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[11 We have used density measurements obtained during aerobraking (AB) on Mars
Global Surveyor and Mars Odyssey to examine mean densities and the characteristics and
variability of gravity waves (GWs) in the upper atmosphere of Mars. Mean densities
exhibit variability with latitude and season and in response to variable forcing and filtering
from below. These data also reveal significant variability of GWs, both spatially and
temporally. In general, GW amplitudes increase, while apparent horizontal scales remain
the same, with increasing altitude. The dominant spatial scales at the lower AB altitudes
are typically ~20-200 km and density fluctuations vary from ~5 to 50%, though even
larger values are occasionally observed. GW amplitudes also vary significantly with
season, being generally larger in winter and at middle and high latitudes, and apparently
reflecting mean source and filtering conditions. Amplitudes also appear to vary with
longitude and time and may provide clues to variability of, and interactions with, larger-

scale motions.
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1. Introduction

[2] The Mars atmosphere appears to exhibit indications of
gravity waves (GWs) and GW influences at many altitudes
that parallel their characteristics and effects observed in the
terrestrial atmosphere. Indeed, terrestrial observations have
often provided the clues to their interpretation on Mars. Lee
waves at small spatial scales and lower altitudes provided the
first indications of GW influences [Briggs and Leovy, 1974;
Pirraglia, 1976, Briggs et al., 1979; Pettengill and Ford,
2000]. At higher altitudes, evidence for enhanced diffusion,
mean temperatures far above radiative equilibrium at winter
polar latitudes, and zonal jet closure provided evidence of
likely GW momentum transport, possible additional turbu-
lence transport, and a residual (meridional and vertical)
circulation induced by GW instability and mean-flow inter-
actions [Blamont and Chassefiere, 1993; Deming et al.,
1986; Keating et al., 2002; Read and Lewis, 2004]. Finally,
large (~5 to 50%) fluctuations in density and/or temperature
on small spatial scales (<10 km vertically) in the Opportu-
nity, Spirit, and Mars Pathfinder entry profiles, in Mars
Global Surveyor (MGS) radio occultation measurements
[Magalhdes et al., 1999; Hinson et al., 1999; Creasey et
al.,2006], as well as small horizontal scales (~20 to 200 km)
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in various Mars accelerometer data sets at aerobraking
altitudes [Keating et al., 1998; Tolson et al., 1999, 2000,
2002; Withers, 2006] are reminiscent of similar, though
smaller, fluctuations in density, temperature, wind, and
atmospheric airglow intensities in the mesosphere and lower
thermosphere of Earth [Fritts et al., 1988, 1989, 1993,
2002]. Indeed, GW amplitudes and effects throughout the
Mars atmosphere appear to be significantly larger than their
terrestrial analogs in several cases (i.e., the strength of the
residual circulation, departures from radiative equilibrium,
and apparent GW amplitudes in the lower atmosphere and at
aerobraking altitudes), suggesting that GWs may play a
more dominant role in the large-scale circulation, structure,
and variability on Mars than on Earth [Barnes, 1990;
Theodore et al., 1993; Joshi et al., 1995, 1996, 1999; Collins
et al., 1997; Read and Lewis, 2004]. Tides and planetary
waves (PWs) surely contribute to some of the observed
features in the Mars atmosphere that have a primarily GW
cause on Earth. However, the very large GW amplitudes
inferred from descent profiles, MGS radio occultation, and
accelerometer data, and apparent effects at higher altitudes,
imply a very significant role for GWs in the atmospheric
dynamics of Mars as well.

[3] The potentially strong influences of GWs in the Mars
middle and upper atmosphere are plausible for several
reasons. First, the topography on Mars is very large by
analogy with Earth, with especially strong forcing expected
in the tropics and at middle latitudes, where the terrain is
highly structured at smaller spatial scales. More importantly,
the strong winter zonal jets are believed to extend down to
lower altitudes with larger amplitudes, enabling much
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stronger GWs arising from topography than on Earth. The
zonal jet structures are expected to continue to increase with
altitude up to ~60 km or above under fall, winter, and
spring conditions [Banfield et al., 2003; Read and Lewis,
2004], unlike Earth, where zonal wind minima constrain
mountain wave amplitudes in the lower stratosphere of each
hemisphere. Zonal jets are also expected to achieve signif-
icantly larger maximum mean winds than on Earth (~2
times larger). These larger mean winds potentially permit
significantly larger GW amplitudes, larger vertical wave-
lengths and group velocities, and larger energy and mo-
mentum fluxes extending to higher altitudes than in Earth’s
middle atmosphere [Barnes, 1990; Joshi et al., 1995;
Collins et al., 1997]. Indeed, several authors have found
that inclusion of GW effects, either directly or via param-
eterization, improves the performance of their models at
lower and higher altitudes [Barnes, 1990; Collins et al.,
1997; Forget et al., 1999; Rafkin et al., 2001; Angelats i
Coll et al., 2005]. Others have inferred their likely role due
to differences between observations and model results that
do not include these effects at present [Bougher et al.,
2006a]. These various studies imply both large GW influ-
ences and variability in the Mars atmosphere and a potential
to begin to quantify these effects directly through detailed
analyses of accelerometer data because of their large density
perturbations. Such GW effects may also be included
indirectly through various assimilation methods, which are
intended to constrain the numerical solutions of Mars
General Circulation Models (GCMs) by observations as
fully as possible and which therefore include the effects
of GW energy and momentum transports based on the data
being employed [Banfield et al., 1995; Lewis and Read,
1995; Lewis et al., 1996, 1997; Houben, 1999; Zhang et al.,
2001].

[4] While topography is perhaps the most obvious source
of large GWs in the Mars atmosphere, it is surely not the
only source. Strong wind shears, convection, wave-wave
interactions, and local body forces are known to be signif-
icant on Earth and surely are also operative on Mars (see
Fritts and Alexander [2003] for a terrestrial review). Indeed,
Creasey et al. [2006] found little correlation of inferred GW
potential energies at lower altitudes with underlying topog-
raphy, though it is not certain whether this indicates addi-
tional GW sources, strong filtering effects, satellite
measurement biases, as are known to occur on Earth [Jiang
et al., 2004], or a combination of effects. We have learned,
however, that linear descriptions of GW dynamics, while
not complete, offer many valuable insights and are useful in
the interpretation of observations in many cases, despite
their simplicity. Examples in the terrestrial atmosphere
include approximately linear GW responses to strong con-
vection at the Earth’s mesopause [7aylor and Hapgood,
1988; Sentman et al., 2003], ray tracing of observed GWs to
apparent local or remote sources [Guest et al., 2000;
Hertzog et al., 2002; Preusse et al., 2002], linear analyses
of large-amplitude GWs leading to instability and turbu-
lence [Yamada et al., 2001; Fritts et al., 2002], and
predictions of GW amplitudes and influences under a
variety of forcing and filtering conditions [Marks and
Eckermann, 1995; Eckermann and Marks, 1997, Vadas
and Fritts, 2004, 2005, 2006]. Indeed, the linear GROGRAT
ray-tracing model that has been employed successfully
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in a number of terrestrial applications has been modified
for the Mars atmosphere [Joshi et al., 1999] to describe the
temperature structures observed during the Mars Pathfinder
descent [Magalhdes et al., 1999]. Terrestrial studies have
confirmed that even in the presence of multiple GW sources,
mountain waves (MWs) dominate GW variances at greater
altitudes over high terrain and under strong surface wind and
suitable propagation conditions [Jasperson et al., 1990;
Nastrom and Fritts, 1992; Jiang et al., 2002, 2003]. The
messages from these studies are (1) that MWs on Mars
likely account for a significant fraction of the GWs present
throughout the Mars atmosphere over high and variable
terrain, (2) other sources and filtering are likely to contribute
to definition of the GW spectrum, and (3) that linear theory
applied to such waves should yield similar insights and an
increased understanding of their various atmospheric
effects.

[s] Given the importance of understanding the Mars
atmospheric circulation, structure, and variability, and the
likely importance of GWs in these dynamics, we are
performing analyses employing accelerometer measure-
ments of densities obtained during MGS and Mars Odyssey
(ODY) aerobraking. We are using these data to quantify
both mean densities, temperatures, and scale heights and
GW amplitudes, their spatial (altitude, latitude, and longi-
tude) and temporal (seasonal and short term) variations, the
inferred perturbation temperatures and winds, and their
potential influences on the circulation and structure of the
Mars upper atmosphere. Our purpose here is to provide the
initial results of this analysis.

[6] Our paper is organized as follows. Section 2 describes
the spatial and temporal coverage of MGS and ODY data,
an overview of the mean densities and other inferred fields,
and an assessment of measurement uncertainties with alti-
tude and time. GW amplitudes, variances, and spectra, and
their spatial and temporal variability, are described in
section 3. Section 4 includes a discussion of these results
and of their possible implications. Our summary and con-
clusions are provided in section 5.

2. MGS and ODY Analysis and Mean Fields
2.1. MGS Data

[7] MGS began aerobraking at Mars in September 1997
and ended in February 1999 on orbit 1283 with the orbital
period below 2 hours. There were two interruptions in
aerobraking during the mission: the first from orbit 19 to
orbit 40 due to a broken solar array, and a second, 6-month
aerobraking hiatus occurring from orbit 202 to 573. The
broken solar array led to occurrences of ~7-s oscillations of
the spacecraft accompanying differential drag or thrust
maneuvers that impact sensitivity to small-scale (~30 km
and less) density variations. However, these oscillations
appear not to have influenced measurements of mean
and larger-scale motions. Throughout the mission, the
inclination was ~93°, MGS sensitivity was between 0.6
and 1 kg/km® for a 1-s integration, and mean density at
periapsis was ~20 kg/km®. MGS provided sensitivity to all
latitudes south of 60°N and to primarily fall and winter
conditions in both hemispheres, and periapsis on MGS
dipped as low as ~100 km within the south polar winter
vortex (see Figure 1).

2 of 14







































