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Martian exospheric density using Mars Odyssey radio tracking data
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[1] We present measurements of the density of the Martian atmosphere at ~400 km
altitude. Our analysis used radio tracking data to perform precise orbit determination on
the Mars Odyssey spacecraft between March 2002 and November 2005. Recent
improvements in a priori physical models make it possible to isolate the contribution of the
atmospheric drag from the various forces acting on the spacecraft. For each spacecraft
trajectory segment (arc) we adjusted an atmospheric drag coefficient (Cp), which scales
the a priori model density. From the drag coefficient we obtained a time series of the
measured density. These measurements at the Mars Odyssey orbiting altitude are close to
noise level, and the various tests we conducted show the robustness of the measurements.
We obtained a better agreement with the atmospheric model used during the second
Martian year, when solar activity is lower. Using various simple exponential atmosphere
models, we estimated the scale height near the spacecraft periapsis and found values
between 25 and 50 km, in the lower range of expected values, and used exospheric
temperature estimates to assess the role of EUV heating of the upper atmosphere. We did
not observe one-to-one correlation between solar activity and exospheric density, but we

detected a solar rotation periodicity in our measurements.
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1. Introduction

[2] In this analysis we use measurements of dynamic
pressure on the Mars Odyssey spacecraft to recover atmo-
spheric drag during the mission’s mapping phase. From the
measured drag we determine the density of the Martian
upper atmosphere at an altitude of 400 km.

[3] From an engineering perspective, drag measurements
are important for spacecraft navigation and can become
critical for lander entry design. In the upper atmosphere,
the short- and long-term density variations due to the solar,
seasonal and diurnal cycles and dust storms can be
significant. In addition to operational navigation, density
measurements at high altitudes can also prove valuable in
terms of planetary protection. Additional density measure-
ments at high altitudes can also help define appropriate
quarantine orbits, on which to place spacecraft at the end
of their mission, to prevent them from colliding with Mars
on decadal timescales (Category III missions [NASA,
2005]). Measurements near 400 km are essential, given
that the current plan for the Mars Global Surveyor
quarantine is to raise its orbiting altitude to 405 km [Mars
Global Surveyor Project, 1995, section 2.2.5]. Scientifi-
cally, current atmospheric modeling efforts push general
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circulation models (GCMs) to include increasingly greater
portions of the Martian atmosphere [Haberle et al., 1999;
Justus et al., 2002; Bougher et al., 2004; Lewis and
Barker, 2005; Angelats i Coll et al., 2005; Bougher et
al., 2006], which approaches the altitude of the measure-
ments presented here. Thus from both scientific and
practical standpoints the variability of the atmosphere
needs to be better assessed.

[4] Radio occultations by Mars Global Surveyor (MGS)
have provided several thousands density profiles in the
lower atmosphere [Hinson et al., 1999; Tyler et al., 2001].
Data measurements that can be used as upper boundary
conditions for GCMs are critical but sparse below 200 km,
and almost nonexistent above. Important data has been
acquired by accelerometers during the aerobraking phases
of MGS and Mars Odyssey, at lower altitudes (100—170 km
[Keating et al., 1998; Tolson et al., 2005; Withers et al.,
2003; Withers, 2006]). Measurements below 220 km are
also possible with remote sensing techniques (limb scan-
ning, air glow, electron reflectometry, stellar occultations).
As noted by Bruinsma and Lemoine [2002], drag measure-
ments by Mars Odyssey made at 400 km can be valuable for
a better understanding of the Martian thermosphere, as a
complement to existing data sets.

[5] In this work, we retrieve atmospheric densities at the
orbital altitude of Mars Odyssey, using X band radio
tracking data and Precision Orbit Determination (POD
thereafter). This has been done extensively with Earth-
orbiting satellites [e.g., Jacchia and Slowey, 1962] and,
more recently, by Konopliv et al. [2006] and Forbes et al.
[2006] for Mars. After introducing the data and methods
used to estimate the density (section 2), we present the
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analysis of the tracking data (section 3), the results and their
significance (section 4) for Martian atmosphere structure.

2. Data and Methods

[6] The Mars Odyssey spacecraft was launched in April
2001 and performed its insertion maneuver into Mars orbit
October of that year. As for the earlier Mars Global
Surveyor mission, Mars Odyssey underwent a period of
aerobraking [Mase et al., 2005; Smith and Bell, 2005;
Tolson et al., 2005; Withers, 2006] to transform its initial
polar, elliptical orbit to a circular mapping orbit at an
altitude of ~ 400 km. The spacecraft advantageously used
the atmospheric drag near the periapsis (=110 km) of its
initial elliptical orbit to remove energy from the orbit and
progressively decrease the apoapsis. Odyssey’s aerobraking
phase was completed on 19 February 2002, and science
operations began shortly thereafter. Here we use the avail-
able radio-tracking data set during the nominal mission
(March 2002 to August 2004) and extended mission
(August 2004 to November 2005), i.e., about 2 Martian
years total.

2.1. Mars Odyssey Orbit

[7] Mars Odyssey has an orbit quite similar to Mars
Global Surveyor: a retrograde polar orbit (i & 93.1°) with
a semimajor axis corresponding to a mean altitude near
400 km and an orbital period of just under 2 hours
(=118 min). With this inclination and an appropriate
phasing, the orbit is nearly Sun synchronous (fixed equator-
crossing time), which allows for good solar energy input (the
eclipse duration never exceeds 25% of the orbit). Although
Odyssey’s orbit is nearly circular, its eccentricity oscillates
between 0 and 0.013 (average of ~0.008) with a period of
~74 days [Pace et al., 2000]. The altitude of the spacecraft
varies between 390 and 450 km.

[8] The Mars Odyssey orbit is “frozen” [Cutting et al.,
1978], such that the periapsis is always located above the
South Polar region, near 85°S. However, contrary to MGS,
the afternoon local mean solar time (LMST) drifted, from
~4 am/pm to ~5 am/pm between January 2002 and
October 2003 [Mase et al., 2005] (Figure 1). A maneuver
on 20 October 2003 stabilized the LMST at 5 am/pm and
put Odyssey into its Sun-synchronous configuration. Nev-
ertheless, due to the eccentricity of Mars’ heliocentric orbit,
the local true solar time (LTST) continued varying between
~4pm and ~6pm.

[v] Odyssey’s orbit experiences more significant changes
in the Sun beta angle (5) than did MGS (Figure 1). 3 is
the angular separation between the Sun-Mars line and the
orbit plane.

2.2. Radio Tracking Data

[t0] The radio signals received (uplink) and transmitted
(downlink) by the Mars Odyssey Telecommunication sys-
tem have frequencies at X band (7.2 GHz uplink, 8.4 GHz
downlink).

[11] In addition to a fully redundant electronics subsys-
tem, the 1.3-m-diameter parabolic high-gain antenna (HGA)
is supplemented by a medium-gain antenna (MGA) and a
low-gain antenna (LGA). When the spacecraft is in safe
mode, the LGA is used for reception (because of its large
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beam width) and the MGA for transmission. (There were
two instances of safe mode over the course of the primary
science mission: 3 days in November 2002 and 8 days in
November 2003).

[12] The HGA is mounted on a two-gimbal articulated
arm, which enables it to point over a large solid angle. This
permits nearly continuous tracking by the Deep Space
Network (DSN, with stations in Goldstone, California;
Canberra, Australia; and Madrid, Spain) while maintaining
a nominal spacecraft attitude and operating the science
instruments.

[13] The DSN ground stations act as very accurate and
stable frequency sources which the spacecraft can use to
generate the downlink radio signals. A frequency carrier can
be generated onboard by an oscillator (SSO, sufficiently
stable oscillator), but its quality (i.e., stability) is poor
compared to the USO (ultrastable oscillator) onboard
MGS and the Hydrogen-Maser clocks in the DSN facilities.
The stability of the latter is of the order of 1 part in 10
over a few hours. The radio signals generated with the SSO
would not be appropriate for POD. The ratio of received and
transmitted frequencies was chosen as a rational number
(749/880), so that electronic frequency multipliers can
generate the outgoing radio signal from the frequency of
the incoming electromagnetic wave, enabling high-quality
X band tracking of Mars Odyssey. Although the frequencies
used by MGS are slightly different, the uplink/downlink
ratio is the same and the telecommunication subsystem is
very similar to the one described by Tyler et al. [1992].

[14] Two different types of measurements can be carried
out to provide radio-tracking data to be used for the POD.
The Doppler shift of the signal frequency is related to the
relative velocity of the spacecraft in the line of sight. The
high stability of the frequency source enables the measure-
ment of line-of-sight velocity changes ofthe order of 10 pum/s.
One-way (spacecraft to station) radio signals are not used
to perform the POD because of the SSO. However, with the
“turnaround” capability, two-way (station to spacecraft and
back to the same station) and three-way (station to space-
craft and back to a different station) “Doppler measure-
ments” are of good quality. Moreover, the frequency shift
is averaged over 10 s to increase the signal-to-noise ratio.
The traveltime of the electromagnetic waves puts a con-
straint on the position of the spacecraft. Because of the fact
that transmitted radio signals have a wavelength much
shorter than the actual range to be measured, and that only
the phase of the received signal can be measured, a series of
square waves of decreasing frequency is transmitted. As a
result, “range measurements” are sparser than the Doppler
ones. The data set of this study comprises ~3,500,000
Doppler and ~155,000 Range observations.

2.3. Precision Orbit Determination
2.3.1. Force and Measurement Modeling

[15] We used the software package GEODYN [Pavlis et
al., 2006] to process the radio-tracking data of Mars
Odyssey over short trajectory segments (called “arcs”).
Arc duration is determined primarily by the data coverage,
but is usually about 5 days [Lemoine, 1992]. The spacecraft
motion is integrated in a Cartesian frame from an initial
state with a fixed integration step using a high-order Cowell
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