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Introduction

Gravity waves play an important role in the dynamics
and maintaining the thermal structure of all planetary
atmospheres [Yiğit and Medvedev, 2019]. On Mars, they
are generated in the lower atmosphere and propagate up-
ward to the mesosphere and thermosphere, where they
saturate and deposit their energy and momentum to the
mean flow. Here, we present recent progress in the ob-
servation of upper atmospheric effects of gravity waves,
focusing on observations provided by the NGIMS in-
strument onboard NASA’s MAVEN spacecraft.

Thermospheric gravity waves during dust storms

Gravity waves continuosly propagate from the lower at-
mosphere to the thermosphere. Since global dust storms
significantly change the large-scale dynamical and ther-
mal structure, especially, of the lower atmosphere, it
is expected that the generation, propagation, and dissi-
pation of gravity waves are influenced by dust storms.
Retrievals of gravity wave activity between 20-30 km
from the Mars Climate Sounder (MCS) on board Mars
Reconnaissance Orbiter (MRO) suggested that the grav-
ity wave activity decreases during dust storms [Heavens

et al., 2020]. High-resolution Martian general circula-
tion modeling showed that gravity wave activity actu-
ally increases in the upper mesosphere by up to a factor
of two [Kuroda et al., 2020]. More recently, retrievals
of gravity wave activity from density measurements by
NGIMS/MAVEN showed that the GW activity increased
by at least a factor of two in the Martian thermosphere as
shown in Figure 1 (as adapted from the work of Yiğit et al.

[2021]). The relative density fluctuations produced by
gravity waves increased from 14-16% before the onset
of the storm on 1 June 2018 up to 40% during the peak
phase of the storm.

Figure 1: Variation of thermospheric gravity waves activity
during the 2018 planet-encircling dust storm.

Thermospheric gravity waves at solar minimum

MAVEN has been observing the upper atmosphere of
Mars since late-2014 to present. The latter part of the
mission covers the most recent solar minimum, which
provides an unprecedented opportunity to characterize
the Martian gravity wave activity for the first time dur-
ing low solar irradiation. Previous studies on Earth had
suggested that GW activity is stronger during solar min-
imum than solar maximum [Yiğit and Medvedev, 2010].
On Mars, Yiğit et al. [2021] have conducted an exten-
sive analysis of gravity wave activity during the last
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Figure 2: Variation of sunspots during the minimum of the
Solar Cycle 24. The temporal range of the chosen MAVEN
data set to analyze thermospheric GW activity is shown. [Yiğit
et al., 2021, Figure 1].

solar minimum. Figure 2 shows the sunspot number
variations in 2019-2020 period and the temporal range
of the MAVEN dataset used, which includes the solar

shown in Figure 6. Within 2019 December 5, MAVEN has
completed 6 orbits, which are represented by different colors
corresponding to different UTs. Except for the longitude
variations, all other geophysical parameters vary to a minor
degree from orbit to orbit. Overall, the latitudes of 5–55°N and
local times of 20.5–22 hr with solar zenith angles of 100°–120°
are observed. The peak density of ∼1.5× 109 cm−3 is found at
1126 UT at periapsis around −20° longitude and 30°N latitude.

The altitude variations of the GW activity during the six
orbits on December 5 are plotted in Figure 7, presented by
subdividing each orbit into their inbound and outbound passes
shown in panels (a) and (b), respectively. The instantaneous
values of GW activity vary significantly (up to±50%),
occasionally jumping up to 100%. Orbit-to-orbit variations
are noticeable, which points out a longitudinal variability of
GW activity. There are major differences between the inbound
and outbound passes for a given orbit as well, which is
indicative of latitudinal variability since the inbound and
outbound passes correspond to somewhat different latitudes, in
this case varying between 5–30°N and 30–55°N, respectively.

3.2. Global and Local Time Distribution of Gravity-wave
Activity

Figure 8 shows the altitude variations between 150 and 230
km of the relative density fluctuations during northern spring
(upper panels) and summer (lower panels), binned as a function
of latitude (left panels) and local time (right panels). Each
seasonal result is based on a five-month average, considering
all NGIMS data from 2019 August to 2019 September
(Ls= 18°.6–86°.7) and from 2019 October to 2020 February
(Ls= 86°.8–158°.8) as representative of northern hemisphere
spring and summer, respectively. MAVEN orbital coverage is
similar globally for the chosen seasons, as shown above in
Figure 2, with a good local time and latitude (75°S–75°N)
coverage.
During northern spring season, GW activity maximizes with

∼26% in the southern hemisphere high latitudes around
160–170 km. Generally, GW-induced fluctuations of density
are much larger in the southern hemisphere, but this difference
should be interpreted with caution since the northern hemi-
sphere mid-latitudes are poorly sampled by MAVEN during

Figure 4. Altitude, latitude, local time, and solar zenith angle variations of the monthly mean gravity-wave activity in terms of relative density fluctuations from 2019
May to 2020 February, corresponding to Ls = 18°. 6–158°. 8, representative of northern spring and summer seasons.
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Figure 3: Variation of thermospheric gravity wave activity
during the solar minimum from May 2019 to February 2020.
Montly averages of relative density fluctuations due to gravity
wave variations are shown [Yiğit et al., 2021, Figure 4a]

minimum. It is seen that the 13-month running mean
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Figure 4: Solar zenith angle variation of thermospheric grav-
ity wave activity during the solar minimum from May 2019 to
February 2020. Montly averages of relative density fluctua-
tions due to gravity wave variations are shown. See the legend
in Figure 3 [Yiğit et al., 2021, Figure 4a]

Figure 5: Variation of ing the solar minimum from May 2019
to February 2020. Montly averages of relative density fluctu-
ations due to gravity wave variations are shown [Yiğit et al.,
2021, Figure 4a]
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Figure 6: Gravity wave activity at night and day as simulated by a column model based on the whole atmosphere gravity wave
parameterization of Yiğit et al. [2008] [Yiğit et al., 2021, Figure 11]

sunspot number reaches a minimum in December 2019.
They have studied the montly mean GW activity during
the solar minimum as a function of altitude, latitude,
local time, and solar zenith angle . Figure 3 presents
the altitude variation of the gravity wave-induced rela-
tive density fluctuations as retrieved from the NGIMS
instrument on board MAVEN. Gravity wave activity typ-
ically peaks around 160-190 km but varies from month to
month between 5-25%. Figure 4 shows the solar zenith
angle variations of the monthly mean gravity wave ac-
tivity. Increasing gravity wave activity with increasing
solar zenith angle suggests that the nighttime gravity
wave activity is greater than the daytime one. Figure

5 shows gravity wave induced density fluctuations for
six consecutive MAVEN orbits on 5 December 2019.
Instantaneously GW activity can reach up to 100% with
significant degree of orbit-to-orbit variations, depending
on the altitude. During 5 December 2019, mainly the
longitude varies while the other orbital parameters, such
as latitude and local time do not vary much between
the different orbits. Hence, these variations indicate
the presence of longitudinal variability in thermospheric
GW activity. Overall, these results highlight the vari-
able nature of gravity wave propagation and dissipation
processes in the thermosphere.

The day-night difference in gravity wave activity
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atmosphere perspective. Lower atmospheric 
dust storms are a key component of the 
martian weather, with wide-reaching impli-
cations for the martian whole-atmosphere 
system. They often occur during perihelion 
when Mars is closest to the Sun, which hap-
pens during martian southern summer. 
Major dust storms are global phenomena and 
can last for several months (8). Atmospheric 
(gravity) waves, generated primarily in 
the lower atmosphere, are ubiquitous fea-
tures of all planetary atmospheres (9) and 
can directly propagate to 
the thermosphere, cou-
pling the different atmo-
spheric layers and produc-
ing substantial density 
fluctuations (10).

NASA’s MAVEN mission 
has shown that observable 
seasonal changes exist in 
the escape of hydrogen, 
with the highest escape 
flux occurring during martian perihelion (11). 
Also, lower atmospheric deep convection can 
facilitate increased transport of water vapor 
to the middle atmosphere during martian 
dust storms, which can ultimately enhance 
hydrogen loss to space (12). Martian global-
scale climate models can, within limitations, 
help diagnose the processes that influence 
the transport of water. Whereas some global 
models show that water can penetrate to 
higher altitudes only during the perihelion 

season, when the meridional circulation cell 
is sufficiently strong (5), other models under-
estimate the amount of water vapor trans-
ported to high altitudes (13). 

Space weather in the form of solar flares 
and coronal mass ejections can lead to in-
creased hydrogen escape from the martian 
upper atmosphere and should be included 
in the extrapolation of water loss (14). 
However, these processes occur on rela-
tively shorter time scales (hours to days) 
compared to dust storm effects, which can 

last for several months 
and can substantially al-
ter the martian whole at-
mosphere. Because Mars 
lacks an intrinsic global 
magnetic field, the role 
of space weather is im-
portant in the present 
time and could also have 
played a crucial role in 
atmospheric loss over the 

history of Mars (4). All these results indi-
cate strongly that the loss of water to space 
in the form of hydrogen escape cannot be 
fully understood without considering lower 
atmospheric processes. However, all these 
studies miss an important mechanism of 
vertical coupling, i.e., upward-propagating 
lower atmospheric waves, especially grav-
ity (buoyancy) waves. During global dust 
storms, gravity waves encounter favorable 
propagation conditions from the lower at-

mosphere to the thermosphere (15), where 
they can potentially control Jeans escape of 
hydrogen to space through wave-induced 
fluctuations of temperature and density. 
Gravity waves are also known to drive a me-
sospheric meridional circulation on Earth 
and Mars; thus, the waves are likely to 
contribute to the strengthening of the dust-
storm–time middle atmospheric meridional 
circulation that enhances water transport 
to the thermosphere.

To better understand the global trans-
port of water and loss to space, coordinated 
observational and modeling efforts are re-
quired to characterize the large-scale and 
small-scale variability and waves in the 
martian whole atmosphere, especially dur-
ing transient events such as dust storms. 
Future three-dimensional climate model-
ing studies, accounting for the generation, 
propagation, and dissipation of a broad 
spectrum of atmospheric waves, will be 
necessary to elucidate the role of the inter-
nal gravity waves in the (direct) transport 
of water to thermospheric and exospheric 
altitudes and its loss to space. These whole-
atmosphere modeling studies would have 
to simultaneously account for the dynami-
cal, thermal, and compositional effects pro-
duced by gravity waves and their modula-
tion by larger-scale waves, such as tides.

Whereas wave propagation can produce 
local density and temperature fluctuations, 
gravity-wave momentum and energy depo-
sition can substantially change the back-
ground atmospheric temperature, which is 
a key parameter in thermal escape. Future 
coincident coordinated observations are 
required to constrain models and wave ac-
tivity, and to help characterize the whole-
atmosphere distribution of water and its 
constituents. Using several current obser-
vational capabilities such as ExoMars TGO, 
MAVEN, and Mars Reconnaissance Orbiter 
in complementary ways may help accom-
plish this lofty goal. j
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Getting water off of Mars
Atmospheric coupling processes that play a major role in the direct transport of water to the thermosphere are 
shown. Atmospheric gravity (buoyancy) waves may have a key role in strengthening the meridional circulation 
responsible for the upward water transport and in enhancing hydrogen escape to space.
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Figure 7: Illustration of the connection between dust storms,
atmospheric gravity waves, and escape of hydrogen from the
Martian upper atmosphere [Yiğit, 2021].

shown in Figure 4 is worth revisiting. In order to study
how the gravity wave activity varies as a local time,
Yiğit et al. [2021] conducted column model simulations
using the whole atmosphere gravity wave parameteriza-
tion of Yiğit et al. [2008]. Figure 6 presents the altitude
variations of temperature, gravity wave dissipation rate,
amplitude, and relative density fluctuations for repre-
sentative daytime and nighttime. It is seen that that
the nighttime wave amplitude growth rate exceeds the
daytime growth rate in the thermosphere, while the dissi-
pation at nighttime due to molecular viscosity is greater
than the dissipation during daytime, however, the growth
rates exceed the dissipation rates up to 170 km. The ul-
timate effect of these differences between the growth
and dissipation during day and night lead to stronger
nighttime gravity wave activity.

Gravity waves and atmospheric escape

Influence of gravity waves on atmospheric escape is a
long-range multi-step process. So far there is a sig-
nificant degree of evidence not only for the dynamical
importance of gravity wave in the thermosphere, but
also for a potential role of gravity waves in atmospheric
escape on Mars. Figure 7 illustrates how lower atmo-
spheric gravity waves can modulate loss of water on
Mars, as adapted from the work by Yiğit [2021]. When
gravity waves dissipate in the upper atmosphere, they
can alter the mean meridional circulation, which can

modulate the upward transport of water into the thermo-
sphere, to the regions where it can be dissociated into
its constituents, hydrogen and hydroxl. Recent general
circulation modeling studies have provided evidence for
this mechanism [Shaposhnikov et al., 2022]. Hydrogen
can then easily escape to space via Jeans’ escape mech-
anism.
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