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Introduction

Atmospheric gravity waves (GW) are excited by im-
pulses in the atmospheric circulation; like the movement
of the wind over and around topography, jet stream me-
anderings, and convective activity. [1, 2, 3]. GW trans-
fer energy and momentum through stable atmospheric
regions and thereby couple different levels of the atmo-
sphere or different mesoscale weather systems [e.g., 4,
5,6, 1,7, 3]. In Mars’s atmosphere, GW seem to mod-
ulate the intensity of middle atmospheric downwelling
near the poles, the escape of constituents from the upper
atmosphere, and even the formation of mesoscale cloud
trails in the middle atmosphere [8, 9, 10].

GW processes are increasingly parameterized within
Mars general circulation/global climate models (GCM)
[e.g., 11,12, 13, 14, 8]. These parameterizations largely
derive from ones originally applied to and/or validated
at the Earth and often have been validated by or tuned
to reproduce the zonal mean temperature structure of
the middle atmosphere [e.g., 11, 8], which can be sig-
nificantly affected by mechanisms other than GW [15,
16, 17]. Another approach to parameterization develop-
ment and evaluation has been to resolve GW explicitly
in higher resolution simulations [18, 19, 20, 21]. Obser-
vational validation of parameterized and resolved GW
forcing, however, has been limited.

The first purpose of this abstract is to provide a short,
integrated overview of the growing body of satellite ob-
servations of GW activity in Mars’s lower and middle
atmosphere that can aid direct understanding of GW
dynamics and validate modeling. Along the way, we
will highlight important results from a project currently
funded by NASA to expand climatologies of GW activ-
ity. These results would be the focus of our conference
presentation. Where appropriate, this discussion also
will consider complementary information from obser-
vations of upper atmospheric GW activity [e.g., 22, 23,
24, 25, 26, 27, 10, 28]. Note also the increasing study
of GW in surface weather observations [e.g., 29, 30].

History and types of observations

GW are fundamentally waves whose restoring force
is buoyancy. As they propagate, they perturb the tem-
perature, wind, pressure, and density fields locally [1].
Their periods range from the inverse of the Brunt-Viisild

frequency to the inverse of the Coriolis frequency. Mar-
tian atmospheric scientists generally are familiar with
some aspects of GW theory, because thermal tides can
be read and mathematically treated as both planetary
waves and GW [e.g., 31]. And so GW were first rec-
ognized as not quite tidal oscillations within the entry
profiles of the Viking landers [32]. GW also were rec-
ognized as the cause of lee wave clouds [33, 34].

Quantitative study of GW in the lower and middle
atmosphere has largely focused on extracting GW sig-
nals from observations of temperature variability. Many
studies have been based on studies of individual profiles,
generally using occultations to produce temperature pro-
files that are loosely analogous to entry profiles, just far
more frequently and inexpensively collected. GW ac-
tivity in the lower atmosphere has been sensed using
radio occultation [35, 36]. A broader vertical range has
been accessed by ground-based stellar occultation [37],
stellar occultation in Mars orbit [38], and solar occulta-
tion in Mars orbit [39]. Recent studies by [38] and [39]
rely on temperature profiles that approximate the broad
lower to upper atmosphere range (from 20 to 120/160
km), vertical resolution, and temperature uncertainty of
entry profiles. The main downside is that occultations
are usually limited to < 10 per day, making it difficult to
isolate GW sources in map view. Single profile studies
also can sense convective instabilities associated with
GW growing to an unstable amplitude, breaking, and
depositing its momentum [35, 40, 41, 38, 39].

Other studies have looked at horizontal variabil-
ity in temperature/brightness temperature, usually along
the dimension of spacecraft travel. In rare cases, GW
have been imaged, either in near-infrared dayglow by
OMEGA on board Mars Express [42] or in Mars Odyssey
THEMIS Band 10 imagery, which looks near the center
of the 15 um CO, band [43] (Fig. 1. The 15 pm CO,
band is also regularly measured by mapping spectrom-
eters/radiometers like MGS-TES and MRO-MCS, and
GW signals have been inferred or explicitly searched for
in data from these instruments [44, 45, 46, 47, 48]. As
we will see in the next section, looking at multiple an-
gles and at different baselines allows different portions
of the GW spectrum to be observed. Another advantage
of studying horizontal variability is the high data density
possible, typically more than two orders of magnitude
greater than possible due to occultation [47].
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Figure 1: Example of GW activity in ODY-THEMIS Band 10
imagery reprocessed as described in [43](Battalio et al., this
meeting). The 25 km horizontal wavelength waves propagat-
ing along the northwest to southeast direction between 40 and
130 km on the north-south axis are most obvious, but a mix-
ture of other wavelength modes is also present.
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Figure 2: Theoretical sensitivity of limb observations to GW
activity following [49]. (a) Sensitivity to amplitude (%) for an
observation with a vertical resolution of 1.25 km, as in [35].
Note that [35] filtered out vertical wavelengths > 10 km; (b)
Sensitivity to GW potential energy (%) for observations at two
vertical resolutions at a vertical wavelength of 10 km.
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Figure 3: Probability distributions of GW activity as a func-
tion of surface roughness in MCS channels sensitive to GW
in broad vertical ranges centered at 5 km (A1, top panel), 15
km (A2, middle panel), 25 km (A3, bottom panel). The white
line is a fit line appropriate for orographic GW activity asso-
ciated with wind speeds of 1.5 to 3 ms ™!, or perhaps larger,

depending on the exact form of interaction with topography.
Originally published in [48].
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The observational filter

Any type of GW observation only sees a portion of
the GW spectrum at one time. It is only by combin-
ing these different sources of information that a more
complete picture emerges [e.g., 50, 51]. This concept is
known as the observational filter.

For occultation-based single profile observations (ap-
proximated as limb observations), the filter is biased
toward long horizontal wavelengths and short vertical
wavelengths [52, 49] (Fig. 2a). By applying Eq. 1
of [49], it is possible to show that GW with horizontal
wavelengths < 100 km are largely invisible to occulta-
tion profiles (Fig. 2b). Single profile observations are
not necessarily dominated by GW with horizontal wave-
lengths < 400 km; such GW just contribute more to
the signal. However, the invisibility of short horizontal
wavelength waves may be consequential for evaluating
GW dynamical effects; GW momentum flux is inversely
proportional to horizontal wavelength [53]. Single pro-
file studies also generally must select some portion of
the vertical wavelength spectrum (usually < 10 or 15 km
in order to extract GW distinct from tidal signals) [35,
39]. So a short period GW population with long vertical
wavelengths will be invisible. Note that momentum flux
is proportional to vertical wavelength [53].

The main controls on multiple profile studies are an-
gle and baseline. Nadir observations are sensitive to
long vertical wavelengths, while more glancing angles
can access shorter vertical wavelengths [48]. In the
case of MRO-MCS (and to a lesser extent for MGS-
TES), radiance observations are discontinuous. Such
observations create baselines along which temperature
variability can be measured. These baselines effectively
remove the sensitivity of the observations to longer hori-
zontal wavelengths. Shorter horizontal wavelengths can
be excluded by averaging. Judicious attention to these
considerations can allow particular parts of the spectrum
to be narrowly targeted. So for example, 27 continuous
limb scans using MRO-MCS can produce weak sensi-
tivity (no more than 30% in amplitude) to GW activity
narrowly targeted at 100 to 200 km horizontal wave-
length and near 5 km vertical wavelength. However,
caution must be exercised when relying on such weak
sensitivity, because a reduced signal may be overpow-
ered by instrumental noise.

The orographic source dominates near the surface

One important source of GW is the interaction of
wind with topography, commonly known as the oro-
graphic source. Crucially, such waves tend to have
phase velocities close to zero, making it difficult for
them to propagate through an environment with light
winds, Mars’s significant relief suggested orographic
GW would be common on Mars, a hypothesis first ex-
plored but not confirmed by [35].

Using MRO-MCS off-nadir observations to look in
the first scale height, we were able to demonstrate that
GW activity close to the surface is a strong function of
roughness in high roughness areas [48]. The slope of
this relationship is theoretically predictable and consis-
tent with a reasonable range of surface wind speeds (Fig.
3.). This relationship breaks down by an altitude of ~ 25
km, suggesting orographic waves are strongly filtered in
the lower atmosphere, partly explaining why this rela-
tionship was hard to see in the 10 to 30 km altitude band
sampled by [35]. But data density also was important.
~ 6.5 x 10° measurements were used to make Fig. 3,
while [35] was based on 7917 profiles.

Seasonal shifts in GW activity

One very simple result that has fallen out of mul-
tiple datasets are seasonal shifts of GW activity be-
tween hemispheres. These datasets do not always agree,
though. [35] found that southern tropical GW activity
weakened during its summer, whereas [47, 38] found the
opposite. [47] also found that high GW activity in the
extratropics shifted between hemispheres during their
respective winters.

Dust storms radically change GW activity

One surprising result from surveying off-nadir ob-
servations from MRO-MCS was that GW activity de-
creased during dust storm activity, particularly during
the planet-encircling dust event of MY 34 (hereafter
34P) [47]. This effect was particularly apparent in areas
of lower GW activity in the tropics. These areas tend to
be smoother and so are likely sources of non-orographic
waves from dry convection. Areas of high GW activity
in the extratropics were minimally affected. GW activity
also seems to increase locally in the tropics [47, 48].

GCM simulations of explicitly resolved GW also
predicted such a decrease, which is caused by suppres-
sion of convection and baroclinic activity by reduced
surface heating due to high dust opacity [21]. Compar-
ison with [47] suggested that modeling was underesti-
mating the decrease, but re-examination of this work has
accounted for the effects of opacity raising the vertical
sensitivity range of the MCS channels [48]. Taking this
effect into account, the factor of 2 decrease predicted
by modeling now agrees with the observations, though
some discrepancies in the spatial distribution of the ef-
fect still may remain and possibly may be explained by
differences in the part of the GW spectrum being sam-
pled by the observations and the modeling [21].

One other prediction of [21] is that dust storm activ-
ity would improve GW propagation to the middle atmo-
sphere and result in increased middle atmospheric GW
activity there. This result could explain enhancement of
upper atmospheric GW activity during 34P [10, 9]. And
indeed [48] showed that GW propagation in the trop-
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ics did improve significantly during 34P. Decreased GW
activity in the lower atmosphere resulted from reduced
source strength near the surface. A preliminary analy-
sis of lower and middle atmospheric GW activity from
MRO-MCS limb observations only found reduced lower
atmospheric GW activity during the planet-encircling
dust event in MY 28 (28P), but we expect to present an
improved analysis at this meeting.

A mesoscale peak in GW activity

As noted above, GW with shorter horizontal wave-
lengths and longer vertical wavelengths should dominate
momentum transport. MGS-TES nadir observations
have enabled us to characterize the horizontal wave-
length spectrum of long vertical wavelength GW. As
also found by a similar analysis by [44], we find that
GW energy seems to peak at horizontal wavelengths <
100 km. These short horizontal wavelengths also seem
to be less filtered as they propagate in the lower atmo-
sphere. There is also a clear scale separation between
variability at < 300 km horizontal wavelength and >
1000 km horizontal wavelength population that can be
attributed to tides and planetary waves.

There are two main implications of this result. First,
observational techniques that focus on the shorter hori-
zontal wavelength end of the spectrum provide a more
accurate view of the dynamically significant GW popu-
lation. Second, the lower atmospheric wave population
peaks at somewhat shorter horizontal wavelength than
the upper atmospheric population (< 100 km vs. 100
to 300 or 500 km) as inferred by [22, 24, 54], either
suggesting strong filtering of the short end of the pop-
ulation or that upper atmospheric GW are a secondary
population produced by GW breaking below the upper
atmosphere.
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