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Abstract

We present an analysis of gravity waves in Mars’ upper atmosphere above 120
km. Using in-situ data from NGIMS onboard MAVEN we have been able to
characterise waves from nearly 4000 orbits. We have used temperature and
density profiles to extract perturbations and interpret these as vertically propa-
gating gravity waves which we characterise by their amplitude and wavelength.
In this region of the atmosphere gravity waves have amplitudes of around 10%.
Vertical wavelengths are found to be around 10-30 km. We observe an increase
in gravity wave amplitudes with increasing solar zenith angle. Gravity wave
amplitudes appear invariant in altitude on the dayside, however increase with
altitude on the nightside.
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1. Introduction

Gravity waves (GWs) are omni-present in stratified atmospheres such as
those of Mars, Earth, Jupiter and Titan’s (Fritts et al.| (2006); [Fritts (1984);
Young et al| (2005); Mueller-Wodarg et al.| (2006)). On Mars these perturba-
tions have been observed in previous spacecraft data such as from Mars Global
Surveyor (MGS) (e.g. Keating et al.| (1998) and Tolson et al.| (2007)). Several
studies have utilised data from the Mars Atmosphere and Volatile Evolution
(MAVEN) mission, specifically from the Neutral Gas and Ion Mass Spectrome-
ter (NGIMS). NGIMS is discussed in Section[2] [Yigit et al] (2015a) investigated
CO; density perturbations in the Martian thermosphere and interpreted them
as gravity waves. They compare observations to outputs from a gravity wave
scheme. Similarly, [England et al| (2016) extracted perturbations from COa,
Ar and Ny density data. The larger dataset allowed [England et al.| (2016) to
examine monthly means and seasonal effects. [Terada et al.| (2017) similarly in-
vestigated Ar density perturbations; the global distribution of GW amplitudes
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was examined so potential links with topography could be found. Results from
these studies are compared to those presented in this paper. Wave activity is
briefly discussed in [Stone et al.| (2018]) during their derivations of temperature
profiles. Short-term variability in density is due primarily due to waves and is
not seen in mean profiles calculated from a few sequential orbits.

Many modelling studies have shown the significance of the effects of GWs on
the atmosphere (e.g[Forget et al.| (1999); Medvedev et al| (2011)); Medvedev &
Yigit| (2012)). GWs carry substantial energy and momentum as they propagate
upwards and have been found to slow down or reverse mean flows in the upper
atmosphere. The deposition of wave energy has the potential to either warm or
cool the atmosphere, depending on local atmosphere conditions (Medvedev &
Yigit, 2012). Recently, high-resolution simulations of gravity wave effects in the
middle atmosphere have demonstrated significant acceleration on the order of
1000 ms~!sol~! by gravity waves (Kuroda et all [2015). Novel studies such as
that by |Yigit et al.| (2015b) have looked at the possibility that GWs may explain
the mechanisms behind features in the atmosphere, in particular COs clouds.
Temperature profiles retrieved from SPICAM occultation measurements reveal
temperatures below the condensation point of CO5 [Forget et al.| (2009). [Eng-
land et al.| (2016) provide evidence for GW induced heating/cooling which may
significantly affect the thermal structure of the Martian thermosphere. In this
paper results are presented that highlight the range in vertical wavelengths and
amplitudes of GWs through a Martian year. As the effect of GWs is appreciated
in general circulation models, the results here could aid accurate GW parame-
terization.

2. Density dataset

NASA’s Mars Atmospheric and Volatile EvolutioN (MAVEN) mission has
been collecting in situ data in Mars’ upper atmosphere since 2014. A key prop-
erty of the atmosphere to investigate is its density. It is used to infer temper-
atures which are not otherwise directly measured. Density can also be used to
derive winds (Zurek et al.| (2015])). Ar densities have been calculated using mea-
sured count rates obtained from MAVEN NGIMS Level 1 (L1) export, versions
9 and 10, revision 1 data files, data that is available publicly in MAVEN NGIMS
Level 1b (L1b) files on the NASA Planetary Data System (PDS). NGIMS oper-
ates at unit mass per charge (m/z) resolution and each m/z channel is measured
at a cadence of 1-3.5s. Only data from the spectrometer’s closed source neu-
tral mode is utilized to obtain atmospheric densities in this study. For further
discussion of the construction of density profiles from multiple m/z channels,
specific time periods over which data is obtained, necessary instrumental correc-
tions and background subtractions, and spectrometer sensitivities, the reader is
referred to [Stone et al.| (2018) and references therein.
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MAVEN has an elliptical polar orbit with periapsis of usually around 150 km
above the Martian surface and apoapsis near 6200 km. MAVEN has performed
eight Deep-Dip (D-D) campaigns so far, of which the first seven are included
in this study. During these orbits, MAVEN is lowered to periapsis altitudes of
around 120 km. By sampling these lower altitudes, connections between the
sampled lower and upper atmosphere can be made. However, more importantly
for this study, D-D orbits allow wave properties deep in the atmosphere to be
investigated. For an overview of MAVEN’s coverage, the reader is referred to
Fig. 1 in|Stone et al.| (2018]). We use all available data up to and including 25th
August 2017.

Previous studies have shown that Ar, CO5 and Ny behave similarly, with
all three having temperatures within a few percent of each other in the region
studied here (England et al.|(2016)), |Stone et al.| (2018)). To simplify analysis,
this study makes use of this result and considers only a single species - Ar. Ar
is chemically inert and its distribution affected by dynamics alone. To verify
this, analyses using all three species, both independently and combined, were
performed for sample orbits with near identical results. In the following, we will
only be investigating density observations made in Mars’ thermosphere between
120-200 km, where measurement uncertainties are small. In the region studied,
measurement uncertainties are less than 5% at the highest altitudes.

3. Temperature profiles

Temperature is not a parameter directly measured by MAVEN. It there-
fore needs to be derived from measured densities. The hydrostatic equation
(dp/dz = —pg) relates vertical changes in pressure to density. Here, p, z, p and
g are pressure, altitude, density and gravitational acceleration, respectively. g
is equal to 3.711 ms~2 at the surface. Integrating the hydrostatic equation with
altitude downwards allows one to determine a pressure profile; from this a tem-
perature profile can be determined using the Ideal Gas Law. Given a column
of atmosphere, the pressure at any given altitude, z, is derived by adding the
weight of the atmosphere above, expressed by

P(2) = Plawy) + [ pleglendz 1)

where P(z0p) is the pressure at the top of the column, p(2/) is the mean density
in height element dz/ and g(z/) is gravitational acceleration at altitude z/.

During its flyby through Mars’ atmosphere, MAVEN travels both vertically
and horizontally. Near periapsis, MAVEN is travelling quasi-horizontally, so any
changes in density are likely to be due to horizontal structures. The above tech-
nique relies on a vertical column of gas, where changes are due to vertical, not
horizontal, variations and therefore pressures derived from orbital data have a
systematic error. Mueller-Wodarg et al.| (2006]) and |Stone et al.| (2018)) discussed
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the effect of correcting along track densities to account for horizontal structures.
Stone et al.| (2018]) averaged over consecutive density profiles to determine hor-
izontal density gradients. Density gradients are found to be largest where the
derivative of solar zenith angle with horizontal distance covered is largest. This
indicates that the horizontal density gradients arise generally from the day-night
temperature gradient. (Stone et al| (2018) correct along-track densities using a
correction factor which includes the calculated density gradient. A shift in tem-
perature is observed using corrected densities. As only relative perturbations
are considered here, a systematic shift will not significantly affect the results
of our study. If the main interest was purely investigating temperature, then
corrected densities would be determined and used.

Another issue to address in the derivation of temperatures is the initial upper
boundary condition, P(ztp). As Eq. [l is integrated downwards and pressure
is equal to the weight of the atmosphere above, an initial pressure is needed
and shown later to be non-negligible. In order to determine P(z,p), an initial
temperature is required. This temperature is estimated for the top 10 km of
the region studied and is assumed to be isothermal. Inbound and outbound
profiles are processed separately; a separate P(z0p) value is calculated for each
leg. The formal periapsis (lowest altitude) is taken as the split between inbound
and outbound legs. The scale height is determined by taking the gradient of a
log(p)-altitude line using the method of least squares. Assuming the molecular
mass for Ar of 40 amu, temperature can be calculated from the scale height, H,

using Eq. [2]

=" (2)
k

where H is scale height, k£ the Boltzmann constant, T' is temperature, m is 40
amu and ¢ is gravitational acceleration. This derived temperature can be used
in the Ideal Gas Law to retrieve the corresponding pressure. P(z;,p) values are
typically of the order 107!2 Pa. Several scale heights below z,, the initial
choice of P(z;,) becomes unimportant and profiles using varying upper bound-
ary conditions converge (Mueller-Wodarg et al.| (2006); |Snowden et al.| (2013))).
The upper boundary condition may have a similar effect on the perturbations
as described earlier for horizontal density gradients.

The error associated with temperature has been found numerically rather
than analytically, following the method of Mueller-Wodarg et al.| (2006]). For
each leg, 1000 random density profiles were created as follows. We produce 1000
density profiles assuming p(z) = pops(2) + Ap(2z) where pops(2) is the observed
nominal density and Ap(z) a perturbation chosen randomly to lie within the
range -0,(z) < Ap(z) < 0,(2). 0,(2) is the measurement uncertainty. From
these new profiles, temperature profiles were derived using the method described
in this section. This is repeated 1000 times. Temperature errors are assumed to
equal one standard deviation at each altitude level. Typical error bars are less
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than 10 K.

Example temperature profiles inferred for orbit 1060 are shown in Fig.
and d. Orbit 1060 occurred during the second D-D campaign. Periapsis was at
-2.1° latitude, 149.9° longitude, 12.1 LST, 327.3° L. Clear wave-like behaviour
can be seen, and the general trend is in agreement with what is to be expected (7;
Bougher et al.| (2017)). Near-isothermal behaviour at higher altitudes is observed
in Fig. as conduction becomes dominant in this region. These profiles
have temperature values between 100 and 300 K. Temperature is dependent
on location, local time and season; temperatures rarely exceed these values.
Uncertainties at higher altitudes are around 15 K and reduce to around 5 K near
periapsis. The temperature profile presented in [Stone et al.| (2018]) from orbit
1060 is identical to the profile presented here; both studies have used different
techniques to determine P(z,,). When integrated downwards, the choice of
upper boundary condition becomes less important. [Stone et al.|(2018]) determine
upper boundary temperature and pressure values by fitting the density at high
altitudes, assuming isothermality, to an equation of the form,

P; =P, ;- exp [ T <r - r)] (3)

where P; is the pressure of the ith species, P; is the pressure of the ith species
at the lower boundary of the fitted region. G, M, m;, k are the gravitational
constant, Mars mass, mass of species ¢ and Boltzmann constant, respectively.
T; is the temperature of the ith species. r and r, are the distances above
Mars’ surface and center to the lower boundary of the fitted region, respec-
tively. Agreement between the two temperature profiles and specifically the
upper boundary condition validates our technique.

4. Atmosphere perturbations

In order to extract perturbations from the temperature and density pro-
files, unperturbed background profiles need to be determined. Inbound and
outbound legs are treated separately and therefore have different background
profiles. There are many options which have been considered and used previ-
ously including running averages (Creasey et al.| (2006b); [Fritts et al.| (2006)).
Temperature is highly variable in the thermosphere so there is not a single
function which can be used universally for all temperature profiles. The general
behaviour shows an increase in temperature with altitude which, at high alti-
tudes, becomes isothermal (7). A hyperbolic tangent function is often used for
the background temperature in the thermosphere, given by Eq. [

T(2) = Tin + | (Tmaz — Tinin) tanh (Z_AZ;""H (4)

where Tyin and T4, change depending on location, local time and season, z is
altitude above the surface, z,,;, is periapsis altitude and Az is the altitude range
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where temperature is not isothermal. A hyperbolic tangent function is used as
this allows the isothermal behaviour at high altitudes in the thermosphere and
exosphere to be captured. This function will also successfully capture the rapid
decrease in temperature in the 120-140 km region. This function contains no
oscillations and reduces the risk of introducing artificial waves to the fit. The
background temperature is fit using the method of least squares. The isother-
mal temperature calculated earlier (Eq. is used as an initial value for T},..
and the temperature at periapsis as Ty, Az is initially set as 100 km. All
three are optimised to give the best fit background profile. A representative set
of orbits were examined, and the profiles were captured successfully by the fit.
Fig. and d show the inbound and outbound temperature profiles for orbit
1060. This particular orbit highlights typical behaviour exhibited in the ther-
mosphere. Temperature increases with altitude as heat is conducted downward.
The isothermal behaviour can be seen in panel d with a value of 260 K. The
profiles have clear waves present.

In order to extract perturbations from the density profiles, an exponential
function could be fit, but this assumes the atmosphere to be isothermal which
has been shown not be the case. A third order polynomial is chosen and fit to
the logarithm of the density. This low order polynomial is chosen to reduce the
possibility and impact of edge effects. Inbound and outbound density profiles
are shown for orbit 1060 in Fig. and e.

Normalized perturbations are determined by subtracting the data from the
background profile and normalising by dividing this residual by the background
profile. As seen in Fig. [k and f, GWs are composed of smaller waves with
varying wavelengths. The main properties considered here are amplitude and
wavelength. A fast Fourier transform (FFT) is performed on the extracted
normalised perturbations allowing the dominant waves to be identified. A single
FFT is performed over the entire altitude range for each leg. Due to wave
growth/decay, amplitudes do not remain constant for a given wavelength. We
do not take this into account. By examining a set of representative orbits, we
have confidence the method employed produces accurate fits. The amplitude
Using the amplitudes and wavelengths from the four most dominant waves, a
new wave can be constructed using the wavetrain described by Eq.

! 2
Z A, sin (Wz + qﬁn) (5)
n=0 )\n

where A,,, A\, and ¢,, are the amplitude, wavelength and phase of the n'" wave.
¢, is initially set to 0° for all n. The phase of each composite wave is unknown
and therefore needs to be fit for comparisons with the observed perturbations.
Given the large number of orbits, fits were automated, with manual checks per-
formed on a representative sample set. In some cases, two waves could capture
the GW successfully, in others more were needed. It was found that, overall,
GWs were generally captured sufficiently well with four waves. By considering
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four waves, the varying wavelengths can be captured. By fixing the number of
waves, comparisons between properties can be made and the fitting process can
be automated. As discussed, four waves are used to reconstruct GWs. The ini-
tial wavetrain is used as an estimate for the best fit wavetrain. The wavetrain
is refined further using the method of least squares by adjusting amplitudes,
wavelengths and phases of each wavetrain during the fit.

Fig. Ik and f show the perturbations (faded lines) and their wave fits (dark
lines) for both the inbound and outbound leg of orbit 1060. This orbit has been
shown as it highlights "typical’ GWs found throughout this study. The inbound
wave profiles (Fig. ) clearly exhibit behaviour described earlier; temperature
(red) and density (blue) waves are in near perfect antiphase as described by Eq.
[Bl Both structures in the temperature and density fields are captured well by
the wave fits. The perturbations are centered around zero which shows waves
are oscillating around the background profiles; this adds confidence to the fit-
ted background profiles. Wave amplitudes are around 10% and wavelengths are
20-30 km. As shown later, this wave is typical. The periodic nature of the
variations and variations which are larger than uncertainties suggest waves are
present. The density amplitude around 160 km is underestimated by about 5%.
There are shorter wavelengths of around 5 km which have not been captured.
These are visible up to around 180 km. Given their relatively small amplitudes,
we do not consider them in this analysis. Pressure perturbations are shown by
the grey dashed line. The amplitude of such waves is typically below 50% of den-
sity and temperature amplitudes. The outbound wave profiles (Fig. [If) show
an example of a long wavelength GW. Temperature (red) and density (blue)
are still in antiphase like the inbound leg, but to a lesser degree. The general
trend of the wave is captured well. Amplitudes are about 10% and wavelengths
take values between 60 km and 80 km; as discussed later these wavelengths are
longer than average. Smaller-scale perturbations with apparent wavelengths of
a few km are visible and not captured. Their amplitudes are at least an order
of magnitude smaller than the more dominant waves and therefore not consid-
ered here. The similarity between fitted temperature and density perturbations
in respective inbound and outbound legs are shown by similar amplitudes and
wavelengths in Table. [I} This gives confidence in the methods used.

Al AQ A3 A4 A1 Ao A3 A4

Inbound T 11.3 6.2 56 55 236 326 163 209
p 10 76 71 39 253 16.8 33.7 19.1
Outbound 7 83 33 1.7 17 734 479 371 17.8

p 11 42 28 23 56.1 372 247 122

Table 1: Amplitude and wavelengths of constituent waves that form the wave extracted from
orbit 1060. Inbound and outbound leg values are shown. A are amplitudes (%) and X\ are
wavelengths (km)
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Figure 1: Panels (a) and (d) show temperature profiles (red solid line) for inbound and
outbound legs, respectively. Red dashed lines are fitted background profiles. Panels (b) and
(e) are Ar abundance profiles (blue solid line) for inbound and outbound legs, respectively.
Blue dashed lines are fitted background profiles. Panels (c) and (f) show the inbound and
outbound extracted waves. Red are temperature structures and blue are density structures.
Faded lines show the actual waves. Dark lines show the fitted wavetrains. The grey dashed
lines show pressure perturbations. Data is taken from orbit 1060. Periapsis location: -2.1°
latitude, 149.9° longitude, 12.1 LST, 327.3° Ls. Error bars are one standard deviation of the
random temperature profiles.

5. Comparing temperature and density perturbations

Using the Ideal Gas Law, the perturbations of a gas with pressure p, density
p, temperature 7" and mean molecular mass m may be expressed as

bp _dp  bm o7 .

p p m T
As only Ar is considered here, dm is zero. As seen from Fig [Tk and f, density
and temperature perturbations appear primarily in antiphase for all altitudes.
Using Eq. @ we may calculate 0p/p and obtain typical values of up to 2%,
whereas dp/p reach 10% and 6T/T reach slightly smaller, but similar values.
dp/p values are calculated using the same method to extract density perturba-
tions. This shows that pressure perturbations are overall a factor of about 5
less than density and temperature perturbations.

To get an overview of GW properties in the upper atmosphere, histograms
were constructed. Fig. and b show the amplitudes of wave structures in
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the temperature and density fields, respectively, without spatial or temporal
distinction. Each bin has a width of 2.5%. The histograms are in agreement
with each other. The median temperature and density amplitudes are 10% and
8%, respectively. Standard deviations are 11% and 10%, respectively. A large
peak in amplitude is seen around 10%. To understand the distribution of waves
further, the histogram is broken down into the four waves which comprise each
fitted wavetrain. Less dominant waves are shown by faded lines. The most
dominant constituent wave has the broadest distribution in both density and
temperature. This highlights the variability in characteristics and is discussed
further later. Density amplitudes are systematically smaller than temperature
amplitudes by about 2-4%.

Fig. and b show the distribution of GW wavelengths. They have been
broken down in an identical manner to Fig. 2h and b. As found for the case
of amplitudes, the results for temperature and density wavelengths are in very
good agreement with each other. From Eq. [f] perturbations in density and
temperature fields are expected to be in anti-phase. Due to this, density and
temperature wavelengths must match to ensure waves remain in anti-phase. The
histograms which take in account all waves are nearly centered on the median
values of 27 km and 24 km for temperature and density, respectively. Standard
deviations are 26 km and 24 km, respectively. A clear second peak is observed
in Fig. around 80 km. If perturbations are small, the temperature profile
should hopefully be captured well. The largest apparent perturbations may be
due to poorly fitted background temperature profiles. The subsequent residuals
may be interpreted as a large wave by the Fourier transform.

As mentioned earlier, much can be learned about the lower thermosphere
by analysing the D-D campaigns. For wavelengths to be captured with confi-
dence they need to be shorter than the altitude range examined. During the
D-D campaigns, the spacecraft sampled a more extended altitude range, hence
allowing us to potentially extract longer wavelengths. We analysed the D-D
orbits using the techniques described in Section [l However, we did not detect
longer wavelengths from the D-D data, instead finding characteristics similar to
those from higher periapsis orbits. As shorter wavelengths are thought to be
filtered out with altitude, we may have expected to see shorter wavelengths at
lower altitudes. This is found not to be the case.

5.1. Altitudinal effects on gravity waves

We investigate how GWs evolve vertically within the atmosphere. For each
orbit, we split the orbit into 30 km regions, each shifted by 10 km. For example,
we may study the 140-170 km, 150-180 km, 160-190 km regions of a leg. For
each section, we extract perturbations in an identical manner as described in
Section[d] We determine dominant amplitudes and wavelengths for each section.
The average SZAs for each section are determined.
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Figure 2: Panel (a) shows a histogram of GW amplitudes extracted from temperature struc-
tures. Grey shows the distribution of all GW amplitudes extracted. Red shows the breakdown
of the total into the four most dominant waves. Less dominant waves are shown by lighter
red. Grey is the sum of all reds. Panel (b) same as (a) but showing amplitudes extracted
from density structures. T and p/ are temperature and density amplitudes, respectively.
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Figure 3: Panel (a) shows a histogram of GW wavelengths extracted from temperature struc-
tures. Grey shows the distribution of all GW wavelengths extracted. Blue shows the break-
down of the total into the four most dominant waves. Less dominant waves are shown by
lighter red. Panel (b): as (a), but showing wavelengths extracted from density structures.

We consider six SZA regions; each region spans 30° in SZA. The amplitudes
determined above are initially binned into one of the six SZA regions. Am-
plitudes are then binned in altitude and the mean calculated. Fig. [4| shows
the result. We observe amplitudes on the dayside to remain fairly constant in
altitude with typical values around 10%. As discussed further in Section [7] it
is thought that processes which act to grow amplitudes are well balanced with
dissipative processes. On the nightside, we observe that amplitudes grow from

10
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Figure 4: Gravity wave amplitude as a function of altitude. Amplitudes are separated in SZA
with each panel covering 30° SZA. Amplitudes are extracted in 30 km section as explained in

Section [5.11

around 10-15% at 120 km to over 20% at 180 km. For altitudes above 180 km
on the nightside, we find amplitudes begin to decrease by several percent. This
is discussed in Section [

5.2. Relationship between temperature and solar zenith angle

A wide range of amplitudes have been observed and we wish to elucidate any
potential relationships between amplitude as temperature as suggested in pre-
vious studies (England et al.| (2016)); Terada et al.|(2017)). SZA for each orbit is
well known, therefore we use this for ease as a substitute for temperature. We
examine the effect of SZA on temperature using the unperturbed background
temperature profiles derived in Section [3] These profiles are interpolated to get
temperatures at 200 km. At this altitude the atmosphere is near-isothermal, so
we take this as the exospheric temperature. We repeat for all available inbound
and outbound legs. Fig. [5] shows exospheric temperature against SZA. Each
data point has been coloured by distance from the Sun (1.38-1.67 AU), here-
after referred to as M-S distance. We fit a hyperbolic tangent function to the
temperatures shown by the black dashed line.

Measurements taken at low (<45°) and high (>120°) SZAs are restricted to
small ranges of M-S distances. Low SZAs values are taken around 1.5 AU and
1.6 AU. High SZAs are taken around perihelion. Mid SZAs have good coverage
across all M-S distances. In this range we observe a strong anti-correlation
between temperature and SZA. Around SZAs of 45°, temperatures fall between
150-300 K. At SZAs of 125° temperatures span 100-250 K. Temperatures are
fairly constant from 0° to 75°. After this they decrease before levelling off around
125°. We see data to be well mixed suggesting SZA is the underlying factor that
drives temperature variations in the thermosphere. [Stone et al| (2018) found

11
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Figure 5: Temperature at 200 km derived for each inbound and outbound leg shown against
solar zenith angle. Data points are coloured by Mars-Sun distance. A hyperbolic tangent
function has been used as a best fit curve (black dashed line)

variation in temperature is best described using local time; the temperature
distribution is asymmetric in local time. Smaller M-S distances appears to have
warmer temperatures, but the variation is less over the M-S distance range
compared to SZA range. |Thiemann et al.| (2018) found temperatures increase
with increasing EUV.

6. Global characteristics of gravity waves

The previous section looked at the general properties of GWs; this section
will look at how location, local time and season affect GW characteristics. As
D-D campaigns make up a small portion of the total number of orbits and
have similar characteristics they have been included in the following analysis.
SZA has been used to describe the location of MAVEN. The temperature of the
atmosphere expectedly decreases with increasing distance from the Sun. For ex-
ample, mid-afternoon equatorial temperatures near 200 km vary from 190-390
K between aphelion and perihelion throughout the solar cycle (?). [Terada et al|
have highlighted the effect temperature has on the growth of GWs in the
thermosphere. Warmer regions of the atmosphere restrict amplitude growth as
dissipative processes are enhanced with warmer temperatures. The combination
effects of SZA and M-S distance may therefore affect wave properties, which we
will examine in the following section.

The data were 2-D binned in SZA and M-S distance and the median was
calculated for each bin. Bin sizes of 11.25°x0.025AU were used giving a total of
192 bins. 80 out of 192 bins contain data. The coverage is good in M-S distance.
Fig. [6h and b show polar plots of GW amplitude and wavelength, respectively,

12



as a function of SZA and M-S distance. In each polar plot, the upper semicircle
presents results from temperature structures and lower semicircles from density
structures. The azimuthal component is SZA and the radial is M-S distance.
Temperature is then decreasing both radially outwards and towards the left.

Temperature amplitudes are considered first (upper semicircle, Fig. @a)
Below SZAs of about 45° coverage of M-S distance is limited; values range be-
tween 1.45 and 1.6 AU so perihelion and aphelion are not sampled. In this
region, amplitudes are found to be less than 5% with little variation in either
SZA or M-S distance. The most sampled quadrant is between 45° and 90° with
only coverage missing from the 1.45 - 1.475 AU bin. There is greater variation
in this region compared to the previously discussed region. Near periapsis, am-
plitudes are similar to low SZA values (<5%). The effect of M-S distance is
more evident in this quadrant. Moving towards aphelion leads to amplitudes
increasing by a factor of around 2 to about 10%. The next quadrant (90°-135°)
shows a large increase in amplitudes with values typically greater than 15%.
The effect of M-S distance seems to be weakened in this region. Amplitudes are
fairly constant. The final quadrant (135°-180°) is the least sampled and as such
little can be concluded from it. M-S distance is only sampled at distances less
than 1.5 AU and amplitudes are greater than 15%. Considering contours of con-
stant SZA and M-S distance reveals their relative importance in controlling GW
growth. As discussed in Section SZA is well correlated with temperature.
Therefore, there is a relationship between GW characteristics and temperature
which is discussed in Section[7] A possible explanation is that temperature can
enhance or diminish dissipative processes which in turn control the evolution of
waves. There is larger variation in amplitude over the SZA range than between
perihelion and aphelion. The most well sampled distance is around perihelion,
with only low SZA data missing. Here, amplitudes range from their minimum
values (<2% at 45°) to their maximum (>15% around 170°). This range of val-
ues is much larger than over M-S distance range. This large and rapid change
in amplitude suggests that GWs exhibit highly variable behaviour. Amplitudes
vary greatly by several factors over the course of a sol. A near-identical trend
is found using density structures (lower semicircle, Fig. @3) The coverage is
identical to temperature data. The main difference, which has already been
highlighted, is that density amplitudes are typically smaller than their temper-
ature equivalents. This is most obviously seen around SZAs around 45°.

Fig. [6b shows 2-D binned vertical wavelength data as a function of SZA
and M-S distance. The same bins are used as discussed earlier. Temperature
wavelengths (upper semicircle, Fig. @b) are considered first. Compared to
presented amplitude results, there is not a clear trend with either variable. There
is a slight pre-terminator increase in wavelength towards aphelion. Given that
this trend is not seen elsewhere it is likely due to factors other than temperature.
Median wavelengths are fairly constant with values between 20 km and 30 km.
Possible reasons are discussed in Section

13



420

425

000 0.02 004 006 008 010 012 014 0 5 10 15 20 25 30
X1 A (km)

Figure 6: Panel (a) shows a polar plot of the GW amplitudes from temperature (top) and
density (bottom) data as a function of SZA and M-S distance. Panel (b) is same as (a) but
showing GW wavelengths. The four most dominant waves are considered from each orbit.

6.1. Effect of topography on gravity waves

One source of gravity waves is flow over topography, so we investigate the
vertical evolution and search for potential links with orographical features. We
use the data produced in Section [5.1] Fig. [7]shows GW amplitudes in latitude
and longitude for both a lower (120-150 km) and an upper (150-180 km) region.
We have superposed a topography map to compare with GW amplitudes. Fig.
[7h shows amplitudes extracted in the lower region. We see coverage is mainly
between 15°S and 40°N with good coverage in longitude. Data are also seen
below 40°S. The Tharsis region is a centered near the equator in the western
hemisphere. This region contains Arsia Mons, Pavonis Mons, and Ascraeus
Mons located at 8.35°S 120.09°W, 1.48°N 112.96°W and 11.92°N 104.08°W.
These volcanoes are visible on the superposed map. Olympus Mons is located
at 18.65°N 133.8°W.

Fig. [b shows amplitudes in the upper region. The coverage is much better
with all latitudes being sampled. We observe similar results to the lower region.
In similar regions, amplitudes are comparable between the two altitude regions
suggesting that waves remain constant. There appears to be a latitudinal de-
pendence on amplitude seen in both altitude ranges. This dependence is clearer
in[7b due to more coverage at these altitudes. [Terada et al| (2017) determined
wave amplitudes using a different method, but found a similar dependence. They
removed the temperature dependence to produce corrected amplitudes. These
corrected amplitudes still show a visible, but weaker dependence on latitude.
The increase in amplitudes in the Northern hemisphere is therefore potentially
caused by a sampling bias; the atmosphere was likely sampled during cooler
periods in the Northern hemisphere. Even with the removal of this bias, the
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Figure 7: (a) Averaged amplitudes determined from binning in latitude and longitude using
amplitudes extracted between 120 and 150 km. (b) Same as (a), except amplitudes extracted
in the 150-180 km region are used.

dependence is still visible. The Southern hemisphere has more orography than
the Northern hemisphere, and as topography is one of the main drivers behind
gravity waves, the latitudinal dependence is contradictory to what is expected.
The slight longitudinal dependence in the Northern hemisphere agrees with our
understanding of gravity wave generation. Amplitudes over the mountainous
Tharsis region appear enhanced, especially at higher altitudes. This is in agree-

ment with [Terada et al.| (2017)), even after their corrections.

There is inherent bias whilst analysing potential topography dependencies
on gravity wave properties. Although density and temperature variations have
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been interpreted as vertical gravity waves, MAVEN spans tens of degrees in
latitude during each pass due to its horizontal component. For each orbit we
have sliced the wave, as in Section [5.1} and associated each with the average
longitude and latitude for that section. By slicing up the wave each bin will
contain wave data from multiple waves. This allows local time effects to be
averaged out, and in theory leaves the topography dependence. This should
show stronger relationships with topography than considering the entire leg
and using periapsis latitude and longitude. Bias due to spacecraft trajectory on
gravity wave amplitudes is less than for wavelengths. Close to periapsis MAVEN
is travelling quasi-horizontally, so although we have interpreted waves as vertical,
the variations are due to horizontal variations. This will affect the measured
wavelengths. We have not accounted for this trajectory bias. This problem is
lessened away from periapsis; the higher altitude wavelengths are likely more
accurate. We find no correlation between wavelength and topography.

7. Discussion

Amplitudes observed here are of the order of those found in previous studies
which have used MGS, Odyssey (ODY) and MAVEN datasets (Creasey et al.
(2006b)); [Creasey et al.| (2006b); Fritts et al. (2006); [Yigit et al|(2015a))). [Fritts
et al.| (2006) used MGS and ODY data and found GW amplitudes of 5-50%.
From Fig. and b we observe that amplitudes rarely exceed 30%, but do
reach 50%. This discrepancy may be explained by the different regions of the
atmosphere which were sampled by MAVEN and MGS. MGS typically sampled
a lower region of the atmosphere with periapsis altitude around 100-120 km.
Terada et al.| (2017) applied a smoothing technique to NGIMS Ar density data
to extract perturbations. They found root-mean-square amplitudes of 6-30%
with an average value around 15% for vertical waves. These are in agreement
with results found in this study, especially the most dominant waves. The very
good agreement between our results and those found by Terada et al.|(2017)) give
us confidence in the technique used. We find that structures in the temperature
and density fields are typically in antiphase, however in the cooler regions pres-
sure perturbations become large enough to see significant effects. As the mean
molecular mass is constant (44 amu), pressure perturbations were calculated
by the addition of density and temperature perturbations. Pressure perturba-
tions are typically no more than 50% of the respective density and temperature
perturbations. Unlike on Titan where pressure perturbations are taken to be
negligible, pressure perturbations in Mars’ atmosphere are typically several per-
cent (Mueller-Wodarg et al., [20006).

Gravity waves have vertical and horizontal components; however these can-
not be independently determined due to the unknown and varying angle between
the wave phase velocity and spacecraft velocity. If we interpret the structures
to be caused by vertical variations, then typical wavelengths are 10-30 km. By
interpreting structures as horizontal waves, wavelengths are around 100-300 km.
Creasey et al. (2006a)) found vertical wavelengths to be bimodally distributed
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with peaks between at 8-10 km and 13-15 km which are around a factor of two
less than here. They used occultation data from MGS and retrieved temper-
ature profiles below 30 km altitude. In their study, waves appear periodic in
the vertical dimension. We therefore interpret variations as vertical waves. Pre-
vious studies have shown shorter wavelengths to be filtered by the mean flow
which may be occurring here. Perturbations with shorter wavelengths induce
local temperature gradients which may exceed the environmental lapse rate and
cause waves to break at lower altitudes. Larger wavelengths pass through the
flow and are seen in the thermosphere. [Creasey et al.| (2006b) reveal dominant
horizontal wavelengths of 100-300 km along the orbital path. There has not
been a comprehensive study of vertical wavelengths in the thermosphere, so
comparisons between techniques cannot be made. Another possibility is sec-
ondary wave production. Near the surface, topography is likely an important
source of GW generation, however waves may break causing the generation of
secondary waves. This has been discussed in the context of Earth (Moudden &
Forbes, |2011). In|Gardner & Schunk (2011)) a large-scale gravity wave is stud-
ied in a global thermosphere-ionosphere model in an effort to determine the 3-D
characteristics of the wave as it propagates upward through the Earth’s thermo-
sphere. Waves are initiated around 100 km. They found that as the GW breaks
it deposits energy and a secondary wave is generated from the original GW. The
newly generated GW has a wavelength which exceeds the original. On Mars, if
waves are breaking around 100 km, secondary wave generation may explain the
longer wavelengths observed in the upper atmosphere. Waves appear saturated
on the dayside so wave breaking may be occurring below 120 km. There is
no definitive evidence for this, but the results from |Gardner & Schunk| (2011))
may provide an explanation of what is happening at high altitudes in Mars’
atmosphere. On the nightside waves continue to grow with breaking occurring
around 180-200 km; secondary waves be produced in this region. Equally, short
wavelengths (<20 km) are theoretically dissipated below 100-120 km with longer
vertical wavelengths (50-100 km) propagating up to 150-200 km (Imamura et al.|
2016). The most dominant wavelengths here are around 30-50 km. The waves
observed near the surface are significantly shorter than observed here (Ando
et al.| (2012); [Creasey et al.| (2006a))). Results presented provide evidence for
either (or both) wave dissipation and secondary wave production.

We have attempted to understand the evolution of GWs with altitude by
determining amplitudes and wavelengths within 30 km altitude sections, shift-
ing each section by 10 km. The results are shown in Fig. On the dayside,
we observe amplitudes to be constant with altitude. By considering the con-
servation of momentum in a conservative atmosphere, amplitudes are expected
to grow exponentially with altitude as density decreases. Our results infer that
the growth process is well balanced by dissipative processes in the atmosphere,
such as an increased diffusion and viscosity. As temperature increases, decay
processes are enhanced, balancing growth. This is discussed above. In the
nightside we observe growth in amplitudes up to around 180 km. From this
result it appears the effect of dissipative processes are reduced, allowing growth
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processes to dominate. The amplitudes do not increase exponentially therefore
wave decay is still occurring. Beyond 180 km on the nightside, amplitudes be-
gin to decrease by 2-5%. This behaviour is consistent on the nightside and is
potential evidence for wave breaking. The induced temperatures gradients may
exceed the adiabatic lapse rate, causing wave motion to no longer be sustained.
The breaking of gravity waves will deposit momentum into the atmosphere, po-
tentially causing changes in the flow. The effects of such breaking will form
part of a future study. Using the gravity wave scheme employed by [Yigit et al.
(2008); [Yigit et al. (2015a) investigated the amplitude growth/decay in the Mar-
tian atmosphere. They found amplitudes grow rapidly from the surface up to
around 100 km and amplitudes are modelled to be on average about 50% at this
altitude. Upwards of 100 km the average amplitude decreases rapidly, returning
to values below 10% at 140 km. We do not observe such decreases in amplitude
at these altitudes. Gravity wave propagation is strongly affected by background
winds (Yigit et al., [2015a). This is a factor which has not be investigated this
study, but may account for some of the behaviour observed. Winds in the upper
atmosphere are substantially changed by the presence of GWs. This is caused
by momentum deposition above the mesopause by GWs. Both the easterly and
westerly jets are reversed. The easterlies are weakened (Medvedev et al., [2013]).
Yigit & Medvedev| (2017)) modelled the effect of GWs on Earth’s thermosphere.
Tidal amplitudes increase or decrease depending on latitude due to interactions
with GWs.

Data and modelling studies have tried to elucidate the connection between
GW activity and topography (e.g|Creasey et al|(2006a): Miyoshi et al.| (2011))).
Creasey et al.| (2006al) looked at waves in the troposphere and found GW activ-
ity to be higher in certain regions of elevated topography such as the Tharsis
region, however in other relatively similar areas of topography the activity is
comparatively lower. Seasonally averaged latitude-longitude plots of amplitude
and wavelength were produced but no direct link with topography was found in
either case. As latitude and longitude are well sampled by MAVEN, the distri-
bution of amplitudes in Fig. [6h and b would be expected to be more random if
there was a link in this region. The strong trend with SZA and M-S distance
shows the possible importance of temperature in controlling GWs; once a GW
has been generated it is the conditions within the atmosphere which control its
evolution. Wave amplitudes are significantly larger in the warmer regions of the
atmosphere. Waves deposit their momentum directed mainly against the local
wind, therefore providing wave drag on the mean flow (Kuroda et al.l |2015]).
The dissipation of energy into flow may erase any potential evidence of its origin.

The effect of GWs on the atmospheric temperature has been explored in great
detail using models (e.g [Medvedev et al| (2011); Medvedev & Yigit| (2012)).
GWs affect the mean flow in the upper atmosphere by closing jets and, in
some cases, reversing the flow. Dependent on location and GW dynamics, GWs
can warm or cool the atmosphere via dissipation. We have found that GW
amplitudes show clear trends with SZA and M-S distance. Processes which
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dissipate waves are enhanced in the warmest regions, therefore amplitudes are
smaller here. Dissipative processes that decay gravity waves include eddy and
molecular viscosity, thermal conduction, radiative cooling, and ion drag|Yigit &
Medvedev| (2010). An explicit relationship between amplitude and temperature
has not been computed in this study. |[Terada et al.| (2017)) derived tempera-
tures for each orbit and found amplitudes increase during cooler orbits. They
suggest the anti-correlation between amplitude and temperature is primarily
caused by breaking/saturation of GWs due to convective instability. They de-
rive a threshold of convective instability for the perturbation number density.
In the short-wave limit, assuming a temperature of around 250 K and vertical
wavelength 25 km, the threshold for amplitude is about 11% which increases
to 18% for a temperature of 150 K. The threshold condition is proportional
to wavelength, so the larger amplitudes are likely associated with larger wave-
lengths. In the long wavelength limit, where amplitudes are typically larger,
the threshold is about 86%. This value is not exceeded in this study. As we
have not attributed a temperature to each orbit we cannot say if the threshold
condition is kept.

Given the results presented here, SZA /LST plays a more dynamic role in
controlling amplitude than M-S distance given the more rapid, larger tempera-
ture changes. Dissipative processes such as molecular diffusion, whose coefficient
increases with EUV flux, are enhanced with temperature (Yigit & Medvedev,
2010). Therefore, cooler regions in the atmosphere can support most GWs,
whereas GWs will dissipate in the warmer regions. Using the LMD MCD we
find viscosity to be maximum where temperature is maximum. The increased
viscosity may explain the damped amplitudes in the warmer regions. [Creasey
et al| (2006b)) extracted gravity waves from MGS accelerometer data. They
looked at seasonal effects by investigating data at similar latitudes and local
times. They found larger amplitudes in northern autumn compared to northern
spring. They suggest aerobraking during spring/summer, which is in agreement
with findings here; aerobraking should occur in the warmest regions. Density is
also highest in these regions. |Yigit et al| (2015a)) studied NGIMS COs pertur-
bations in the upper atmosphere. They were far more restricted in the number
of orbits available, however they found amplitudes to be inversely proportional
to scale height which agrees with the results presented previously. Overall,
from this study and others, temperature appears to be moderately important
in controlling GW amplitudes in the Martian atmosphere shown by the strong
correlation with solar zenith angle. It should be noted that background horizon-
tal winds are more important in controlling the upward propagation of gravity
waves. If the background horizontal wind speed equals the gravity wave phase
speed the wave can no longer propagate (Fritts & Alexander| (2003); [Lindzen
(1981))).
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8. Conclusions

We have extracted perturbations from profiles of densities and temperatures
and interpreted these as vertically propagating gravity waves. We investigated
the amplitudes and vertical wavelengths of structures in the density and temper-
ature fields and found average amplitudes and vertical wavelengths to be around
10% and 25 km respectively, with slightly larger values in density perturbations.

We have shown how SZA and Mars-Sun distance affect the thermospheric
GW amplitude. Average temperatures on the dayside are around 250 K, reduc-
ing to around 150 K on the nightside. We find a strong correlation between
SZA and GW amplitudes. With an increase (decrease) in SZA (temperature)
we observe an increase in amplitude. The enhancement of dissipative processes
such as diffusion and viscosity occur with increasing temperature. This is one
proposed explanation.

We examine the evolution of GWs in altitude by extracting amplitudes and
wavelengths in 30 km sections along each leg. At SZAs below around 90° ampli-
tudes appear invariant with altitude. From the conservation of momentum we
expect amplitudes to grow with altitude. Therefore, decay processes appear to
balance growth. We observe amplitude growth with increasing altitude at SZAs
beyond 90°. Amplitudes begin to decrease above 180 km which may present
evidence of breaking.

As GWs play an important role in the Martian atmosphere, the predicted
evolution of gravity waves in different regions within models could be compared
to the results presented in this study. This would potentially help to improve
GW schemes.
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