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Abstract we estimate the annual variability of CO, and O partial density using approximately 6 years of
Mars Reconnaissance Orbiter (MRO) radio science data from August 2006 to January 2012, which cover three
full Martian years (from the northern hemisphere summer of 28 to the northern hemisphere summer of 31).
These two elements are the dominant species at the MRO periapsis altitude, constituting about 70-80%

of the total density. We report the recovered annual cycle of CO, and the annual and seasonal cycle of O

in the upper atmosphere. Although no other observations are available at those altitudes, our results are

in good agreement with the density measurements of the Mars Express Spectroscopy for Investigation of
Characteristics of the Atmosphere of Mars, which uses stellar occultations between 60 and 130 km to
determine the CO, variability, and with the Mars Global Reference Atmospheric Model 2010 for the O annual
and seasonal variabilities. Furthermore, the updated model provides more reasonable MRO drag coefficients
(Cp), which are estimated to absorb mismodeling in the atmospheric density prediction. The higher content
of dust in the atmosphere due to dust storms increases the density, so the Cjs should compensate for this
effect. The correlation between the drag coefficient and the dust optical depth, measured by the Mars
Odyssey Thermal Emission Imaging System (THEMIS) instrument, increases from 0.4 to 0.8 with the a priori
and adjusted models, respectively. The trend of Cys not only confirms a substantial improvement in the
prediction of the atmospheric density with the updated model but also provides useful information for
local dust storms, near MRO periapsis, that cannot be measured by the opacity level since THEMIS does not
always sample the southern hemisphere evenly.

1. Introduction

Investigation of the atmosphere and climate of Mars relies on both in situ and remote sensing measurements,
which provide information on its pressure, temperature, and density from the surface to the top of the atmo-
sphere. These data are then compared with and incorporated in models to understand the physical processes
that characterize the current Martian climate [Smith, 2008].

A variety of different data have been collected to determine properties of the Mars atmosphere. Landers have
been used as meteorological platforms, designed to measure humidity, pressure, temperatures, and wind
speed to determine the evolution processes, and present state, distribution, and cycling of water and car-
bon dioxide [Grotzinger et al., 2012]. Spacecraft are usually equipped with dedicated onboard instrumentation
for infrared sounding, visible imaging of clouds and dust, radio and UV occultations, and near-infrared spec-
troscopy. These primary tools for atmospheric observation provide a good coverage for the determination
of atmospheric density and temperatures especially in the low and middle atmosphere. The lack of partial
and total atmospheric density data in the Mars thermosphere (the region of the upper atmosphere between
approximately 120 and 195 km altitude Valeille et al. [2009a], where the temperature increases with altitude)
and the exosphere (the outermost layer of the atmosphere, above 195 km altitude, from which molecules
can escape the Mars’ gravitation) significantly affects the accuracy of the atmospheric models at these alti-
tudes. Mars atmospheric models, such as Stewart-87 [Stewart, 1987], Drag Temperature Model (DTM)-Mars
[Bruinsma and Lemoine, 2002; Rosenblatt et al., 2008], and Mars Global Reference Atmospheric Model
(Mars-GRAM) [Justus et al., 1996], have been used, among other applications, in orbit determination programs
to compute the atmospheric drag acceleration.
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The Radio Science Gravity Investigation of the Mars Reconnaissance Orbiter (MRO) mission aims to improve
the knowledge of the structure of the static Martian gravitational field and characterize its temporal variability,
relevant to the planet’s internal dynamics, and the structure and dynamics of the atmosphere [Zuber et al.,
2007]. The 7 years of radio tracking data available can potentially be used to recover the seasonal variation
of the low-degree zonal gravity coefficients for this purpose. However, the large errors in the atmospheric
drag modeling, due to the low MRO altitude (periapsis at 255 km), reduce the benefits of the MRO tracking
data. As a result, Konopliv et al. [2011] noted that MRO could not be expected to help extend the seasonal
gravity monitoring begun with the Mars Global Surveyor (MGS) mission in 1997 and continued by the Mars
Odyssey mission.

The strong drag forces acting on the MRO spacecraft have been generally considered as a limiting perturba-
tion for the spacecraft orbit determination. On the other hand, the drag effect provides indirect measurements
of the Martian atmospheric density that may be exploited to retrieve the long-term variability of the par-
tial density of the Mars upper atmosphere constituents. For this reason, we implemented the semiempirical
DTM-Mars thermosphere model based on the Drag Temperature Model algorithm, originally developed for
the terrestrial thermosphere [Bruinsma and Lemoine, 2002; Berger et al., 1998] in our orbit determination and
geodetic parameter estimation software, GEODYN II, developed and maintained at NASA Goddard Space
Flight Center (GSFC) [Pavlis et al., 2013]. The DTM-Mars model provides a convenient way to directly estimate
the coefficients that control the atmospheric temperatures and partial densities of each species. The model,
indeed, is based on the hypothesis of static diffusive equilibrium of the atmospheric constituents, which
is valid in the heterosphere [Bruinsma and Lemoine, 2002]. Therefore, the total density is given by the sum
of the partial densities, which are expressed as spherical harmonic expansions that reproduce periodic and
nonperiodic variations.

In this paper, we directly estimate some of the atmospheric model coefficients from the complete radio data
setand we report on the annual and seasonal variabilities of O, which is the major constituent at the MRO peri-
apsis altitude, and the annual variability of CO,. This analysis includes observations from three Martian years
(from August 2006 to January 2012). Furthermore, we processed an additional MRO year (from January 2012
to April 2013) to provide an independent data set for comparison of the predictions of atmospheric density
with the a priori and adjusted DTM-Mars models. The updated model provides atmospheric density profiles
that may be used to improve general circulation models near 250-300 km altitude. The determination of the
O partial density in the upper atmosphere, in particular, can lead to a better understanding of the compo-
sition and the dynamics of the Martian upper thermosphere and exosphere. The O to CO, ratio, also called
atom-to-molecule ratio (noted r, ,, in Valeille et al. [2010]), represents a critical parameter for the processes
shaping the Martian upper atmosphere, such as ion production, plasma heating, and escape loss due to inci-
dent pickup ions. The local background densities of these two species regulate directly the production of OF,
which is the main ion in the Martian ionosphere and plays a crucial role in the formation of the hot corona
[Valeille et al., 2009a].

This paper is structured as follows. In section 2, we discuss the data and the models used in this study to
determine precise orbits for MRO. In section 3, we introduce the Mars upper atmospheric modeling, focusing
on the estimation of model coefficients. Finally, we will show results in section 4, describing sensitivity analysis,
estimation of CO, and O annual and semiannual variabilities, and validation of the adjusted model.

2. Data and Methods

2.1. MRO Radio Science Data

MRO was launched on 12 August 2005, and at the end of August 2006 it began providing radio tracking
data for the Radio Science Gravity Investigation [Zuber et al., 2007]. More than 7 years of radio tracking mea-
surements have been collected, covering nearly four Martian years. The Doppler shift of the signal measures
the spacecraft velocity in the line of sight from Earth (range rate), and the round trip propagation time of the
tracking signal gives a measurement of the relative distance between the ground tracking station and the
spacecraft (range). This large amount of data allows us to estimate the long-term periodicity of the Martian
atmosphere with three complete Mars' years of data, using the remainder for validation purposes. MRO moni-
tors Mars from a quasi-circular polar orbit (the inclination is 92.5°) with a periapsis at 255 km altitude and 82°S
latitude, which allow MRO to be in a near-frozen orbit [Cutting et al., 1978; Bowes et al., 2003]. The altitude was
chosen to make the orbit Sun synchronous, with a fixed crossing time of 3 PM. at the ascending node, so that
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Figure 1. Noise level of the individual tracking passes of MRO, measured as the RMS of the Doppler residuals, as a
function of the Sun-Earth-Mars angle. The Doppler data RMS is at 60 s integration time. The red spots are the actual
noise of the Doppler data, whereas the blue spots are the RMS after filtering out of the 3-5 s signal.

images are taken under near-ideal lighting conditions. As a consequence, this orbit configuration limits our
sensitivity to local solar time and latitudinal variations of the Martian atmospheric constituents.

The MRO tracking data consist of two-way and three-way coherent Doppler data from the Deep Space
Network. The difference between two-way and three-way data is that in the first case the signal is transmit-
ted to MRO, transponded coherently back to the Earth and received at the transmitting station. In the case
of three-way data, the signal is received at a different station, leading to less accurate measurements. We
did not include one-way data in our solution, since the noise of the one-way data is about 5 times greater
than the two-way data because of the poor stability of the MRO Ultra-Stable Oscillator compared to the
Hydrogen-maser clocks at the ground stations [Konopliv et al., 2011]. The MRO tracking system enables range
and range rate measurements at X-band (uplink and downlink frequencies of 7.18 and 8.4 GHz, respectively).
A gimbal-steered 3 m diameter high-gain antenna (HGA) and two small deep-space transponders are hosted
on board [Taylor et al., 2006]. We modeled the orientation of the spacecraft antenna using the telemetered
time-variable inner and outer gimbal angles [Semenov and Acton, 2007]. We also tracked the relative posi-
tion of the MRO HGA with respect to the spacecraft center of mass to account for the apparent line-of-sight
velocity due to the HGA motion.

The sensitivity of the Doppler measurements is limited by different error sources, such as thermal noise,
solar plasma, and ionospheric and tropospheric delays [Sniffin et al., 2000; Asmar et al., 2005]. The resulting
accuracy for MRO is 0.08 mm/s over a 60 s integration time, outside of solar conjunction periods
[Bowes et al., 2003; You et al., 2005; Zuber et al., 2007]. We used tracking data TRK2-18 files (http://pds
-geosciences.wustl.edu/mro/mro-m-rss-1-magr-v1/mrors_{O}xxx/) for MRO, which provide Doppler data at
1 s integration time. The noise of these data increased by an unknown spacecraft or transponder periodic
signature with periods that vary in a range between 3 and 5 s (Figure S1 in the supporting information).
Figure 1 shows the typical X-band MRO accuracy for 1 s samples, scaled to 60 s integration time with the
purpose to compare it with previous studies [Zuber et al., 2007; Konopliv et al., 2011]. Filtering out the anoma-
lous 3-5 s signal in the Doppler RMS, the noise level decreases significantly to the RMS of 0.04 mm/s. The
solutions reported in this paper are achieved with 1 s Doppler data available on the NASA Planetary Data
System, which include the 3-5 s signature. However, this high-frequency signal does not affect the estimation
of long-period variability of the Mars atmospheric constituents.

2.2. Precise Orbit Determination

The estimation of the Martian atmospheric density variability, as well as the recovery of the Mars gravity field,
requires precise orbit determination of the MRO spacecraft. At NASA GSFC, the orbit determination of MRO
is performed using the GEODYN Il Orbit Determination and Geodetic Parameter Estimation software [Pavlis
etal., 2013]. The MRO tracking data, both range and range rate, are processed dynamically in 1 or 2 day arcs
by means of a batch least squares filter [Tapley et al., 2004]. We divide the data into arcs (a continuous span
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of time) in order to minimize the buildup of errors caused by the mismodeling of forces. In general, arc length
is a compromise between increased sensitivity with respect to parameters, and this error buildup. The param-
eters that are estimated are divided into two sets: arc parameters, which affect only measurements within an
arc (e.g., the initial state and the drag parameter Cp), and common parameters, which affect all measurements
(e.g., gravity parameters and atmospheric parameters). First, the arc parameters are determined through iter-
ation using batch least squares. Once this is converged, the partial derivatives of all parameters (including the
common parameters) are generated. Then, the normal equation system per arc is formed, and all systems are
added into the final normal equation system, which is then solved, yielding the final estimates of the com-
mon parameters. Arc parameters can be solved simultaneously, or they can be solved implicitly by taking
into account their Schur complement [Demmel, 1997]. The least squares technique consists in the adjust-
ment of the estimation parameters in order to minimize the observation residuals (e.g., discrepancies between
observed and predicted values).

In order for GEODYN to accurately obtain the computed observables (predictions), the measurement mod-
els include tropospheric and ionospheric delays, Earth orientation parameters (supplied by the International
Earth Rotation Service [Gambis, 2004]) and ocean loading corrections. We carefully modeled all the satel-
lite forces, with particular emphasis on gravitational, radiation pressure, and atmosphere drag. The Mars
geopotential U is modeled as a spherical harmonic expansion [Kaula, 1966] as follows:

m i
y=SM { 1+ Z (E )I Z[C,m cos mA + S, sin mAJP,,(sin ¢)} (1
r =2 r m=0

where GM is the planetary gravitational constant, r, 4, and ¢ are the body-fixed coordinates of radial distance,
longitude, and latitude, respectively, the a, is the reference equatorial radius, P,,, are the normalized asso-
ciated Legendre functions of degree / and order m, and C,,, and S,,, are the normalized spherical harmonic
coefficients. In our analyses, we used the MROMGMO0032 model that provides the Mars gravity field to degree
and order 95 [Lemoine and Mazarico, 2009]. The model includes 2 years of MRO data (from August 2006 to
August 2008), 6 years of Mars Odyssey data (from 2002 to 2008), and the entire set of MGS. The reference
radius was set to 3396.0 km, and the coordinate system was based on a more complete Mars orientation model
with nutation recovered by Konopliv et al. [2006] from MGS and Mars Odyssey tracking data. The gravitational
potential also includes modifications due to tides caused by the Sun and Phobos and seasonal CO, cycle. The
tidal potential is expressed in terms of the Love number k, = 0.17645 as determined by Konopliv et al. [2011].
The seasonal signal is modeled as a harmonic variation of the C,, and C;, expected functional form [Konopliv
et al., 2006; Zuber et al., 2007; Konopliv et al., 2011]. The positions of Mars, Phobos and Deimos, are obtained
from the Jet Propulsion Laboratory ephemerides DE421 [Folkner et al., 2009] and MAR085 [Jacobson, 2010]
and are required for third-body perturbations and Doppler and range processing.

The modeling of the nonconservative forces is critical to the orbit determination of MRO, as they significantly
affect its trajectory. The three major forces that act on the spacecraft are the atmospheric drag, the solar and
planetary radiation pressure, and the spacecraft thrusts used to desaturate the angular momentum wheels
(called Angular Momentum Desaturation maneuvers or AMDs). The MRO AMDs happened every day for the
first few months of the mission, but only every 2 days after November 2006. For this reason, we chose arc
lengths of 1 or 2 days in order to exclude the AMDs from the solutions. To compute the effects of radiation
pressure and drag, the spacecraft is modeled as a set of plates representing the spacecraft bus, the solar pan-
els, and the antenna. The orientation of each plate is determined from spacecraft telemetry and the specular
and diffusive coefficients for each plate are based upon combination of surface types [You et al., 2007]. The
MRO panel reflectivities and the scaling factor for the solar pressure force (C; = 1) are not estimated.

A more precise computation of the spacecraft cross-sectional areas for the radiation pressure and the atmo-
spheric drag is achieved by accounting for the interplate self-shadowing of the spacecraft physical model
[Mazarico et al., 2009]. The consideration of self-shadowing significantly improves the fidelity of both solar
radiation pressure and drag accelerations. The large size of the MRO high-gain antenna, necessary to transmit
the large amount of data, leads to significant self-shadowing in the Sun and velocity directions. The model-
ing of the self-shadowing for the atmospheric drag force on MRO is particularly important for our purposes,
since the discrepancies in the drag acceleration with and without self-shadowing can be up to 1 x 1078 m/s?
[Mazarico et al., 2009].
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Figure 2. MRO atmospheric drag coefficients (Cp) during the first 6 years of the mission that cover four Martian Years
(MY) between 28 and 31. Red and blue dots represent the Cp determined with Stewart-87 and DTM-Mars models,
respectively. The vertical red lines correspond to 0° areocentric longitude.

The atmospheric drag acceleration is given by the following expression:

1pCpV?
4rag = 3 m ZAini ‘Ny (2)
i

where G, is the aerodynamic drag coefficient, V is the spacecraft velocity, ny, the along-track vector, A; and
n; the surface area and normal vector for each of the macro model plates, and m the mass of the spacecraft.
The lateral wind and aerodynamic lift are neglected in this study. A semiempirical density model, Stewart-87
[Stewart, 1987], has been previously included in our orbit determination program to predict the density p
along the spacecraft trajectory. The atmospheric drag model has been recently updated to use density val-
ues (p) from the DTM-Mars model, which is described in detail in section 3. The main advantage of including
this semiempirical atmospheric model in our orbit determination software is the possibility not only to have
better predictions of atmospheric density and temperatures but also to enable the direct estimation of its
coefficients. The DTM-Mars model is based on the assumption of diffusive equilibrium of the atmospheric con-
stituents in the upper atmosphere, so the total atmospheric density p is the sum of the partial densities of the
different species. Each partial density is the sum of the terms that include both short- and long-term periods,
which are defined in detail in section 3. The coefficients that quantify the variability of the major atmospheric
constituents appear explicitly in the atmospheric drag acceleration, so the computation of the partial deriva-
tives of the spacecraft acceleration with respect to the DTM-Mars coefficients is straightforward. Following
the procedure outlined at the beginning of this section, the atmospheric parameters are determined as the
common parameters from a series of arcs covering the whole data span (~7 years).

We also adjusted the drag aerodynamic coefficient, once per orbit, to mitigate perturbations that are not
included in the DTM-Mars model, such as the dust storms. The spacecraft aerodynamic drag coefficient, which
depends especially on the shape of the spacecraft, is known with an accuracy of ~4.5% [Tolson et al., 2008];
therefore, its correction is used to empirically scale the atmospheric density. The MRO C, over the range of
expected densities for flow along the along-track direction is between 1.7 and 2.3 [Tolson et al., 2008]. To
ensure smooth variations between C,, estimates over adjacent orbital periods, we applied time correlation
constraints on the C, of the same arc. Rowlands et al. [2010] and Lemoine et al. [2013] already used spatial and
temporal constraints for mascon parameters (Gravity Recovery and Climate Experiment mission) and orbital
accelerations (Gravity Recovery and Interior Laboratory mission), respectively. The weight assigned to the
constraint equations is defined as

t;
W,-j=5><exp<1—?’> 3)

where W is the weight given to the constraint between two parameters jand j, S = 1/62, 6, is the sigma
assigned to control the amplitude of the estimated parameters, t; is the difference in time between the two
time tags of the two parameters i and j, and T is the correlation time. We chose this later parameter to be
one orbital revolution (112 min), 6, was set to be 0.1, and the a priori uncertainty on the single C, is equal
to 10. Figure 2 shows a comparison of the time series of the drag coefficients estimated in the POD process
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Figure 3. Total amplitude of the OPR along-track accelerations (red dots) and g angle (blue line) during the MRO
mission. The accelerations show maximum values at minimum g angles, absorbing especially solar radiation pressure
mismodeling.

using densities from the a priori DTM-Mars and the Stewart-87 models. The estimation of C, with DTM-Mars
is more stable, and a trend is clearly visible during the Martian year, with maximum drag coefficients during
the summer in the Southern Hemisphere (Figure S2). This trend is primarily due to inaccuracies in the annual
symmetrical and seasonal terms of the thermosphere constituents of the DTM-Mars model but also due to
dust storm events, which are strongest at areocentric longitudes (L) between 180 and 360°.

To improve the fit of the Doppler data and estimate accurately the long-term periodic atmospheric variations,
we also included a set of empirical along-track once-per-revolution (OPR) periodic accelerations (cosine and
sine terms) over each arc to mitigate mismodeling in the solar and planetary radiation pressure models (e.g.,
solar panel degradation and thermal emission of the spacecraft panels). However, these parameters tend also
to absorb mismodeling of the higher harmonic coefficients of the gravity field and errors in the model den-
sity values. Therefore, we applied an a priori uncertainty on these accelerations (both sine and cosine terms)
of 1 x 107° m/s?. Figure 3 shows the total amplitude of the along-track OPR accelerations per each arc in our
POD solution. The amplitude of these accelerations is on average ~1x1078 m/s?; they are relatively stable
when the g angle (angle between the orbit plane and the vector from the Sun) is larger than 40° but reach a
maximum (3 x 1078 m/s2) at minimum solar incidence angle. The drag acceleration induced on the spacecraft
is always larger than the OPR accelerations, up to 2 orders of magnitude during some periods of the Martian
year (Figure S3). The sine and cosine terms of the OPR accelerations help absorb mismodeled variations of the
drag forces due to local time or latitudinal variability of the atmospheric density. MRO is in a Sun-synchronous
orbit; therefore, latitudinal and local time terms are strongly correlated, and they cannot be well determined
in this analysis. We did not use any constant term of these accelerations in order not to absorb mismodeling
in the annual and semiannual variations of the partial densities of the atmospheric constituents (section 3).
Furthermore, we did not include any cross-track OPR accelerations in our POD solution in order to limit the
number of estimation parameters. The solar radiation pressure slightly perturbs the orbit of the spacecraft
in this direction, and the cross-track accelerations can absorb this mismodeling at certain orbit geometries.
Nevertheless, the atmospheric solution does not show any significant change when those accelerations
are incorporated.

From the total 968 converged arcs in total for our radio tracking data analysis of MRO, from August 2006
to January 2012, we downselected 748 arcs by excluding all the arcs that occurred during superior solar
conjunctions (Sun-Earth-Probe angle < 20°). The selected arcs are included in a global solution focused on
the estimation of the annual symmetrical and seasonal variability of the major constituents of the Martian
atmosphere at the MRO altitudes such as CO,, O, and He.

3. Mars Upper Atmosphere Modeling

The Mars upper atmosphere is conventionally partitioned into a thermosphere that is the region above
100 km, where the temperature increases with increasing altitude, and an exosphere. The MRO periapse is
located just above the boundary, called exopause, that delimits these two regions. The temperature and
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density of the upper atmosphere are regulated by the energy input from solar Extreme ultraviolet (EUV)
absorption, and the diffusive separation of individual gases [Barth et al., 1992]. The solar cycle, Martian sea-
sons, the upward energy propagation from the turbulent lower atmosphere, and the fluctuating amount of
dustin the atmosphere all further contribute to variability [Bougher and Shinagawa, 1998; Bougher et al., 2000].
These mechanisms have only been partially characterized by the in situ and remote sensing measurements,
primarily because of the limited coverage in space and time [Keating et al., 1998; Valeille et al., 2009a].

MGS, Mars Odyssey, and MRO accelerometer experiments, conducted during the aerobraking phase, con-
tributed to improve the understanding of the density structure and variability of the upper atmosphere up
to 160 km altitude [Withers, 2006; Mazarico et al., 2007b; Tolson et al., 2008]. However, the atmospheric drag
effects on the spacecraft outside of aerobraking have rarely been considered as an indirect measurement
of the atmospheric density [Tracadas et al., 2001; Lemoine et al., 2001; Mazarico et al., 2007al. Bruinsma and
Lemoine [2002] explicitly used the MGS radio tracking data to determine density profiles of the exosphere
at ~400 km. In general, the density structure of the upper thermosphere (above 170 km) and the exosphere
substantially relies on models that propagate upward atmospheric temperature and density measured at
lower altitudes.

Thermospheric models are fundamental to quantify the atmospheric loss to space and the evolution of the
planet. General circulation models have been involved in interpreting data from Mars missions to study the
climate of Mars in the long term [Bougher et al., 1990; Justus et al., 2006; Yagi et al., 2012; Chaufray et al.,
2015]. Moreover, a good knowledge of atmospheric density at high altitudes is critical to lander entry, and to
orbiter operations and lifetime. In the orbit determination process of NASA spacecraft that orbit around Mars,
the atmospheric density drag model is generally based on the semianalytical Stewart model, developed by
Stewart [1987] at the Laboratory for Atmospheric and Space Physics at the University of Colorado, or the
tabulated Mars-GRAM, which is based on the NASA Ames Mars general circulation model below 80 km alti-
tude, and on the University of Arizona Mars thermospheric general circulation model (MTGCM) from 80 to
170 km [Justus et al., 1996, 2006]. At higher altitudes, the Mars-GRAM 2010 model still uses a modified Stewart
thermospheric model, in particular for the dependence on solar activity. The lack of data on the total atmo-
spheric density and partial densities of key species above 200 km substantially affects the accuracy of both
models [Bruinsma and Lemoine, 2002]. Figure 4 shows a latitude-local time map of the predicted densities
from the a priori DTM-Mars, Stewart-87, and Mars-GRAM 2010 models at 255 km altitude, for L; = 90° and a
mean flux of 65 solar flux units (sfu). The former model does not provide an adequate representation of sea-
sonal and diurnal variations of the atmospheric density, whereas Mars-GRAM 2010 and DTM-Mars are much
more consistent.

The Stewart atmosphere model has been previously included into the NASA/GSFC GEODYN Il orbit determi-
nation program to process the tracking data of Mars orbiters such as MGS [Lemoine et al., 2001], Mars Odyssey
[Mazarico et al., 2007a, 2007b], and MRO. The recovery of the Mars seasonal gravity field requires an accu-
rate prediction of atmospheric density because of MRO'’s periapse altitude of 255 km, which leads to strong
drag forces. Therefore, we developed an enhanced semiempirical DTM-Mars model to adequately predict the
temperature, and partial density variations along the MRO trajectory.

DTM-Mars predicts density and temperatures as a function of position (altitude, latitude, and local solar time),
solar activity, and season. The function that provides short- and long-period variabilities of temperatures and
partial densities is given by

G; = A; + A, +SA; + SA, + MSA + LT + LAT (4)

wherejis equal to 138 and inf in the case of temperature variability at the lower boundary of the thermosphere
and at the thermopause, respectively, or i is equal to CO,, CO, O,, O, N,, Ar, CO, He, H,, and H, in the case of
partial density variability of those species. A,, A,, SA,, and SA, provide periodic and seasonal variations due
to the eccentric Mars orbit around the Sun that generates annual (P = 686.971 days) and semiannual terms,
and the other three terms reproduce variations as a function of mean solar activity (MSA), local time (LT), and
latitude (LAT). The terms A, and A, are respectively the symmetrical annual and seasonal annual variabilities,
which are given by

A, = (a; + ayP, + a,F) cos(Qt) + (az + a,Pyg + ayoF) sin(Qt)
A,y = (AP + AgPsg + a;Psg) cos(28) + (agPro + agPsg + a14Psp) Sin(Qt)
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Figure 4. Predicted densities of Stewart-87, Mars-GRAM 2010, and DTM-Mars at 255 km altitude, for Lg = 90° and a
mean flux of 65 sfu in a latitude versus local time grid.

The symmetrical semiannual (SA;) and seasonal semiannual (SA,) variability terms are

SA; = (aq; + a15Py + a5, F) cos(2Qt) + (a;3 + a;,P5 + a5, F) sin(2Qt)

SA, = (a15P1q + a16P30) COS(2Q1) + (a;,P1 + a15P54) SIN(2QL) ©
and the MSA, LT, and LAT are as follows:
MSA = a,3F
LT = (ay4Pq1 + Gy5Py1 + ay5P37) cOS(t) + (ay7Pqq + GygPy1 + Ay9P37) sin(wt) (7)

LAT = a30Pq + 031 Pyg + A3,P30 + A33P40 + a34P5o

where g; are a set of coefficients that can be estimated for each species or temperature, Q is the mean angu-
lar velocity of the orbit of Mars around the Sun (27 /659355072 rad/s), and w is the rotational angular velocity
of Mars (27 /88668 rad/s). These periodic variations depend on the latitude by means of unnormalized asso-
ciated Legendre functions P,,, of degree n and order m, and the atmospheric heating process due to the
solar electromagnetic radiations (F = F,,, — 65), related to the intensity of the solar EUV and UV emissions
characterized by the 10.7 cm flux (F,, ) at Mars.

The model is based on the hypothesis of independent static diffusive equilibrium of different atmospheric
constituents: CO,, CO, 0,, O, N,, Ar, CO, He, H,, and H as adopted in previous thermospheric models [Bruinsma
and Lemoine, 2002]. The partial density of each constituent, given at 138 km, is propagated upward fulfill-
ing the f,(z) altitude law. The total density is defined as the sum of the partial densities of each constituent

as follows:
p(2) =) pI*™*™f(2) exp(G) ®)

where p!38™ is the partial density of each constituent at 138 km, the spherical harmonic function G; repro-

i

duces periodic and nonperiodic variations per each constituent i. The f(z) altitude law relies on the altitude
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Figure 5. Exponential height distribution functions f;(z) with respect to the altitude above the surface for each atmos-
pheric constituents (CO,, CO, O,, O, N,, Ar, He, H,, and H). These curves are plotted considering constant Tl‘r:f =226.93 K

and T1"38 = 169.76 K, which evolve in our model depending on season, local solar time, latitude, and also as function of

the atmospheric heating process due to the solar electromagnetic radiations and because of the particle flow.

z with respect to the spheroid of radius 3376.87 km, the thermopause temperature T,;, and the temper-
ature T,34 at 138 km (lower limit of the model). This function, reported explicitly in Bruinsma and Lemoine
[2002], is retrieved by the integration of the differential equations of diffuse equilibrium and uses the Bates
temperature profile [Bates, 1959]. The altitude law depends explicitly on T,., and T,55, which are defined as
T, = Ti°(1 + exp(G;)), where the initial temperatures (ngg, Ti‘:]f) and the coefficients of the functions G, 33 and
G,,s were determined by Bruinsma and Lemoine [2002] using Mars-GRAM 2000 and MTGCM results [Bougher
etal., 2000]. Figure 5 shows the altitude law profiles for each atmospheric constituent.

This model can also take into account the effect of a global dust storm on the atmospheric temperatures and
densities with a representation similar to the Stewart-87 model [Stewart, 1987]. Although the inclusion of a
dust storm perturbation can help predict the atmospheric conditions, this modeling is generally not accurate
enough because of the high variability of dust storm timing and intensity during different Martian years. For
this reason, we used other tools (i.e., drag coefficients) to absorb dust storm perturbations.

The coefficients of the a priori model that define CO,, O, and He partial densities were retrieved from the anal-
ysis of MGS accelerometer and radio tracking observations [Bruinsma and Lemoine, 2002], whereas the other
atmospheric constituents partial densities are based on Stewart-87. Bruinsma and Lemoine [2002] derived
some of the coefficients of the Mars-DTM from MGS accelerometer observations during the aerobraking
phase and from the analysis of precise orbit determination results during the mapping phase. Therefore, the
DTM-Mars describes accurately the helium periodicity as a function of solar activity and day of year. Further-
more, the MGS aerobraking phase provided accelerometer data from 140 to 160 km altitudes that allowed the
determination of the annual variation of CO,. However, the lack of an adequate data coverage (accelerome-
ter collected measurements at 41° < Lg < 86° and 214° < L < 301°) lead to possible errors in the prediction
of the Mars atmosphere density at MRO periapsis altitude, especially for CO, and O. Along MRO’s orbit, the
dominant species alternate between CO,, O, and He. Atomic oxygen commonly makes up about 70-80% of
the total density at altitudes lower than 300 km as confirmed by data from the Mars-GRAM2010 and the a pri-
ori DTM-Mars models. Valeille et al. [2009a] showed that CO, is comparable to O at altitudes near 190 km, and
their local distribution relies strongly on latitude. At these altitudes, atomic oxygen has maximum densities
at low latitudes on the nightside and at the pole during the winter when temperatures are lower, and carbon
dioxide densities are larger where temperatures are warmer [Valeille et al., 2009b]. Although the MRO periap-
sis altitude is higher than the altitude where CO, and O have similar abundances, data from Mars-GRAM2010
and the a priori DTM-Mars models showed that carbon dioxide reaches higher densities also at 255 km alti-
tude during summer in the southern hemisphere. For this reason, we present in this work a sensitivity analysis
(section 4.2) to determine the recoverability of these three constituents, finally focusing on the estimation of
CO, and O annual and semiannual variabilities with MRO radio tracking data.

GENOVA ET AL.

CO, AND O LONG-TERM VARIABILITY FROM MRO 857



@AG U Journal of Geophysical Research: Planets 10.1002/2014JE004770

4, Results

In this section, we first report a qualitative discussion showing the criteria that led us to focus our estima-
tion on specific coefficients of the atmospheric model. Afterward, we present the global estimation of those
coefficients with the selected POD arcs. The method adopted in this work consists of a preliminary POD solu-
tion to determine the MRO orbit by estimating the local parameters, which are the spacecraft initial states,
the drag coefficients, and the along-track OPR accelerations. After convergence of the orbit determination,
we computed the partial derivatives of the common parameters, which here are only the atmospheric model
coefficients. The collected orbital information is used to produce normal equations that are solved to yield
a combined estimation of various orbital parameters, including spacecraft initial states and Cps, and the
coefficients of the atmospheric model that define the partial densities of the selected species.

4.1. Model Boundary Conditions

The determination of the atmospheric constituents variability relies on the temperature model, and the
boundary conditions of partial densities and temperatures. The values used in our model are pgfzkm = 8X
1070 kg/m?3, pgskm = 1x107"" kg/m?,and p/3¥™ = 4x 10~ kg/m? for the partial densities of CO,, O, and He
at 138 km, and the temperatures 170 Kand 227 Kfor T7,; and T7 , respectively. These initial conditions and the
temperature model were obtained by Bruinsma and Lemoine [2002], and they are not updated or readjusted
in this study because the a priori coefficients of the model, which reproduce the variability of the atmospheric
partial densities, are consistent with these assumptions. However, we dedicated further tests to assess the
robustness of our results by perturbing pg)szkm, pSE™, pl Bk, T, 56, and T,¢. We modified the boundary condi-
tions with values from the Mars-GRAM2010 data or by scaling directly their nominal values. The main effect
of these perturbed initial densities and temperatures is a change in the predictions of the total atmospheric
density that is constantly scaled. However, the long-period variabilities of the atmospheric density, which is
given by the function G;, are not significantly affected, and the estimation of the DTM-Mars coefficients is sta-
ble. The constant variation of the total atmospheric density is, indeed, compensated by corrections of the
drag coefficients. Figure S4 shows the estimated C,, using Mars-GRAM2010 data for the boundary conditions
of partial densities and temperatures, compared to our nominal case. The Cpys with the Mars-GRAM2010 ini-
tial conditions are constantly scaled to lower values that are far from the expected range of the aerodynamic
coefficients (section 2.2). Similar results, which showed unreasonable drag coefficients, are also obtained by
scaling directly the initial conditions of péf)gzkm, pSEkM, pl3BkM T, 26, and T, suggesting that their nominal val-
ues combined with the a priori coefficients of the model provide a more consistent prediction of both density
and temperature at MRO altitudes.

4.2, Sensitivity Analysis

The orbital configuration of the MRO spacecraft is a major factor in the estimation of the coefficients of the
DTM-Mars model. MROisin a 255 km x 320 km near-polar orbit with the periapsis above the South Pole of Mars
(82°S). At those altitudes, the a priori DTM-Mars model shows that CO,, O, and He are the major constituents
representing more than 95% of the total density. Accordingly, the coefficients that regulate the partial density
of the other species are not detectable and are not adjusted in this study.

In this 65 km thick region of the Martian upper atmosphere, the dominant species in terms of partial density
and thus drag on the spacecraft alternate between CO,, O, and He. The MRO periapsis altitude is near the
upper boundary of the thermosphere region where CO, is the most abundant species. Therefore, at MRO
lower altitudes CO, and O are comparable and provide stronger drag perturbations on the spacecraft during
its orbit. Figure 6 shows the maximum partial density of CO,, O, and He predicted from DTM-Mars for each arc.
Helium partial density has a relatively flat trend compared to the other species, and therefore, its annual and
seasonal variations are not distinguishable in the MRO radio tracking data. Moreover, the abundance of He
throughout the Martian year is significantly lower than O and CO,, especially, during spring and summer in
the southern hemisphere when CO, shows a maximum partial density more than 1 order of magnitude larger.
Carbon dioxide is less abundant than O from 0° < L¢ < 210°, but it becomes the major constituent at MRO
periapsis altitude during summer in the southern hemisphere reaching a partial density of ~ 4 x 1072 kg/m?3.

Although the MRO orbit configuration reveals explicitly the small contribution of helium to the drag forces,
we performed a preliminary covariance analysis to assess the sensitivity of the DTM-Mars coefficients and the
potential to determine its variability. The estimation of He annual and semiannual coefficients leads to large
values yielding unreasonable results in terms of He partial density. This effect is compensated by a dramatic
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Figure 6. Maximum partial densities of the three major constituents CO, (blue), O (red), and He (green), predicted from
DTM-Mars, along the MRO orbit in a latitude-Ls grid.

decrease of the MRO Cps that tend to be small (0.5-1.5 versus 1.5-3 previously). Another piece of informa-
tion that helium does not influence significantly MRO orbit is reported in Figure 7. This image shows which
species has the larger partial density with respect to the spacecraft orbital latitude during the Martian year.
Helium is the major constituent only during the summer in the southern hemisphere at high latitudes where
the spacecraft is at its apoapse and the atmospheric total density is significantly lower. The solar activity
(Figure S5) affects significantly the ratio of oxygen and helium at ~300 km altitude, low solar activity leads
to more abundant helium at those heights. Figure 7 also shows larger He partial density at Lg ~95° in the
southern hemisphere; however, these data correspond to the aerobraking phase (August and September
2006) when the periapsis latitude was located in the northern hemisphere.

The plot of the atmospheric major constituent with respect to latitude and season highlights that MRO
samples more evenly latitudinal regions where the atomic oxygen is the most abundant. Therefore, the
estimation of the O model coefficients is expected to be more stable and leads to improvements not only in
the symmetrical annual and semiannual predictions but also in the seasonal variations. These latter terms are,
indeed, a function of latitude by means of associated Legendre functions P,,,,. More problematic is instead the
recovery of the CO, seasonal coefficients since the carbon dioxide provides a strong contribution on MRO drag
forces only during spring and summer in the southern hemisphere. A dedicated covariance analysis allowed
us to confirm that CO, seasonal coefficients of the DTM-Mars model are not recoverable from MRO only.
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Figure 7. Latitude-areocentic longitude map that shows the local atmospheric major constituent along the MRO orbit.
Blue, green, and red dots represent the locations where CO,, O, and He are the dominant species, respectively.
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Figure 8. Latitudinal and local time map of the average atmospheric total density indirectly measured by MRO.

Another orbit configuration constraint limits the recovery of the DTM-Mars model coefficients. The Sun syn-
chronicity of the orbit, with a local mean solar time of approximately 3 P.M., leads to atmospheric sampling of
those solar longitudes only. Figure 8 shows the latitude-local time map of the mean atmospheric total den-
sity along the MRO path. The Sun-synchronous orbit covers the same latitude at approximately the same local
time; therefore, we are not able to provide a reliable estimation of the DTM-Mars coefficients that define the
atmospheric diurnal variation, which relies thereby on the a priori values of the model.

In conclusion, the sensitivity of the DTM-Mars model coefficients assumed from the orbital coverage limita-
tions were confirmed from our covariance analysis results. The MRO altitude allows us to only determine the
model coefficients that describe CO, and O long-term variability, and the Sun synchronicity of the orbit leads
us to exclude the diurnal coefficients from the estimated parameters.

4.3. CO, and O Annual and Seasonal Variations

The MRO mission provides a long-term perspective on Mars’ atmosphere variability at 250-320 km from 2006
up to the present. We analyzed the first 6 years of radio tracking data that cover three full Martian years from
the end of 28 to the beginning of 31 with the goal to recover the annual and semiannual variabilities of CO,
and O. The main challenge of the determination of CO, and O atmospheric model coefficients is the dust
storm season that occurs during southern hemisphere summer (L, ~210°-330°). An increased amount of
dustin the lower atmosphere leads to higher atmospheric density in the upper atmosphere, a consequence of
atmospheric thermal expansion due to higher solar radiation absorption in the middle atmosphere [Bruinsma
et al., 2013]. The DTM-Mars model has the possibility to parameterize a dust storm event as a function of
dust opacity = and time. We first used the dust optical depth retrieved from the Mars Odyssey THEMIS data
[Smith, 2008] to simulate the effects of dust on the temperature at 138 km and the exosphere. However, the
coefficients that control those temperatures as a function of the dust optical depth are not accurate enough
to predict the change of the atmospheric density due to the dust loading in the atmosphere. For this reason,
we did not include the dust opacity as a parameter in the atmospheric density model, and we absorb the
increase of atmospheric density due to dust with the estimated drag coefficients. This approach allowed us
to consider POD arcs that occurred during dust storm events (z > 0.3), especially in 2007.

The continuity of the MRO data coverage throughout the Martian year helps to accurately estimate the coef-
ficients of the DTM-Mars as listed in Table 1. The a priori and estimated values of these coefficients and their
formal uncertainties as determined in the global inversion are listed in Table 2. Both oxygen symmetrical and
seasonal variations are well determined with the MRO radio science data showing comparable formal uncer-
tainties that indicate a good level of confidence especially for the constant and offset terms. The coefficients ag
and ag, indeed, define the hemispherical asymmetry of the atmospheric densities with respect to the model
reference frame. The lower altitudes of MRO in the southern hemisphere (~255 km at 82°S) lead to a better
sensitivity to the atmospheric density over latitudes between 0°N and 90°S. As such, the better observability

Table 1. DTM-Mars Model Estimation Parameters

Annual Variability Semiannual Variability
Symmetrical Seasonal Symmetrical Seasonal
o, a, a3 an di3
o 0103030405 Ggd70g09 d1g 011012013014 d15 016 017 A1
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Table 2. Atmospheric Model Coefficients From the Final Adjusted Global Solution®

Constituent  Coefficients ~ APriori  Estimation  Formal Uncertainty

o, a; —0.117 0.886 0.005
as 0559  —0.346 0.002
a 0.089 —0.033 0.002
a3 0.001 0.236 0.002

o a; —0.300 0.236 0.002
a, 0.000 0.197 0.003
as —0.050 0.005 0.002
a, 0.000 0337 0.003
as 0.000 0271 0.001
ag 0060  —0418 0.007
a; 0.000 0.265 0.010
ag 0.000 —0.039 0.001
ag 0.400 1.065 0.007
a 0.200 —0.014 0.004
ar 0.101 0.242 0.002
ap 0080  —0.153 0.002
a3 —0.051 0.035 0.002
arg 0.240 —0.057 0.003
as 0.000 0.146 0.001
a 0.000 —0.241 0.003
a; 0.000 —0.121 0.001
arg 0.000 -0.380 0.004

@The a priori values are from the DTM-Mars by Bruinsma and Lemoine [2002].

of these two coefficients shows that the estimated model is particularly well suited to predict the O partial
density in the southern hemisphere.

The geographical and seasonal distributions of CO, along the MRO orbit (Figure 7) does not allow an accu-
rate determination of its seasonal variability. However, the high abundance of this species at 180° < L, <350°
(Figure 6) provides significant information on the constant terms of the symmetrical annual and semiannual
variabilities of carbon dioxide.

Figure 9 shows the predicted CO, partial densities of the a priori [Bruinsma and Lemoine, 2002] and adjusted
DTM-Mars models, and for comparison purposes, Mars-GRAM2010 [Justus and Johnson, 2007; Justh et al.,
2011] at 255 km altitude, Local True Solar Time (LTST) midnight, for two different latitudes 82°S (top) and 0°N
(bottom), for a mean flux of 65 sfu. The recovered carbon dioxide density is consistent with the a priori model,
although a phase offset is clear at both latitudes. At the equator this offset is significant (~40°) with minimum
and maximum densities at respectively L; ~130° and L ~310°. The reported Mars-GRAM2010 results reflect
the sparseness of CO, partial density data at those altitudes used for this model, since MTGCM data tables
only cover altitudes of 80 to 170 km and a modified Stewart-type thermospheric model is used at higher
altitudes above 170 km [Justus and Johnson, 2007]. The dynamics of the Martian atmosphere are poorly
known above 200 km altitude, so a direct comparison of our results with other data set is not straightforward.
However, the CO, partial densities from Mars-GRAM2010 at lower altitudes, as, for example, the upper limit of
MTGCM data tables (Figure S6), show a trend very similar to our adjusted model, with minimum and maximum
densities, respectively, during southern hemisphere winter and summer. The phase shift of the CO, annual
periodicity that we measured in this work leads to a good correlation of the total density predictions between
Mars-GRAM2010 and the adjusted DTM-Mars model. Figure 10 shows a comparison in a latitude-local time
map of the predicted total densities from the a priori and adjusted DTM-Mars model (top and bottom), and
Mars-GRAM2010 (middle) at 255 km altitude, for Lg = 180° and a mean flux of 65 sfu. The updated model
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Figure 9. Carbon dioxide partial density with the a priori and adjusted model compared to Mars-GRAM2010 at 255 km
altitude, LTST = 00:00, and two different latitudes (top) 82°S and (bottom) 0°N, for a mean flux of 65 sfu.

predicts lower density with respect to the a priori model and provides a global distribution more similar to
the Mars-GRAM2010.

The observations of density in the upper atmosphere of Mars (between 60 and 130 km) obtained by the Mars
Express ultraviolet spectrometer Spectroscopy for Investigation of Characteristics of the Atmosphere of Mars
(SPICAM) are a good basis of comparison for the annual variability of CO, [Forget et al., 2009]. The atmospheric
densities observed by SPICAM [see Forget et al., 2009, Figure 4] show a significant seasonal variation that is
consistent with the evolution of CO, reported in Figure 9. The minimum densities are in good agreement,
whereas there is an offset between the maximum densities measured by SPICAM and reported in this study.

The estimation of the atomic oxygen is more accurate because of the different scale heights above the
homopause. Figure 11 shows the predicted O partial densities of the a priori [Bruinsma and Lemoine, 2002]
and adjusted DTM-Mars models, and Mars-GRAM2010 [Justus and Johnson, 2007; Justh et al., 2011], with the
same conditions as in Figure 9. The adjustments in the seasonal and symmetrical semiannual terms lead to
a slower decrease of the atomic oxygen in the southern hemisphere at Ly ~330°. Furthermore, this change
leads to higher values of the O partial density during southern hemisphere summer at equatorial latitudes
that better match the Mars-GRAM 2010 values. However, this latter model predicts minimum densities at the
end of the southern hemisphere winter, which is not observed with either the a priori or adjusted DTM-Mars,
which show larger values at those areocentric longitudes.

4.4. Model Validation
An indicator that provides valuable information on the quality of the estimated DTM-Mars model is the
MRO drag coefficient (Cp). This coefficient absorbs discrepancies between actual and predicted values of the
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Figure 10. Predicted densities of (top) a priori and (bottom) adjusted DTM-Mars, and (middle) Mars-GRAM2010 at
255 km altitude, for Ls = 180° and a mean flux of 65 sfu in a latitude versus local time grid.

atmospheric density. In this study, the DTM-Mars model does not include dust storm events; therefore, the
Cp should compensate for the increase of the atmospheric density because of dust. The a priori model shows
a Cp trend that follows closely seasonal long-term periodicity with maximum values during summer in the
southern hemisphere. The global estimation of CO, and O annual and semiannual variabilities allowed us to
recover that signal in a correction of the DTM-Mars coefficients.

Figure 12 shows the MRO atmospheric drag coefficients (one per orbit), after the estimation of the atmo-
spheric model, compared to the THEMIS dust optical depth (z) at 1075 cm™" scaled to an equivalent 6.1 mbar
pressure surface to remove the effect of topography [Smith, 2008] and computed at the reference epochs of
the MRO POD arcs using data only in the southern hemisphere. The correlation between C, and 7 increases up
to ~0.8 after the global estimation, compared to ~0.4 obtained with the a priori model. Although the THEMIS
data do not cover evenly the latitudes near the MRO periapse, the correlation between these two parame-
ters is good and confirms a significant improvement in the prediction of the atmospheric density with the
updated DTM-Mars. Moreover, the C,, residual increase due to dust storms could provide information on the
associated atmospheric temperature variations that basically correlate with the scale height of the model.

A further validation test of the recovered atmospheric model is its application in the orbit determination of an
independent MRO data set, from January 2012 to April 2013. This additional year of radio tracking data does
not cover a full Martian year and lacks data during the southern hemisphere summer because of a superior
solar conjunction. Because these data do not cover evenly the Martian seasons, we did not include those arcs
in the solution, but they proved beneficial as a test case of our results.
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Figure 11. Atomic oxygen partial density with the a priori and adjusted model compared to Mars-GRAM2010 at 255 km
altitude, LTST = 00:00, and two different latitudes (top) 82°S and (bottom) 0°, for a mean flux of 65 sfu.
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Figure 12. MRO atmospheric drag coefficients (Cp) and dust optical depth at 1075 cm™1 from THEMIS [Smith, 2008] at

the reference epochs of the MRO POD arcs. The vertical brown lines correspond to Ls = 0°.
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Figure 13. MRO atmospheric drag coefficients (Cp) and dust optical depth at 1075 cm~" from THEMIS [Smith, 2008]
during an additional year of MRO data, independent of the data used in the determination of the coefficients. The
vertical brown dashed lines correspond to Lg = 90° and 270° of the Martian Year 31.

Comparing the updated DTM-Mars to the a priori, both C, and OPR accelerations significantly improve in
the orbit determination results. The use of the a priori DTM-Mars leads to lower Cps (< 1.5) especially during
southern hemisphere fall and winter. Figure 13 shows that the updated model provides more reasonable drag
factors, which are in the range of confidence when the dust opacity is low, and increase drastically when the
dust optical depth is larger than 0.1. The oscillation of dust content in the Martian atmosphere, registered
by THEMIS in August 2012, is especially interesting, showing high correlation with the MRO Cp,. Furthermore,
another piece of information that the updated DTM-Mars version provides a better prediction of atmospheric
density is that the OPR along-track accelerations required in the POD process decrease. Figure S7 shows the
ratio of the total amplitude of those accelerations with the two models (a priori/updated). The accelerations
with the a priori model are slightly lower for the first month of data but, afterward, they are larger from March
2012 to April 2013 up to 2-2.5 times.

5. Discussion

A detailed covariance analysis showed that we are able to determine the annual, semiannual, and seasonal
variabilities of O and CO, that are the major constituents at the MRO periapse altitude. Carbon dioxide is the
primary ingredient of the atmosphere of Mars, and the reconstruction of its annual cycle exchange between
the atmosphere and polar caps is of great interest. However, at MRO altitudes CO, is only occasionally the
more abundant species; therefore, we could recover only its annual periodicity. The updated coefficients that
regulate CO, long-term variability essentially provide a significant change in the phase of this periodicity
with respect to the a priori DTM-Mars model showing a better agreement with other measurements as, for
example, density profiles from Mars Express SPICAM.

Atomic oxygen generally accounts for ~70% of the total density along the MRO orbit. The higher partial den-
sity of this species allows us to estimate both symmetrical and seasonal variations of this constituent. The O
abundance at 250-350 km is important to determine temperature profile, composition, and dynamics of the
Martian upper thermosphere and exosphere. However, the lack of measurements of atomic oxygen distribu-
tion limits significantly the predictability of both atmospheric density and temperature. Therefore, our results
of the O annual and semiannual variabilities provide advantageous information for atmospheric density pro-
files at those altitudes. From this, one is able to improve general circulation models, which already suitably
represent lower altitudes in the atmosphere.

The results reported in this paper depend on densities and temperatures at the boundaries of the region
where the model is valid. The initial conditions adopted in our model were determined by Bruinsma
and Lemoine [2002], solving in a least squares filter these coefficients with data from Stewart-87 and
Mars-GRAM2000 models. Although these two models are not recent, the density at 138 km, and the bound-
ary temperatures are consistent with the latest data provided by Mars-GRAM2010 model. Furthermore, we
tried to retrieve the densities of CO,, O, and He at 138 km including these parameters in the final step of our
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estimation process. However, the high correlation with the drag coefficients significantly affects the stability
of these solutions. For this reason, the study presented in this paper shows only the recovery of the long-term
variability of the dominant atmospheric species that are sufficiently uncorrelated with other parameters such
as Cps and along-track OPR accelerations.

6. Conclusions and Future Work

The 7 years of MRO radio science data we analyzed allowed us to provide useful information on the dynamics
of the Martian upper atmosphere between 255 and 320 km altitudes. The low altitude of the spacecraft has
always been considered an advantage in determination of the high degrees of the Mars gravity field but is also
a significant limitation in the seasonal monitoring of the polar caps that started with MGS and continued with
Mars Odyssey. The MRO periapse altitude leads, indeed, to uncompensated drag forces, whose mismodeling
may affect the gravity solution. However, this strong perturbation can provide measurements of the Martian
atmospheric density that are directly proportional to the drag forces on the spacecraft. Therefore, we focused
our study on the determination of the long-term periodicity of the atmospheric constituents in the Mars upper
atmosphere with 6 years of MRO radio tracking data that cover three full Martian years.

An updated version of the semiempirical atmospheric model DTM-Mars has been presented. We included this
model in our POD software in order to improve the prediction of the atmospheric densities and to directly
retrieve its coefficients by means of MRO radio tracking data. The explicit dependency of the spacecraft
aerodynamic drag acceleration on the coefficients of the model, which reproduce the variability of the atmo-
spheric species, permits to estimate them in a combined global estimation with local parameters such as
spacecraft initial states, Cps, and OPR accelerations. We have reported the solution of 7 years of MRO radio
science data that provided a significant correction on the long-term periodicity of CO, and O.

The direct estimation of the coefficients of a semiempirical atmospheric model from radio tracking data pave
the way for future work. MGS and Mars Odyssey spacecraft, for example, show good promise to retrieve the
long-term periodicity of helium since both spacecraft orbits are at ~400 km altitude, where helium is the
dominant species. These data will be processed to extend the validity of our updated DTM-Mars model up to
450 km.
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