation with the topography) and will be compared for cross-validation.

2.1.5 Impact of MAGE

The estimated atmospheric densities will allow us to monitor the variations of mass density
in Mars’ upper atmosphere with a spatial and temporal sampling determined by the tracking
coverage at pericenter and by the drift of the MAVEN orbit. This new series of measurements
of the upper atmosphere density will contribute to MAVEN’s objective to characterize Mars’
upper atmosphere. These results will add to the long time series estimated by the same POD
method with other spacecraft over almost two solar cycles, and hence will contribute to the
study of the influence of solar activity on the upper atmosphere.

The updated static gravity field of Mars will provide the best solution ever obtained.
The ability to well separate the drag signal from the gravity signal with the POD method
will be assessed using numerical simulations (as done for the drag signal on the VExADE
experiment, Rosenblatt et al. 2012) in order to provide a realistic error on this new gravity
field solution. The expected improvement at short wavelengths will help refine geophysical
analyses leading to better constraints on the shallow depth interior structure of Mars (crustal
densities, lithospheric thicknesses), especially at the volcanic edifices of the Tharsis and
Elysium provinces and at the Valles Marineris canyon in order to improve our understanding
of the crustal composition and surface thermal flow evolution (e.g. Beuthe et al. 2012), which
are essential for the reconstruction of the geological history of the Martian surface.

2.2 Using MAVEN to Characterize Mars Upper Atmosphere Variability
and Its Connection to the Lower Atmosphere

Team: England, S., U. California Berkeley; Yiǧet, E., George Mason U.

2.2.1 Overview

The dynamics of planetary upper atmospheres are driven by solar radiation, the solar
wind and processes occurring at lower levels in those atmospheres. Owing to its impor-
tant role in mediating atmospheric escape processes, the upper atmosphere of Mars has
been the focus of recent research. Mars’ upper atmosphere variability is quantified by a
variance parameter σM (defined here as the sum of periodic variations on temporal scales
from minutes to several hours and spatial scales of 100 s of m to 100 s km). This pa-
rameter varies dramatically on all measured spatiotemporal scales (e.g. Fritts et al. 2006;
Forbes et al. 2002). Results from previous missions have shown that σM is strongly cor-
related with lower atmospheric processes, suggesting that the underlying atmosphere and
topography probably influence σM (e.g. Forbes et al. 2002). It is known that atmospheric
waves transfer a significant amount of energy and momentum from the surface to the upper
atmosphere (e.g. Medvedev and Yiğit 2012), however, their role in shaping the variability
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Fig. 4 Lower thermospheric
density variances observed by the
Mars Odyssey spacecraft, scaled
by the mean density in 15◦ and
5-km bins from orbits 7-134.
After Fritts et al. (2006)

Fig. 5 Mean orbit-to-orbit
difference in the observed
thermosphere mass densities
at 185 km from MGS
measurements as a function of
solar longitude since the start of
Mars year 24 and areographic
latitude, shown as the standard
deviation of the mass densities
relative to a reference density.
After England and Lillis
(Fig. 10, 2012)

of the Martian upper atmosphere in various scales has yet to be determined. Understanding
these waves is an important component of understanding the current state of Mars’ upper
atmosphere and the processes that control it.

Of all atmospheric waves, it is the small-scale gravity waves (GW) that have the largest
momentum flux associated with them. Density perturbations derived from accelerometer
data taken by previous missions to Mars has shown that these waves are large in amplitude
over certain locations on the planet (see Fig. 4). Assessment of such variability of lower
atmospheric origin is necessary to better interpret future observations of the Martian upper
atmosphere, such as the ones of MAVEN.

This study is motivated by recent results from England and Lillis (2012), that show that
σM is consistently higher in Mars’ Southern Hemisphere than Northern Hemisphere, re-
gardless of season (see Fig. 5); and that gravity waves generated in the primary wave source
region (believed to be close to Mars’ surface) can propagate all the way up through all lev-
els of Mars’ atmosphere (Medvedev and Yiğit 2012). The significant amplitude of gravity
waves at Mars enables them to strongly modulate the dynamics, temperature, and turbulent
mixing of Mars’ upper atmosphere (Medvedev and Yiğit 2012).
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2.2.2 Gravity Wave Importance on Upper Atmosphere

While localized regions of high gravity wave amplitude such as those shown in Fig. 4 are
indicative of localized sources at lower altitudes, a simple one-to-one correlation between
the topography and σM is not seen (Creasey et al. 2006a, 2006b) because filtering by winds
affects upward wave propagation, allowing only a certain fraction of the waves generated
in the lower atmosphere to reach the thermosphere. To assess the link between σM identi-
fied in the MAVEN observations and lower atmosphere sources, we will therefore employ
a numerical code that tracks atmospheric gravity waves (GWs) from their source to higher
altitudes and calculates their dissipation and subsequent influences on the atmosphere. This
code takes into account lower atmospheric as well as upper atmospheric physics-based dis-
sipative mechanisms that affect the upward propagation of small-scale GWs and thus forms
an unprecedented tool to study GWs in the Martian whole atmosphere system (Medvedev
and Yiğit 2012).

The goal of the project described here is to investigate how the lower atmosphere affects
the current state of the Martian upper atmosphere and how such vertical coupling can impact
the interpretation of MAVEN’s measurements.

2.2.3 Science Approach

The study described here will characterize the nature of σM and investigate its possible
links to wave sources at lower altitudes. This work can only be accomplished with the new
observations of atmospheric density and composition from MAVEN. This work must occur
during MAVEN’s prime mission to both inform the MAVEN team about the variability of
the upper atmosphere and to design and execute a short dedicated MAVEN observational
campaign to more deeply study σM .

The result sought here will have important consequences for MAVEN’s quest to under-
stand atmospheric escape variability. The initial observations inferred from Mars Global
Surveyor (MGS) electron reflectrometry (shown in Fig. 5) indicated that the short-term at-
mospheric variability is consistently highest in the Southern Hemisphere, peaking around
perihelion, which may have significant implications for studies of atmospheric escape, re-
gardless of the source of that variability. It is possible that the combination of the highest
solar irradiance, highest solar wind pressure and Martian Southern Hemisphere summer that
all occur simultaneously around perihelion may prove to the perfect storm for atmospheric
escape. Thus, while the work described here does not directly address atmospheric escape,
characterizing the variability of Mars’ upper atmosphere may provide essential insight into
MAVEN’s core science.

As an integral part of this study, we will work with the NGIMS and IUVS teams to or-
ganize an observational campaign to provide the high-resolution NGIMS density measure-
ments required to determine small-scale fluctuations in σM . During the campaign, NGIMS
will be commanded to perform high-resolution (30 ms) sampling of a single atmospheric
species (e.g. CO2) when MAVEN is below 500 km altitude. This will provide the high-
est possible resolution density observations. Observations from the stellar occultations with
IUVS made on an adjacent orbit will provide insight into the lower levels of the atmosphere
(dust opacity, O3 and CO2 scale heights) that provide the necessary context for a detailed
comparison of the results of this campaign with the modeling work outlined above.

2.2.4 Impact of Study on MAVEN’s Science

Determining qualitatively and quantitatively the contribution of lower atmospheric sources
to upper atmosphere variability at various temporal and spatial scales is crucial for advancing
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the current state of knowledge in planetary atmospheres and for designing better planetary
missions in the future. Our research goals target coupling processes in the Martian whole
atmosphere and will be achieved in three steps: (1) determine the spatiotemporal scales of
upper atmospheric variability observed by MAVEN to better understand the current state
of the Martian upper atmosphere, (2) investigate the effects of lower atmospheric small-
scale waves on the upper atmosphere, and (3) assess how the lower atmospheric variations
influence the upper atmosphere and atmospheric loss. This whole atmosphere approach will
have great impact on the understanding of how the upper atmosphere of Mars is influenced
from below on various scales.

2.3 The Current State of the Martian Upper Atmosphere: Combining Remote Sensing
Observations with in situ Measurements on MAVEN

Team: Stevens, M.H. and Siskind, D.E., Space Science Division, Naval Research Labora-
tory; Evans, J.S., Computational Physics, Inc., Springfield, VA

2.3.1 Background

The basic state of the Martian atmosphere can vary with latitude, local time, season and
solar activity so that its definition implicitly depends on the observation method. The two
instruments on MAVEN capable of retrieving the neutral composition are the Imaging Ul-
traviolet Spectrometer (IUVS) and the Neutral Gas and Ion Mass Spectrometer (NGIMS).
Both of these instruments will obtain vertical profiles of major and minor species in the
Martian upper atmosphere during each orbit of the planet; however, they will do so in pro-
foundly different ways. IUVS will obtain vertical profiles remotely from the airglow and by
stellar occultation, whereas NGIMS will obtain in situ profiles during each elliptical orbit as
MAVEN dips down to periapsis.

Although IUVS and NGIMS measure many of the same constituents, operations do not
permit them to measure the same air parcels at the same time. Therefore, merging these
datasets into a seamless picture of the upper atmosphere can only be done with mod-
els that can simulate density variations both spatially and temporally. One resource that
can be used for this purpose is a Mars General Circulation Model (e.g. Bougher et al.
2008).

2.3.2 Science Plan

We will analyze mixing ratio profiles of trace species common to the NGIMS and the IUVS
airglow datasets including carbon dioxide (CO2), carbon monoxide (CO), molecular nitro-
gen (N2), atomic carbon (C) and atomic oxygen (O) to reconcile any differences. Any per-
sistent difference between the two datasets down to periapsis (120–170 km altitude) will be
diagnosed using the Mars General Circulation Model. We will focus on the model’s ability to
reconcile the IUVS and NGIMS observations through tidally induced variations. The model
will be sampled using the projected tangent altitudes of the IUVS limb observations to allow
for the most direct comparison possible with both model results and the NGIMS in situ ob-
servations. The IUVS limb retrievals are limited to daytime whereas NGIMS can measure
at any time of day, so that tidally induced variations from day to night will be an important
aspect of the comparisons. To better understand differences between the two instruments
we may suggest operations that will benefit the science. For example it might be useful to
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point the IUVS to the latitude of closest approach so that the NGIMS measurements could
be more directly compared to IUVS retrieval results.

It will also be instructive to direct IUVS observations to areas where there appears
to be enhanced wave activity that could lead to the formation of Martian mesospheric
clouds. As recently discussed by Spiga et al. (2012), mesospheric ice clouds have now been
seen by several recent Mars observational platforms including Mars Express (Montmessin
et al. 2006, 2007), Mars Global Surveyor (Clancy et al. 2007), Mars Odyssey (Mc-
Connoochie et al. 2010) and Mars Reconnaisance Orbiter (Vincendon et al. 2011). These
clouds are the Martian analog to the terrestrial noctilucent cloud (NLC) or Polar Meso-
spheric Cloud (PMC) phenomena with certain important differences. One important dif-
ference is that on Earth, NLCs are high latitude phenomena whereas on Mars they ap-
pear concentrated near the tropics where the topography and gravity wave propagation
conditions are more favorable (Spiga et al. 2012). We suggest that the enhanced scat-
tering associated with these clouds will be detectable by the IUVS at Mars much as
UV instruments at the Earth easily detect NLCs (e.g. Stevens et al. 2010; Bailey et al.
2007).

Clancy and Sandor (1998) made the first suggestion that Martian mesospheric ice clouds
are composed of CO2 although later Clancy et al. (2007) noted that sufficiently cold condi-
tions for CO2 ice formation were not always apparent. Although often composed of CO2 ice,
some observational evidence also supports a water ice composition for Martian mesospheric
clouds (e.g. Määttänen et al. 2013). One interesting implication of mesospheric clouds for
MAVEN science is the observation that terrestrial NLCs dehydrate the atmosphere and throt-
tle the flux of atomic hydrogen into the thermosphere. Siskind et al. (2008) reported that
the key observational signature was a drop in the atomic hydrogen abundance observed by
the SABER instrument on the NASA/TIMED satellite in the summer, which models sug-
gest would not have occurred if clouds were not present. Siskind et al. further note that
this could have implications for atmospheric escape since this chemical dehydration could
compete with upward transport of hydrogen containing species. In the Martian case, we
suggest that it would be interesting to see if the UV limb spectra above these clouds are
perturbed, suggesting that mesospheric ice formation can affect the composition at higher
altitudes.

Since these mesospheric clouds are attributed to meteorological processes originating in
the Martian lower atmosphere, the study will address potentially important variations in the
Martian upper atmosphere that are forced from below. Evidence for Martian mesospheric
clouds is reported down to about 50 km (Clancy et al. 2007) so that the lowermost tangent
altitude for IUVS would need to be modified downward in order to address in a campaign
to target this science question if desired.

2.3.3 MAVEN Science Augmentation

Reconciling the NGIMS measurements with the IUVS airglow measurements offers not
only an opportunity for cross validation between the instruments but also an opportunity
for a better understanding of the present state of the Martian atmosphere. By targeting Mar-
tian mesospheric clouds with IUVS we will gain new insight to the coupling of the lower
atmosphere to the upper atmosphere. Both of these objectives will add to the MAVEN sci-
ence, complement the existing team activities and improve the quality of the MAVEN data
products.
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2.4 Integration of MAVEN Neutral and Plasma Observations

Team: Withers, P., Boston U.; Guzewich, S.D., Goddard Space Flight Center

2.4.1 Overview

Prior to the MAVEN mission, although there is a prolific number of ionospheric electron
density measurements from radio occultations from other Mars missions and topside sound-
ing measurements from Mars Express, very little data is available of the fundamental param-
eters responsible for the relationship of the upper atmosphere and ionosphere. The available
data of the most important internal parameters are: just two neutral composition altitude pro-
files (Nier and McElroy 1977), two ion composition profiles (Hanson et al. 1977), and two
ion/electron temperature profiles (Hanson and Mantas 1988) from the entries of the Viking
landers; and sparse neutral temperature profiles derived from the neutral scale heights mea-
sured on the Viking lander entries, aerobraking orbiters, and UV observations. There are no
direct measurements of neutral winds. Our goal is to integrate MAVEN data from multiple
instruments to determine how the state of the dayside ionosphere is influenced by the neutral
atmosphere, solar flux, and magnetic environment.

2.4.2 Science Approaches

The scientific literature contains many basic theoretical and empirically modeled predic-
tions concerning the ionosphere and neutral upper atmosphere of Mars, particularly as re-
gards coupling between them. Testing these predictions with MAVEN data will lead directly
to new understanding about the aeronomy of Mars. A description of the predictions to be
studied follows.

First, the topside ionosphere scale height is thought to be related to either the neutral
scale height, if vertical plasma transport is suppressed by the magnetic field, or to the plasma
temperature if vertical ionospheric plasma transport is not impeded by the remnant or so-
lar wind induced magnetic fields (Schunk and Nagy 2009). Transport controls ionospheric
vertical structure above ∼180 km. The topside plasma scale height is a very sensitive indi-
cator of the significance of vertical plasma motion. In the idealized limit that vertical plasma
transport is entirely suppressed by horizontal magnetic fields, and the plasma is thus in pho-
tochemical equilibrium with the atmosphere, the topside plasma scale height will be twice
the neutral scale height. In the idealized limit that plasma transport is unimpeded by mag-
netic fields, and that vertical diffusive equilibrium is attained the topside plasma scale height
will be k(Te+Ti )

mig
, where k is Boltzmann’s constant, Ti and Te the ion and electron tempera-

tures, mi the ion mass, and g the acceleration due to gravity. The topside plasma scale height
will be on the order of 20 km in the first case (e.g., Fig. 6a) and nearly an order of magnitude
larger in the second case (e.g., Fig. 6b).

We shall characterize where and when the topside plasma scale height is controlled by
the neutral atmosphere (∼20 km scale height) or the plasma temperature (>100 km scale
height). We shall explore how the topside plasma scale height depends on the magnetic field,
ion composition, magnetospheric conditions, and other factors, searching for patterns when
the structure of the topside ionosphere is “photochemical-like”, in diffusive equilibrium, or
at different intermediate states. MAVEN data used will be from: NGIMS and LPW (topside
plasma scale height); IUVS measurements of CO+

2 emission (inferred topside plasma scale
height); NGIMS and IUVS (neutral scale height); LPW (Te); STATIC (Ti ); and NGIMS and
STATIC (ion concentrations).
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Fig. 6 The lower and upper gray solid lines are exponential fits to densities at 150–220 km and 220–400 km,
respectively, that have scale heights of 20 km and 120 km. From Fig. 1 of Withers et al. (2012)

Another object of investigation deals with the composition of the topside ionosphere that
is thought to be an O+/O+

2 mixture, whereas the composition is dominated by O+
2 at the

main peak. Models of the topside composition generally have O+, O+
2 , and CO+

2 as the most
abundant ions, with the precise mixing ratios varying among models (Najib et al. 2011;
Ma et al. 2004; Fox 2004; Shinagawa and Cravens 1992). However, a recent simulation
by Matta et al. (2013), that included more comprehensive hydrogen chemistry than in the
other models, predicted that HCO+ may be an abundant ion above 200 km under certain
circumstances. The abundances of HCO+ were greatest when H2 abundances were high and
vertical plasma transport was not suppressed by magnetic fields. Krasnopolsky (2002) also
predicted the presence of substantial amounts of HCO+.

We plan a focused investigation of the HCO+ abundance because HCO+ has the poten-
tial to play an important role in volatile loss at Mars, by either enhancing or impeding the
loss of water. On one hand, if ionized hydrogen exists primarily as heavy HCO+, rather than
lighter OH+ or H+, then this will reduce the efficiency with which hydrogen-bearing ions
are stripped away from Mars. On the other hand, when HCO+ is neutralized by dissocia-
tive recombination into H and CO, the resultant H atom is suprathermal and highly likely
to escape. We shall explore how the HCO+ abundance depends on neutral composition (es-
pecially H2, O, CO, and CO2) and the efficiency of vertical transport (inferred from ion
velocities, the magnetic field, and the ionospheric vertical structure addressed above. We
shall use MAVEN data from NGIMS and IUVS (neutral densities); NGIMS and STATIC
(ion densities); STATIC (ion velocities); MAG (field direction and strength); and LPW and
NGIMS (ionospheric vertical structure).

Further, studies of the peak electron density have shown that it is a function of solar
flux, neutral scale height, and the electron temperature. For idealized conditions, the peak
electron density, Nmax, satisfies Eq. (3) (Withers 2009), where F is the ionizing solar flux,
α = 2.4 × 10−7 cm−3 s−1, e is 2.718 . . . , H is the neutral scale height, and Te (degrees K) is
the electron temperature and SZA is the solar zenith angle.

N2
max = F cos SZA

αeH(300/Te)0.7
(3)

The ion production rate at optical thickness τ equals σnFe−τ where σ is the absorp-
tion cross-section of carbon dioxide and n is the neutral number density, Peak production
occurs where τ = 1, or σnH/ cos(SZA) = 1. The ion loss rate equals αN2 where α, the
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Fig. 7 Peak electron densities observed by the MARSIS instrument are shown as a function of solar zenith
angle (from Fig. 4 of Morgan et al. 2008). Only high quality data points (“good inversions”) are shown.
In the fit to a model that neglects the curvature of Mars (“without grazing incidence”), peak densities are
proportional to the square root of the cosine of solar zenith angle and the resultant subsolar peak density, n0,
is 1.58 × 105 cm−3. In the fit to a model that considers the curvature of Mars (“with grazing incidence”), the
cosine of solar zenith angle is replaced by a more sophisticated geometrical function that better accounts for
the planet’s spherical shape

dissociative recombination coefficient for O+
2 , equals (300/Te)

0.7 × 2.4 × 10−7 cm3 s−1. In
photochemical equilibrium, the ion production rate equals the ion loss rate, which leads
to Eq. (3).

Prior work (Fig. 7) shows that Eq. (3) is roughly satisfied at Mars (Morgan et al. 2008)—
failures indicate areas where understanding is currently weak, needs more study and may
yield discoveries. For instance, it will fail in regions where the ionosphere does not have
the predominantly O+

2 composition generally anticipated or in regions where ionization by
particle precipitation is an important process. Equation (3) also provides a way to cross-
calibrate instruments by testing its accuracy using independent Nmax and H data. For in-
stance, if the equation is satisfied using LPW’s deduced Nmax, but not NGIMS’s collocated
measurements, then the absolute calibration of NGIMS would be suspect. Or, if both Nmax

measurements agree, and NGIMS, ACC, and IUVS neutral measurements agree, and F

is validated against data from Earth during opposition, then Eq. (3) can be used to estab-
lish confidence in LPW’s measurements of Te . We shall use MAVEN data from NGIMS,
LPW (Nmax), LPW EUV measurements), ACC, IUVS (Scale height); LPW (Te). Con-
straints on Nmax are also possible from IUVS measurements of emissions by CO+

2 . Viking
composition data indicate that the abundance of this ion is proportional to electron den-
sity. If verified by MAVEN, remote CO+

2 emission data can be converted into electron
densities. The ionizing solar flux, F , will be derived from MAVEN’s empirical estimate
of the solar spectrum constructed by data from the three channels of the LPW EUV sen-
sor.

Finally the last prediction to be tested is that the peak ionosphere altitude is thought to
occur at a fixed atmosphere pressure. The main peak is thought to occur at optical depth of
unity for ionizing photons, which is equivalent to a pressure level pm that depends on SZA
as pm = p0 cos(SZA), where p0 is the pressure at the subsolar peak altitude (Chamberlain
and Hunten 1987). In the simplest possible representation, p0 equals mg/σ , where m is the
mean molecular mass of CO2 (44 Daltons), g is the acceleration due to gravity and σ is the
absorption cross-section of CO2, with a suitable characteristic value of ∼2–3 × 10−17 cm2

(Schunk and Nagy 2009). This corresponds to p0 = 8–12 × 10−5 Pa.
However, there are no current simultaneous measurements of pressure and plasma den-

sity, so the extent to which the underlying assumptions are satisfied has not been es-
tablished. Deviations from these expectations indicate areas where understanding is cur-
rently weak and discoveries are possible. We shall investigate where and when the pre-
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dictions for pm and p0 fail (e.g., by variations in observed electron temperature or ion
chemistry) by using LPW (ionospheric density near the peak altitude) to estimate the
peak altitude and NGIMS (neutral mass densities) profiles to find the corresponding pres-
sure.

2.4.3 Contributions to Mission Planning

This project will contribute to mission planning and mission operations by the cross-
calibration of data from several different instruments, which will build confidence in data
quality, and will identify of regions and conditions where the ionosphere behaves unusually,
which will influence MAVEN’s observing strategies.

2.5 Semi-empirical Modeling of the Martian Ionosphere and Its Day-to-Day Variability

Team: Mendillo, M. and Narvaez, C., Center for Space Physics, Boston U.

2.5.1 Introduction

The aeronomy of Mars and atmospheric loss involve a complex blend of neutral and plasma
processes driven by internal mechanisms, as well as by important couplings from above and
below (see the Aeronomy paper in this special issue). MAVEN offers a comprehensive set of
measurements for the entire system: input parameters, intermediate states, and final effects.
The most direct manifestation of solar irradiance effects is upon the ionosphere—simply be-
cause photo-chemistry is the dominant aeronomical process for Mars’ neutral-plasma com-
ponents. Historical patterns are available for (a) the maximum electron density (Nmax) of
Mars’ ionosphere from topside radio soundings and radio occultation profiles; other meth-
ods give the integral of the Martian electron density profile, Ne(h), called total electron con-
tent (TEC). How can MAVEN-detected ionospheric densities and escape of plasma from
the topside ionosphere be assessed without prior knowledge of how the ionosphere plasma
is known to vary? The Participating Scientist effort described here offers new ways to assess
MAVEN data sets in ways tailored to enhance the science return of the mission. The ap-
proach offered is to incorporate MAVEN data in a COSPAR-sponsored Mars International
Reference Ionosphere (MIRI).

2.5.2 Organization of MIRI and Its Preliminary Use for Context

Maximum Electron Density The international effort to create MIRI commenced at the
COSPAR general assembly meeting in August 2014 in Moscow, Russia. Earlier efforts
led by the Boston University MAVEN PS team to achieve a proto-type MIRI resulted in
a model for Nmax (Mendillo et al. 2013a). The basis of this MIRI-Mark-1 is a set of ob-
servations made by the Mars Express radio experiment called MARSIS (Mars Advanced
Radar for Subsurface and Ionospheric Sounding). The MARSIS Active Ionospheric Sounder
(AIS) mode (Gurnett et al. 2005) provided ∼113,000 determinations of Nmax over the years
2005–2012. They were analyzed within the theoretical framework of photo-chemical equi-
librium and the resulting semi-empirical model generates Nmax for any date back to 1965 for
retrospective comparisons with data. Figure 8 shows results from the model in both its ret-
rospective mode (comparison with Viking observations), and its predictive capabilities (for
the time of MAVEN’s orbital insertion). The MIRI-Mark-1 can be accessed at the Boston
University website http://sirius.bu.edu/miri.

http://sirius.bu.edu/miri
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Fig. 8 (Left panel) Peak electron density vs. solar zenith angle from MIRI for the day of the Viking-2 landing
on Mars (3 Sep. 1976). The Nmax measured by the descending lander is shown by the blue asterisk. The solar
flux is based on that measured at Earth (23 Aug. 1976) taking into account solar rotation effects between the
orbital positions of Earth and Mars. (Right panel) MIRI Nmax for a predicted date of MAVEN’s Mars orbit
Insertion. Uncertainty levels in the left panel are standard deviations of the input data that created MIRI; the
right panel also includes prediction uncertainties of solar fluxes. The jump in uncertainty near SZA = 55◦
reflects an increase in the uncertainty levels of data used to derive the model as SZA increases; for predictions,
additional uncertainties arise from predicted solar fluxe (see Mendillo et al. 2013a)

Ionospheric Variability A statistical module within MIRI for the day-to-day changes of
the ionosphere at Mars (see review by Withers 2009) has also been started. The initial
version used ∼1.2 million TEC values obtained from the MARSIS sub-surface (SS) radar
(Picardi et al. 2005) spanning the years 2005–2007. Ionospheric variability was character-
ized by the standard deviations (σ ) of mean values of TEC sorted by location on Mars. As
described in Mendillo et al. (2013b), there are very significant day-night differences be-
tween the variability of the overall plasma content of the Martian ionosphere. This is to
be expected because Mars’ ionosphere behaves as a terrestrial-type “E-region” (a molecu-
lar ion plasma—with very fast recombination chemistry and different day-night ionization
sources), and because small changes in low nighttime values yield large variabilities in per-
cent.

The global daytime average variability of the TEC of Mars’ ionosphere is ∼20 %, and the
nighttime variability is ∼80 %. These represent the first specifications of overall ionospheric
variability at Mars using a global database. Given that the TEC is dominated by electron
densities at the height of Nmax and above, this is a specification that is highly relevant for
MAVEN’s goal of studying plasma escape from the topside ionosphere.

To quantify the influence of the Martian crustal magnetic fields (B) upon ionospheric
variability, longitude-latitude regions were selected corresponding to where strong remnant
B-fields exist versus where low-B prevailed. Figure 9 shows the TEC zonally-averaged vari-
abilities in each region. Dramatic differences are found at night—with the high-B region
variability (>90 %) more than double that in the low-B pattern (∼45 %). There is also con-
siderably more structure of σ (TEC, %) versus latitude in the high-B sector that correlates
with the morphology of the magnetic fields (horizontal vs. vertical).
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Fig. 9 Latitude profiles of σ (TEC, %) for high-B and low-B regions. (a) Daytime results are given by the
solid green line (right axis) for the high-B region and by the solid red line (left axis) for the low-B region.
(b) Nighttime results using the same format. Dashed line segments refer to results where data coverage is
sparse. The TEC data come from the Mars Express mission, using the MARSIS radar in sub-surface mode.
The regions of interest, containing strong and weak magnetic fields extend from lower mid-latitudes (∼30◦)
to the poles in each hemisphere

2.5.3 Contribution of MAVEN Observations to MIRI

Under the MAVEN PS program, a Mark-2 version of the model will use the photo-
chemistry-plus-plasma-diffusion code described in Mendillo et al. (2011) to produce nor-
malized shapes of Ne(h) profiles versus SZAs. When re-calibrated by the MIRI Mark-1
Nmax values, estimates of the full electron density profiles will be available. MAVEN
observations at various heights will be compared with the climatological MIRI values—
the first steps in using in situ and remote sensing data sets for validation. Further val-
idations for MIRI will deal with episodic conditions—dust storms, coronal mass ejec-
tions, solar flares and active regions, energetic particles, and atmospheric waves and
tides. MARSIS TEC data for 2007–2010 will also improve MIRI’s statistical mod-
ule.

The ultimate goal of the MAVEN PS plan described here is to enhance MIRI by incor-
porating MAVEN’s new data sets. In addition to electron densities, plasma temperatures
and ion composition are needed. To date this has only been possible for the Earth’s iono-
sphere, and thus MAVEN’s contributions will be revolutionary. The Viking descent probes
furnished only two altitude profiles of ion composition and ion temperatures (with only a
few ion species measured), and only a single profile of electron temperature. All models of
the Martian ionosphere rest upon those limited data. MAVEN will provide the first compre-
hensive set of observations of Mars’ plasma properties using modern instrumentation with
much higher resolution capabilities.

2.5.4 Summary

The initial phase of the proposed study will be for MIRI to provide context for the evaluation
of emerging data sets from the MAVEN instrument. The second phase will use MAVEN
data to improve MIRI via validation studies. The final phase will incorporate the full set of



J. Grebowsky et al.

MAVEN observations into an expanded and improved MIRI using capabilities that did not
exist prior to the MAVEN mission.

2.6 The Distributions and Escape Rates of Atomic Neutrals from the Upper Atmosphere
of Mars

Team: Combi, M.R., Tenishev, V., and Bougher, S., U. Michigan; Schneider, N., U. Col-
orado, Boulder

2.6.1 Background

The hot atomic coronae in the exosphere of Mars are important for understanding the over-
all interaction of the solar wind with Mars, the structure of the upper atmosphere, current
escape rates from the atmosphere, and their relation to its long-term evolution. Originally
the hot coronae of Mars had been modeled using Venus as an analogy. Today the amount
of data about Mars’ upper atmosphere is still limited; but this will be addressed by a suc-
cessful MAVEN mission. Gaining a complete understanding of the upper atmosphere of
Mars is important and depends on a self-consistent understanding of the generation of the
exosphere in the thermosphere and ionosphere, the return flux of the ballistic component of
the exosphere back into the thermosphere, the loss from the exosphere, and the interaction
of the exosphere and ionosphere with the solar wind. A complete self-consistent modeling
capability is necessary to not only investigate the structure and escape rates of the hot atom
coronae and their variations in the present epoch over time of year (orbital position) and
solar activity, but also to have the capability to extrapolate the escape rates to past epochs to
understand the loss of water over several Gyr.

2.6.2 Investigation Plan

To understand the physical and chemical processes important in shaping the tenuous upper
atmosphere and exosphere of Mars and the interactions with their particle, field, and radia-
tion environs, it is necessary to employ a physical model that can deal with the rarefied and
non-equilibrium, but still collisional, conditions there. With this in mind, the Mars Adaptive
Mesh Simulator (Mars-AMPS) 3D gas kinetic model based on the Direct Simulation Monte
Carlo (DSMC) methodology (Valeille et al. 2009a, 2009b, 2010a, 2010b) will be applied in
combination with the Mars Global Ionosphere Thermosphere Model (M-GITM) (Bougher
et al. 2014). The objective is to study the region of the upper thermosphere where the exo-
sphere is generated and to model the entire exosphere and calculate escape rates using use
our exosphere Mars-AMPS model in combination with M-GITM, and MAVEN measure-
ments. In particular we will:

1. Interpret MAVEN measurements of the distribution of the hot atomic species throughout
Mars’ thermosphere and exosphere,

2. Understand their variation during the current epoch with variable conditions, namely
solar EUV variations and Mars’ orbital position, To calculate the escape rates of hot
atoms during the present time,

3. Calculate the structure of the exosphere and the escape rates of atoms during the present
time, and

4. Use this knowledge to calculate the changing structure of the exosphere and the escape
rates of atoms over geologic time to estimate the water loss from Mars over the history
of the solar system.
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This investigation builds upon already existing models as part of a multi-faceted approach
to achieve a comprehensive understanding of the upper atmosphere, exosphere, ionosphere
and interaction of Mars with the solar wind.

This investigation will use a number of standard data products from several MAVEN
instruments, namely (1) O, H and C column density distributions by IUVS, (2) altitudinal
O, CO, CO2 and N2 density distributions with altitude by NGIMS, (3) thermal ion O+

2 and
CO+ density distributions by NGIMS and STATIC, and (4) thermal electron density and
temperature distributions with altitude by LPW. The O, H and C measurements by IUVS
and NGIMS will be analyzed directly using our exosphere model. The ion and electron
measurements are input quantities for the model, adopted through a self-consistent M-GITM
model. The standard data products from IUVS are limb scans of the column abundances of
the various species. This investigation also plans to assist in the inversion of IUVS spectra
to column abundances that requires a model that accounts for opacity effects (especially
important for O at 130.4 nm).

The capabilities of calculating exosphere distributions using various modeling ap-
proaches including semi-analytical (Nagy and Cravens 1988; Nagy et al. 2001) and Monte
Carlo 1D-spherical models (Fox and Haç 2014) and fully 3D models integrated with 3D
thermosphere models (Yagi et al. 2012) were already present on the original MAVEN team.
However, since the main mission objectives require a model analysis of the upper atmo-
sphere measurements in order to calculate escape rates, having multiple modeling teams is
of the utmost importance to separate the potential effects of model differences caused by
model methodology, model assumptions, and input parameters. Furthermore, the members
of this investigation team had already been collaborating with MAVEN Co-Investigators
on these same problems for a number of years, so all of the modeling tools and interfaces
have already been built, tested and applied. The exosphere model already uses both the old
and new version of MTGCM and M-GITM (Bougher et al. 2006, 2008, 2009) that are used
by the MAVEN mission for investigating the 3D structure of the thermosphere/ionosphere
region.

Figure 10 shows the hot oxygen densities derived for six projected MAVEN orbit tra-
jectories for solar minimum equinox (Valeille et al. 2009b). Despite the noise introduced
by the Monte Carlo statistics, which will be improved in the future because of a number of
improved efficiencies now in the code, one can clearly see the differences in the O density
with different orbits at different local mean times that result from a full 3D model.

The calculation uses outputs from the MTGCM, namely, O+
2 and electron temperature

and densities for the hot O source, as well as thermospheric (thermal) O and CO2 distri-
butions for collisional quenching of the initial hot O distribution to calculate both ballistic
and escaping components. This represents a full end-to-end exercising of the same model
analysis that will be used as part of this investigation to analyze and interpret MAVEN mea-
surements by IUVS and NGIMS, with the exception that we will be using M-GITM instead
of MTGCM and “all” the major neutral species, including CO and N2, for the collisional
background.

A major goal of this investigation is to use the analysis of MAVEN measurements to
develop a comprehensive picture of major sources of the upper atmospheric loss processes
and their dependence on Mars’ orbital position and solar activity. This information will
enable projection backward in time to estimate the historical loss of Mars’ atmosphere. Fig-
ure 11 shows the results from Valeille et al. (2009b) of the hot oxygen density calculations
at epoch 1 (the present), epoch 2 (∼2.7 Gyr ago) and epoch 3 (∼3.6 Gyr) for the loss of hot
oxygen from dissociative recombination of O+

2 . Solar conditions were varied in the MTGCM
thermosphere/ionosphere model for the 3 different epochs and the 3D exosphere model was
run for each of them. The current plan is to expand and improve on these calculations.
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Fig. 10 Modeled hot oxygen density along six MAVEN orbit trajectories. On the left are six orbit trajectories
selected for MAVEN science team planning; north is up and +x points to the Sun. On the right are hot
oxygen densities calculated with the 3D DSMC model using production and background conditions from the
MTGCM. One can see the differences in the O density with different orbits at different local mean times
that result from a full 3D model. For example at middle altitudes (∼3000 km), the downward part of orbit 5
(purple dashed line) is farther from the subsolar point with an O density a factor of more than two below
orbits 1 (red) and 2 (orange)

Recently, a hot carbon model was incorporated into Mars-AMPS (Lee et al. 2014). This
is needed to study the variation of the distribution and escape rate of hot carbon as pro-
duced by both dissociative recombination of CO+ and photodissociation of CO over Mars
season and solar minimum and maximum conditions. This will be used to analyze and in-
terpret MAVEN measurements of hot carbon in the thermosphere and exosphere of Mars.
Work before the beginning of the MAVEN science mission included the construction of a
similar model for the production of both thermal and hot hydrogen as part of the M-GITM
thermosphere/ionosphere model and the calculation of the distribution and escape rates of
hydrogen using the Mars-AMPS model.

2.6.3 Summary

The investigation will use our 3D exosphere model Mars-AMPS model in combination with
the 3D M-GITM thermosphere/ionosphere model to interpret and analyze MAVEN mea-
surements of the principal atomic species, O, C and H in the corona of Mars for the purpose
of deriving the escape rates of these species over the range of solar conditions anticipated
for the MAVEN mission. It will also include analysis of the sources and escape rates of other
escaping species and their resultant escape rates.

2.7 Effects of Regional Couplings on the Ionospheric Flows and the Atmospheric Escape
from Mars

Team: Seki, K., Nagoya U.; Nagagawa, H., Terada, N., Tohoku U.; Fujimoto, M.,
ISAS/JAXA; Medvedev, A., Max Planck Institute; Matsumoto, Y., Chiba U.

2.7.1 Background

The cumulative effect of the atmospheric erosion due to external forcing is regarded as one
of the plausible candidates for the drastic climate change from warm and wet to cold and
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Fig. 11 Hot oxygen density contours (a, c, and e) and hot oxygen escape fluxes (b, d, and f) at 3 Martian
radii for epochs 1, 2 and 3, respectively, at Mars equinox and solar minimum conditions (Valeille et al.
2009b). These were calculated with the 3D Mars exosphere model using source and background atmosphere
conditions derived from the MTGCM thermosphere/ionosphere model. The red arrow indicates the direction
to the Sun, and N and S indicate the north and south pole positions of Mars, respectively. The escape rates
for the epochs 1, 2 and 3 were 1.9 × 1026 s−1, 2.2 × 1026 s−1 and 5.7 × 1026 s−1 respectively

dry environment, which Mars is believed to have undergone in the past. There have been
proposed a variety of processes of the atmospheric escape from Mars (e.g., Shizgal and
Arkos 1996; Chassefiere and Leblanc 2004). Among the candidate escape processes, the so-
lar wind-induced cold ion outflow is pointed out to have a potentially significant contribution
to total atmospheric escape from Mars (e.g., Lundin et al. 2009), while it involves substantial
uncertainties by previous measurements and theoretical studies (e.g., Dubinin et al. 2011;
Lundin 2011; Harnett and Winglee 2006; Ma et al. 2004).

One of the important findings of the Mars Express mission is the significant amount of
heavy molecular ion escape from Mars. Carlsson et al. (2006) showed that the escape flux of
O+

2 is comparable to that of O+, and CO+
2 flux is about 1/5 of them. It is difficult to pull out
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Fig. 12 Outline of the research plan described in Sect. 2.7. Research parts in Sects. 2.7.2 and 2.7.3 corre-
spond to pink and light blue color parts in the figure, respectively. The relative importance of the two research
areas will be compared to achieve the final goal of the research shown at the bottom of the figure

these species from the bottom of the upper atmosphere, unless there is some mechanism to
transport CO2 molecules to high altitudes in the thermosphere to provide a source of CO+

2

ions. One of the possible scenarios is upward transport of CO2 due to enhanced diffusion
caused by gravity waves (GWs) of lower atmospheric origin.

Once the CO2 molecules are transported to high altitudes, it will raise the CO+
2 mixing

ratio in the middle ionosphere. Then, ionospheric flows driven by momentum transfer from
the solar wind to the ionosphere may eventually pull out the CO+

2 ions into interplanetary
space through cold ion outflows through MHD processes. The outflow rate of CO+

2 ions
thus depends largely on the extent of the solar wind momentum and magnetic field pen-
etration. In order to understand the mechanism that enables the heavy molecular ions to
escape from Mars, it is essential to determine how the ionospheric flows are formed as a
result of momentum transfer from the solar wind above, and the wave-induced mixing from
below.

The MAVEN mission will provide a new set of data to address this question. It observes
the neutral source (IUVS/NGIMS/ACCEL), ionosphere (NGIMS/MAG/STATIC/IUVS), so-
lar wind (SWIA/MAG), and escape of the heavy ions together with essential plasma param-
eters (STATIC/SWEA/MAG/LPW). This PS research contributes to the MAVEN mission by
investigating effects of these regional couplings on Martian ionospheric flows and resultant
heavy ion escape based on a unique set of the original neutral and plasma simulations (local
PIC, MIS-MHD, DSMC, and GCM) and integrated data analysis of the above set of plasma
and neutral atmospheric observations by MAVEN. We set three specific targets to achieve
the goal. The outline of the research described in this subsection is summarized in Fig. 12.
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2.7.2 Role of KHI and Magnetic Field Penetration in Ionospheric Flows and Atmospheric
Escape

Ionospheric flows driven by momentum transfer from the solar wind to the ionosphere are
considered as a driver of cold ion outflows from Mars. To pull out the CO+

2 ions to inter-
planetary space, the momentum transfer must reach the lower ionosphere where the CO+

2
ions are abundant. Limited information provided by the Viking observations indicates that
the O+ and CO+

2 abundances become comparable at ∼210 km altitude (Hanson et al. 1977).
On the other hand, the ionopause, the boundary between the draping magnetosheath plasma
(induced magnetosphere) and ionosphere, is usually located above 300 km altitude (e.g.,
Mitchell et al. 2001). The outflow rate of CO+

2 ions thus depends largely on how deeply into
the ionosphere the solar wind momentum and magnetic field penetration can reach.

A viscous type interaction between the shocked solar wind and the ionospheric plasma
has been considered as one of plausible candidate mechanisms to cause the penetration
(e.g., Terada et al. 2002; Penz et al. 2004; Halekas et al. 2011). Terada et al. (2002) pointed
out that the interplanetary magnetic field (IMF) orientation could control the development
of the Kelvin-Helmholtz instability (KHI) and cause large undulations of the ionopause.
There have been several observations to show the wavy structures of the ionopause (e.g.,
Halekas et al. 2011). It is also observationally shown that the magnetosheath-like electrons
sometimes have access to the 400-km altitude depending on IMF orientation (Brain et al.
2005).

The comprehensive plasma measurements by MAG, STATIC, SWEA, SWIA, and LPW
onboard MAVEN will provide the necessary inputs for investigating the mechanism for
heavy molecular ions to escape from Mars. The effects of KHI and magnetic field pene-
tration into the ionosphere on the ionospheric outflows will be modeled using our kinetic
plasma simulations (local PIC) (e.g., Matsumoto and Seki 2010) and global Multi-Ion-
Species MagnetoHydroDynamic simulations (MIS-MHD) (Terada et al. 2009a, 2009b). The
modeled results will be compared to the plasma measurements by MAVEN to clarify the ef-
ficiency of momentum transfer, its dependence on the solar wind conditions, and its effects
on the cold ion outflows from Mars.

2.7.3 Investigation of the Role of Gravity Waves from the Lower Atmosphere

In addition to the momentum transfer from the solar wind, an enhanced transport of CO2

molecules to high altitudes in the Martian thermosphere is required to account for the large
amount of CO+

2 escape observed by Mars Express. Large-scale winds and eddy diffusion are
responsible for the main transport effect in the Martian thermosphere. GWs are important
in defining large-scale winds and eddy diffusion. Momentum deposited by gravity waves
upon their breaking and/or dissipation alters the global meridional circulation, thus affecting
mean zonal winds through the Coriolis force and changing mean temperature via the thermal
wind relation. Figure 13 is an example of the results of our Martian general circulation model
(GCM), illustrating how large-scale winds in the mesosphere and thermosphere are modified
by the drag due to GWs propagating from the lower atmosphere. On the other hand, GWs in
the Martian thermosphere have been found to be highly variable in space and time (Creasey
et al. 2006b; Fritts et al. 2006).

The effects of GWs for the typical conditions of MAVEN observations will be explored
by a study of couplings with the upper atmosphere through numerical simulations: (1) Sim-
ulation of neutral atmosphere from the planetary surface up to ∼150 km altitude with a Mar-
tian GCM (Medvedev et al. 2011; Medvedev and Yiğit 2012), (2) kinetic modeling of the
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Fig. 13 GCM runs without (left) and with (right) GWs. Red curves are meridional stream functions. Black
contours denote meridional wind. Color shade indicates GW drag. Note that the homopause (∼125 km alt.)
is located around ∼0.0001 Pa (Medvedev et al. 2011)

thermosphere and exosphere by Direct Simulation Monte-Carlo (DSMC) simulation (Ter-
ada et al. 2014, in preparation), and (3) MIS-MHD simulation of the solar wind-ionosphere
interaction (Terada et al. 2009a, 2009b). Simulations with and without GWs will be con-
ducted. Statistical distribution of density variations obtained from the IUVS and NGIMS
observations will be used to constrain the GW parameters. The GCM results will be used
to determine the lower boundary condition for DSMC, and then the thermospheric and exo-
spheric parameters will be used for the source population of plasma simulated in MIS-MHD.
The research described in Sect. 2.2 uses the same gravity wave code. Thus, the inferred wave
characteristics can be directly applied to constraining our GCM simulations with the interac-
tively implemented gravity wave parameterization. Further, in our research, we will use this
MGCM coupled with the upper atmospheric DSMC and MIS-MHD models to understand
the effects of gravity waves in the dynamics of upper atmosphere and ionosphere, where the
direct observation data by MAVEN will be available.

The results of the regional coupling simulations will be used to interpret the interpretation
of MAVEN remote sensing (IUVS) and in-situ (NGIMS/ACCEL) observations. A combina-
tion of our GCM, DSMC, and MIS-MHD simulations will provide quantitative information
about the GW-induced density, velocity, and temperature perturbations of CO2, N2, O, H,
CO+

2 , O+
2 , O+, and H+ in the Martian thermosphere, exosphere, and ionosphere, and thus

will play a role in the “science closure” of the MAVEN IUVS/NGIMS/ACCEL observa-
tions.

2.7.4 Solar Wind and Lower Atmospheric Effects on the Ionospheric Flows
and on the Atmospheric Escape

Using the results from the above two investigations as inputs for the global MIS-MHD
simulation of solar wind-ionosphere interaction, we will quantify what parameters are
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important in defining the ionospheric flows and the escape of ionospheric heavy ions.
The results will be compared with magnetic field (MAG), electron density (LPW), and ion
(STATIC/NGIMS/IUVS) observations by MAVEN. The escape rates of ionospheric ions
(CO+

2 , O+
2 , O+, and H+) will be compared with those of neutrals (CO2, O, and H) inferred

from the proposed research in the previous subsection. Through the interdisciplinary coor-
dinated study, we aim to understand the mechanism that enables the heavy molecular ions
to escape from Mars by determining how the ionospheric flows are formed as a result of
momentum transfer from the solar wind above, and the wave-induced mixing from below.

2.7.5 Summary

Understanding the fate of CO2 (greenhouse gas) is one of the important questions of the
MAVEN mission, which is crucial to unveil the evolution of the Martian surface environ-
ment. Our proposed research will quantify what parameters control the ionospheric flows
and the escape of the atmosphere, especially CO2, from present-day Mars. Some of our
models (e.g., DSMC and MIS-MHD models) are robust enough to be applicable to the ex-
trapolation backwards in the Sun’s history. Therefore, our proposed research will contribute
directly to the first and second MAVEN science questions (1) “what is the current state of
the upper atmosphere and what processes control it?” and (2) “what is the escape rate at
the present epoch and how does it relate to the controlling processes”, and also partly to
the third question (3) “what has the total loss to space been through time?”. The research
plan aims at understanding the mechanism of heavy molecular ion escape from Mars by
determining how the ionospheric flows are formed as a result of interactions between the
solar wind, ionosphere, exosphere, thermosphere, and lower atmosphere based on four sets
of simulation models and MAVEN observations (Fig. 12).

2.8 Multifluid MHD Study of the Solar Wind Induced Plasma Escape from the Martian
Atmosphere

Team: Ma, Y., UCLA; Nagy, A. and Gabor, T., U. Michigan; Russell, U., California Los An-
geles

2.8.1 Background

Even though the nature of the solar wind-interaction with Mars is expected to be similar
to that of Venus; the interaction process is more complicated due to its remnant crustal
magnetic field (Acuna et al. 1998). The upcoming MAVEN mission will provide an ex-
cellent opportunity to further understand this complicated interaction process. However, the
spacecraft can only provide measurement along its trajectory, a global model that could self-
consistently take into account the effects of the ionosphere, various kinds of collisions and
the crustal magnetic field is also needed to provide a global view of the interaction.

The global MHD model for Mars to be used in the study is part of the BATS-R-US
(Block Adaptive-Tree Solar-wind Roe-type Upwind Scheme) code (Powell et al. 1999; Toth
et al. 2005, 2012), which has been under development at the University of Michigan for
more than 20 years. The Mars MHD model (Ma et al. 2002, 2004; Ma and Nagy 2007) has
been widely used by the Mars science community (Liemohn et al. 2006, 2007; Li and Zhang
2009; Manning et al. 2011; Li et al. 2011; Curry et al. 2012; Fang et al. 2010; Brain et al.
2010). The recent version of the Mars model (Ma et al. 2004; Ma and Nagy 2007) has very
high radial resolution (∼10 km) in the ionosphere, which enables the model to reproduce
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Fig. 14 The calculated solar cycle minimum density profiles for the Viking case along radial lines for differ-
ent latitudes in the x–z plane. The Viking observations are indicated by the symbols, while the MHD model
results are shown by solid lines. Different colors represent different species (from Ma et al. 2004, Fig. 8)

accurately the locations of various plasma boundaries around Mars, such as the bow shock
and the magnetic pile-up boundary (MPB). This fine radial resolution also allows the model
to capture the changes of the ionospheric structure due to solar wind interaction. As plotted
in Fig. 14, the density profiles vary significantly with location, indicating that the solar wind
and crustal field source all have strong influence on the ionospheric structure.

The model has been recently updated to a multi-fluid MHD model (Najib et al. 2011).
This new version of the model solves the density, velocity and pressure of proton and three
heavy planetary ions (O+, O+

2 , CO+
2 ). The Martian ionosphere is calculated self-consistently

based on transport effects induced by solar wind interaction as well as the source and loss
terms determined by chemical reaction rates and the preset neutral profiles. The multi-fluid
model allows different ion fluids to move at their own velocities and have different tem-
peratures. It is able to reproduce the additional asymmetry along the convection electric
field direction, as shown in Fig. 15. The asymmetry in the single fluid model is mainly
caused by the crustal magnetic field. The multi-fluid MHD model results show that the
velocity patterns are different for different mass ion fluids. The heavier the ion mass per
particle, the more significant the flow becomes along the convection electric field direc-
tion.

2.8.2 Investigation

In this study, we will further improve the current multi-fluid MHD model to include an elec-
tron pressure equation to self-consistently calculate the electron temperature. The electron
pressure equation included in the improved model can accurately calculate the electron tem-
perature and the electron pressure force. The electron temperature is also needed to calculate
rates of some chemical reactions such as dissociative recombination (e.g. O+

2 + e → O + O
and CO+

2 + e → CO + O) and electron impact ionization that are all depending on the elec-
tron temperature. So the improvement of the model is expected to lead to more accurate
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Fig. 15 Density contours of proton and oxygen ion from single-fluid model (upper two panels) and multi-
-fluid model (lower two panels). The flow patterns of H+ and O+ are the same for the single fluid model,
but are significantly different from each other for the multi-fluid model as indicated by the white arrows.
The black dashed line represents the observed mean bow shock and the dash-dot line shows the mean MPB
location. (Adapted from results of Ma et al. 2004 and Najib et al. 2011.)

evaluation of the ion density in the ionosphere. Similar work has been done for the Titan
MHD model (Ma et al. 2011) and it showed that the inclusion of electron pressure equa-
tion in the model leads to a significantly improved agreement between the model field and
Cassini magnetometer data below the ionopause.

The improved multi-fluid MHD model will be used to locate the most intense region for
plasma bulk escape to provide guidance for the operation and data collection of the MAVEN
mission. The improved model is also to be used for detailed model-data comparison for
a few selected typical orbits of MAVEN (including a few from deep-dip campaigns). We
expect that the comparison can provide valuable constraints for the model and lead to a
better understanding of the dominant physical processes that are controlling the state of the
Martian ionosphere; it can also help to interpret MAVEN plasma data and provide global
context for the observations.

The model will also be used to estimate the escape rates of major planetary ions at dif-
ferent stages over Martian history using appropriate solar wind conditions and neutral at-
mospheric profiles. We plan to simulate each of the 6 solar EUV conditions (ranging from 1
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to 100 times the current radiation level) as listed in Table 1 of Boesswetter et al. (2010)
using the improved multi-fluid MHD model. The neutral atmosphere profiles for early Mars
is from Lammer et al. (2006) for corresponding EUV fluxes. Boesswetter et al. (2010) sim-
ulated those cases using a hybrid model but without crustal magnetic field. As we learned
from previous studies, the escape fluxes depend on the orientation of the crustal field, so we
will run two cases for each condition, assuming that the strong crustal field region is either
facing toward the sun or 180 degrees away. The escape fluxes for each of the two cases will
be calculated and then averaged to estimate the plasma escape fluxes at different stages of
Martian history. The total escape fluxes will also be integrated based on the escape fluxes of
the 6 different EUV conditions.

2.8.3 Summary

The object of the study is to use a global multi-fluid MHD model that will be constrained
by MAVEN observations to enhance our understanding of the magneto-plasma environment
around Mars and to quantify the solar wind induced plasma escape from the Martian atmo-
sphere/ionosphere. Results from the global multi-fluid MHD model for specific MAVEN
events will be used to interpret MAVEN plasma data and provide global context for the
observations. The improved model will also be used to estimate the escape rates of major
planetary ions at different stages over Martian history with appropriate solar wind condi-
tions and neutral atmospheric profiles. MHD model results from different runs will be made
available to all MAVEN team members.

2.9 Ion Cyclotron Waves and Pickup Ions as a Measure of Atmospheric Loss

Team: Crary, F., Dols, V., U. Colorado Boulder; Delamere, P., U. Alaska

2.9.1 Background Science

Observations by the Mars Global Surveyor, Mars Express and Phobos 2 spacecraft (Brain
et al. 2002; Delva et al. 2011 and references therein) have shown that Mars has a hydrogen
exosphere which extends as much as ten Martian radii from the planet. These hydrogen
atoms ionize and are “picked up” in the solar wind flow. Neither the associated hydrogen
loss rate nor the structure of this extended exosphere, have been well determined.

The resulting pickup protons have a distinctive “ring-beam” velocity distribution and
generate low frequency electromagnetic waves near the ion cyclotron frequency. This pro-
cess has been observed in almost every environment where neutrals are ionized in a flowing
plasma. Direct measurements of pickup ions have been made at Mars (Yamauchi et al. 2006),
comets (Coates 2004 and references therein), and Saturn (Tokar et al. 2008). Figure 16 shows
measurements of pickup ions from the Mars Express ASPERA-3 instrument.

A ring-beam distribution is highly unstable unless damped by a background popula-
tion of thermal ions, and spontaneously generates electromagnetic waves near the ion cy-
clotron frequency, Ωi = qiB/mi , where qi and mi are the ion’s charge and mass and
B is the magnetic field strength. These ion cyclotron waves are left-circularly polarized
and propagate along the magnetic field. Ion cyclotron waves have been even more widely
observed, at Venus (Delva et al. 2011, and references therein), Mars (Brain et al. 2002;
Bertucci et al. 2005), comets (Huddleston and Johnstone 1992), Jupiter (Huddleston et al.
2000) and Saturn (Leisner et al. 2006).

These and other, related works show the value of ion cyclotron waves and pickup ion ob-
servations: They are a clear indicator of neutral gas being ionized. The wave frequency gives
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Fig. 16 Mars Express measurements of a ring distribution outside the Martian bow shock. The background
solar wind ions are marked “SW” and solar wind alpha particles can be seen at twice the energy of the back-
ground protons. The ring distribution peaks at four times that of the solar wind protons, which is characteristic
of pickup protons (Yamauchi et al. 2006)

the approximate mass of the recently ionized particles. The distribution and intensity of the
waves can be used to estimate the distribution of the neutral gas. But making a quantitative
link between the observations and the ionization rate or neutral gas density has remained
elusive.

2.9.2 Measurements Employed

Observations of the pickup ions themselves are the most direct measure of ion produc-
tion. Unfortunately, these measurements are difficult and relatively rare. The distinctive
pickup ion distribution is superimposed on that of the background plasma. The density of
the recently ionized particles is typically much lower than the background density. Since
the pickup ions are often the same species as the background ions, even mass-resolving
plasma instruments such as MAVEN/STATIC have difficulty separating the pickup from the
background. Overall, this makes the direct measurement of pickup ions challenging.

In contrast, ion cyclotron waves are more easily detected. The waves have a narrow fre-
quency peak, occur close to a known frequency and have a specific polarization. Even low
amplitudes of under 0.1 nT (3 % of the solar wind field at Mars) are within the sensitiv-
ity of magnetometers. This makes high-signal to noise observations of ion cyclotron waves
relatively common. In some places outside the Martian bow shock, Brain et al. (2002) re-
ported detections of ion cyclotron waves 50 % of the time Mars Global Surveyor was in
that region. This sort of continuous data sets allow studies of the spatial distribution and
variability of the parent neutral gas. The primary limitation of studying ion cyclotron waves,
and of quantifying the ion production rate, is the wave generation process itself. It is unclear
what fraction of the ions’ kinetic energy is converted to wave energy, and therefore how to
convert an observed wave amplitude to a local ionization rate.

Initial studies of pickup ions and ion cyclotron waves, such as Huddleston and Johnstone
(1992), found an approximate analytic form for the scattering of particles by the waves.
This allowed them to estimate what fraction of an ion’s initial, kinetic energy could be
converted to wave energy. Recent numerical simulations (Cowee et al. 2007) have shown
that this conversion efficiency may be off by as much as a factor of four. In another context,
Saturn’s magnetosphere, Leisner et al. (2006), calculated the Poynting flux of the observed
waves. They then equated the wave energy propagating away from the source region with
the kinetic energy of the freshly produced pickup ions and calculated an ion production rate.
It is not clear how accurate this approach is, but it does assume that the observations are
made outside the source region and that the direction of wave propagation is known.

In the case of Mars, the problem is more difficult. The growth rate of the waves is typ-
ically a small fraction of the wave frequency (e.g. a few percent). Cowee and Gary (2012)
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Fig. 17 Examples of ion cyclotron waves observed by Mars Global Surveyor on April 24, 1998. The top
panel shows the spectrogram computed from the Fourier transform of Bx − iBy to give the intensity of the
left circularly polarized waves. The bottom panel shows the polarization, (Ileft − Iright)/(Ileft + Iright). Black
lines indicate the proton and oxygen cyclotron frequencies

using one dimensional hybrid simulations, noted that the pickup ions and the waves they
produce will advect far downstream of Mars before the growth process saturates or reaches
any equilibrium. As a result, understanding the relation between the waves and the pickup
ions is a dynamic process where the evolution of the wave spectrum and the ion distribution
must be considered, rather than their initial or final state.

The planned MAVEN analysis of pickup ions and ion cyclotron waves is a three-step
process. First, the MAG data will be processed into dynamic spectra. Ion cyclotron waves
will be identified (as well as other ultra-low frequency plasma waves). Figure 17 shows an
example of this using MGS data and a time interval studied by Brain et al. (2002). From these
spectra, the waves’ amplitude, peak frequency and other properties are determined. Second,
the STATIC data will be examined to identify times when high-quality ion and wave data are
both available. Using these intervals as case studies, a combination of theoretical analysis
and hybrid simulations will allow us to relate the wave properties to the ion production rate.
From this, the exospheric ionization rates can be calculated for all times when ion cyclotron
waves are observed.

Based on Mars Global Surveyor observations, we anticipate high-quality data primarily
from pickup protons outside the Martian bow shock. This represents 20–40 % of the time
when MAVEN’s apoapsis is on the dayside of Mars. Inside the bow shock, the plasma en-
vironment is highly variable and pickup ions advect through a very heterogeneous environ-
ment as they generate ion cyclotron waves. For observations inside the bow shock, we will
make empirical comparisons between the wave properties and the pickup ion distributions.

Identification of oxygen cyclotron waves would be of great interest. But it is as techni-
cally difficult as it is interesting. The oxygen cyclotron period (∼350 s) in a typical solar
wind magnetic field. This makes it unlikely the spacecraft will remain in a more-or-less uni-
form environment for the tens of periods needed for a clear identification. Closer to Mars,
especially over the crustal magnetic anomalies, the cyclotron period will be much smaller.
But the environment will also be much more variable and the spacecraft will be moving
through it more rapidly. To date, here has only been one, tentative identification of waves
at the oxygen cyclotron frequency (Espley et al. 2005). A systematic search for oxygen
cyclotron waves will be conducted, but there is no assurance of definitive results.

The instruments on MAVEN will provide the first simultaneous measurements of ion
cyclotron waves near Mars and the pickup ions that generate them. Past missions have mea-
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sured the waves. Others have measured the pickup ions. But, with the exception of Phobos 2,
MAVEN will be the first Mars mission with both a magnetometer and a plasma analyzer.
Phobos 2 did not make any simultaneous detections of ion cyclotron waves and pickup
ions. Simultaneous measurements are the key to relating wave properties to ionization rates.
MAVEN’s STATIC instrument will provide compositionally-resolved measurements of the
ion velocity distribution with integrated times of 256 seconds or less.

2.9.3 Analysis of Measurements

When pickup ions are identified, we will compare their velocity distribution to that predicted
by hybrid modeling. These comparisons will be used to correct and improve the model and
its assumptions about pickup production rates and the ionization of the neutral exosphere.
This will allow us to accurately estimate ionization rates from ion cyclotron wave data, even
at times when direct particle measurements of the pickup ions are not available.

Modeling the generation of ion cyclotron waves by pickup ions requires a complete de-
scription of the non-Maxwellian particle distributions of the ion. Hybrid simulations accom-
plish this by treating ions as discrete particles while modeling electrons as a fluid. The hybrid
technique was first proposed by Harned (1982), and the particular algorithms for our code
were developed by Swift (1995), and Delamere (2009). In the past, it has been applied to
diverse problems including the generation of ion cyclotron waves by pickup in the vicinity
of Jupiter’s moon, Io.

2.9.4 Summary

The MAVEN data set, combining both magnetic field and ion measurements, provides an
excellent opportunity to learn about the structure and loss of the Martian exosphere. The
ionization of the neutral exosphere produces pickup ions in a ring-beam distribution. The
STATIC instrument will directly measure these distributions, but probably not at all times
due to the low flux of these ions. The MAG instrument will measure ion cyclotron waves
generated by pickup ions, and will probably do so with a high signal-to-noise and for a
large fraction of the time. Combining simultaneous MAG and STATIC measurements with
numerical, hybrid simulations will provide the link between the wave measurements and the
ionization rate. Such measurements constrain models of the Martian exosphere and its loss
to space.

3 Conclusion of Paper

The goal of the MAVEN mission is to assess the physical and chemical processes that gov-
ern Mars’ current atmosphere in order to guide meaningful extrapolations into its past. That
agenda is, arguably, the most ambitious topic ever addressed in the field of planetary at-
mospheres. The ultimate prize—how the gaseous envelope of Mars escapes (currently and
in the distant past)—is linked to the fundamental search for the origins and maintenance of
life in the Solar System (and beyond). To address such lofty goals, the MAVEN mission is
not composed of astro-biology instrumentation designed to detect markers of life nor are its
sensors chosen for stand-alone studies. The measurements were chosen to provide an inte-
grated systems approach to investigate the innate coupling processes between solar induced
plasma inputs and the atmosphere. The upper atmosphere of Mars is a complex blend of neu-
tral and plasma processes driven by mechanism that are internal to it, as well as by important
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couplings from above and below. The Systems Approach requires—and MAVEN offers—
a comprehensive set of measurements and a science team knowledgeable about the entire
system. The addition of the Participating Scientists to the MAVEN team has added further
valuable expertise to the MAVEN mission and will facilitate the attainment of MAVEN’s
ambitious system focused goals.

Acknowledgement Support from NASA’s MAVEN Participating Scientist Program is acknowledged for
all the studies.
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