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[1] We analyzed Mars Odyssey (ODY) and Mars Global
Surveyor (MGS) accelerometer density retrievals in narrow
local-time (LT) bands during their respective aerobraking
phases to study the large-scale longitudinal density
variations in the Martian upper atmosphere. The ODY
data and three seasons of MGS data (fall, winter, and
spring) all displayed large zonal variations in density
(especially wave-2 and 3) with little vertical phase
variation, consistent with previous studies using MGS
aerobraking data. The large-scale density structures were
most likely nonmigrating tides sampled at specific LTs. The
wave-2 modes observed in the ODY and MGS data were
approximately out of phase, and their respective LT
samplings were approximately 12 hours apart. This
reinforces the conclusion from previous studies that this
mode is most likely an eastward-propagating diurnal Kelvin
wave of zonal wave-1, which is produced by the interaction
of the diurnal thermal forcing and the wave-2 component of
the Martian topography. We also note a close association of
enhanced gravity wave variances with the strong
longitudinal variations in the large-scale densities,
suggesting the possibility of tidal filtering of the gravity
wave (GW) field. Citation: Wang, L., D. C. Fritts, and R. H.
Tolson (2006), Nonmigrating tides inferred from the Mars
Odyssey and Mars Global Surveyor aerobraking data, Geophys.
Res. Lett., 33, 123201, doi:10.1029/2006GL027753.

1. Introduction

[2] Mars and Earth differ in certain important aspects
which could have profound impacts on the dynamics of
their atmospheres. Of interest to this study, the Martian
atmosphere is much thinner (by more than two orders of
magnitude for surface pressure) than its terrestrial counter-
part, the Martian surface has smaller thermal inertia than
that of Earth, and the Martian topography is much larger
than Earth’s. We thus expect from classical tidal theory
[Chapman and Lindzen, 1970] that atmospheric thermal
tides play even more significant roles on Mars than on
Earth. For any rotating planet, the solar forcing can be
expressed as a series of components: a steady component,
and diurnal, semidiurnal, and higher harmonics. The atmo-
spheric responses to these components are the cor-
responding sun-synchronous (westward propagating)
migrating tides. The modulation of the solar forcing by a
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non-uniform planetary surface (primarily topography, but
also thermal inertia and albedo) leads to modulated tide
forcing, and thus nonmigrating tides. Generally migrating
tides are considerably stronger in terms of temperature
response, but some modes of nonmigrating tides become
prominent for vertically integrated temperature or density in
a fixed local time reference.

[3] There has been observational evidence of Martian
thermal tides from various Mars missions spanning more
than three decades. The earliest observations of Martian
thermal tides date back to 1971 Mariner 9 Mars orbiter
temperature measurements [Conrath et al., 1973] and two
Viking lander surface pressure measurements [Hess et al.,
1977; Leovy, 1981; Zurek and Leovy, 1981]. Paralleling
these observational studies, several researchers modeled the
thermal tides on Mars [Conrath, 1976; Zurek, 1976; Wilson
and Hamilton, 1996] and concluded that one of the most
prominent components of the thermal tidal response (for
vertically integrated temperature or surface pressure) was a
zonal wave-1 Kelvin wave excited by solar heating and the
dominant zonal wave-2 topography of Mars. In the late
1990’s, NASA started the Mars Global Surveyor (MGS)
mission. On board the MGS spacecraft were several instru-
ments measuring various Martian atmospheric properties
from which one can retrieve thermal tidal information. For
example, Wilson [2002] and Banfield et al. [2003] analyzed
temperature retrievals from the Thermal Emission Spec-
trometer (TES) to study thermal tides on Mars. Keating et
al. [1998] analyzed the MGS Accelerometer aerobraking
phase-1 data, noticed a persistent zonal wave-2 pattern
which had a nearly constant phase with respect to altitude,
and suggested that the pattern may be a manifestation of
topographically-forced stationary planetary waves. Based
on modeling studies, Joshi et al. [2000], Forbes and Hagan
[2000], and Wilson [2000, 2002] argued that the apparent
stationary planetary scale structures were actually results of
sampling tidal modes at a limited LT range, rather than
stationary planetary waves. Forbes and Hagan [2000],
Forbes et al. [2002], and Wilson [2000, 2002] further
identified the eastward propagating diurnal Kelvin waves
as among the dominant modes of the atmospheric response
to the thermal forcing and the underlying topography.
Withers et al. [2003] studied MGS phase-2 aerobraking
data, and found that zonal wave-3 modes were also signif-
icant. Bougher et al. [2001] analyzed electron density data
in the Martian upper atmosphere (~90-200 km) from the
MGS Radio Science experiment, and noted similar strong
wave-3 oscillations which followed the underlying neutral
density oscillations.

[4] The NASA Mars Odyssey (ODY) mission followed
the MGS. Similar Martian upper atmosphere density retriev-
als were obtained from the ODY Accelerator experiment
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Figure 1. Histograms of ODY and MGS local time
sampling below 160 km during aerobraking. Only data
within the dash lines for each panel (1.1-3.1, 13-15,
10.8—12.8, and 14.5-16.5 for ODY, and MGS fall, winter
and spring, respectively) are analyzed in this study. The
percentage of data points within each pair of dash lines is
72, 57, 99, 79%, respectively.

during its aerobraking stage. The resolution of the ODY
density retrievals was better than that of MGS, thus allow-
ing for studies of various Martian atmospheric phenomena
ranging from mean structures to small-scale GW variances
[Tolson et al., 2002; Fritts et al., 2006; Withers, 2006].
Also, the ODY aerobraking data were sampled at different
LTs than MGS, so meaningful comparison of ODY and
MGS analyses can be made to provide insights into the
dynamics of observed zonal density variations, as will be
discussed in this paper. The goal of this study is to
investigate large-scale zonal variations of densities in both
the ODY and MGS (both phase-1 and 2) acrobraking data to
further our understanding of thermal tides in the Martian
upper atmosphere.

2. Large-Scale Longitudinal Variations of
Densities From ODY and MGS Aerobraking Data

[s] The MGS aerobraking stage began in September 1997
and ended in February 1999. There were two interruptions in
aerobraking during the mission: the first from orbit 19 to 40
due to a broken solar array, and the second from orbit 202 to
573. The 40-sec running mean densities from the Planetary
Data System (PDS) [Keating et al., 2001] were used in this
analysis, as they were judged to be more reliable at higher
altitudes. ODY aerobraking began in October, 2001 and
ended in January, 2002. To facilitate comparison with the
MGS data, we also used 40-sec running mean ODY data
derived from the 1-sec data in this study. (The ODY data
used in this study are not publicly available from the PDS,
but were provided by the ODY aerobraking team.) Both
MGS and ODY had nearly sun-synchronous orbits with
orbital inclination of ~ 93°.

[6] Figure 1 of Fritts et al. [2006] shows the celestial
longitude L; (which defines seasons on Mars as follows:
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Ly = 0-90° for spring, 90—180° for summer, 180-270° for
fall, and 270—-360° for winter), as well as LT, altitude, and
latitude of periapsis during the ODY and MGS aerobrak-
ings. The MGS aerobraking data sampled three Martian
seasons: fall (orbits 5—119, ~ 139 sols, where a sol, or a
Martian solar day, ~ 1.03 terrestrial day), winter (orbits
120-201, ~ 48 sols), and spring (orbits 574—1281,
~ 133 sols). In the literature, the MGS fall and winter data
together and the spring data are referred to as the aerobrak-
ing phase-1 and 2 data, respectively. ODY aerobraking data
were mostly confined to winter (orbits 7—336, ~ 74 sols).
Both ODY and MGS sampled only limited LTs because of
their nearly sun-synchronous orbits (further details of the LT
coverage of the data will be shown in Figure 1 in this
paper). Because of the sensitivity of the accelerators, both
ODY and MGS obtained valid density retrievals below
~ 160 km. The periapsis latitude migrated with season.
The latitude ranges of the data were larger than those of
periapsis shown in Figure 1. For the MGS data, they were
~ 20—-60°N, 35—75°N, and 85°S—70°N for fall, winter, and
spring, respectively. The ODY data covered nearly the
entire northern hemisphere, and the longitudinal coverage
of these data was complete (not shown).

[7] Figure 1 shows the LT sampling histograms of the
ODY and MGS aerobraking data below 160 km. The
distributions generally display sharp peaks at specific LTs
(e.g., 2.9 LT for ODY and 14.6 LT for MGS spring). MGS
fall data had a broader distribution, though they were also
confined in a narrow LT range. Most ODY data were
sampled in early morning, whereas most MGS data were
sampled at around noon or early afternoon. Given the LT
characteristics of the data and to extract meaningful tidal
information, we restricted our analysis to only those data
which were sampled between 1.1-3.1, 13-15, 10.8—-12.8,
and 14.5-16.5 LT (i.e., between the dashed lines in each
panel of Figure 1) for ODY, and MGS fall, winter, and
spring data, respectively. In fact, these LT bands contributed
the majority of MGS and ODY data.

[s] We show in Figure 2 longitude-latitude contours of
normalized densities at 130 km for the three MGS seasons
using the LT-restricted data employed in this study. To
obtain Figure 2, we first interpolated the 40-sec density
data within the range of 127.5-132.5 km to 130 km
assuming a constant density scale height of 7 km [Fritts
et al., 2006]. We then interpolated the irregularly spaced
data to a regular 6° by 5° longitude-latitude grid by using an
inverse-distance interpolation algorithm. Finally, we
smoothed the gridded data using a 5-point running mean
in longitude (or 30°), and normalized the densities at each
latitude by dividing by the zonal-mean value. The small
dots in Figure 2 show the locations of actual data points
used to interpolate to the regular grids in the contour plots.
Large and consistent zonal density variations (fluctuations
of more than ~ 30%) are observed for all seasons. Notably,
strong zonal wave-2 structures are clearly seen. Significant
wave-3 signals are also evident in the MGS fall and spring
data, and there appears to be a large wave-1 structure in the
MGS spring data south of ~ 60°S. Similar zonal structures
of normalized densities are found at other altitudes (110—
145 km), and the phases of the structures appear to vary
little with altitude (not shown).
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