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ABSTRACT

Context

Studying the present Martian climate provides insights into both its past atmospheric evolution and
broader planetary processes. Observations and climate models are closely interlinked: models aid data
retrieval, while observations constrain and validate simulations. Discrepancies between the two can
identify missing or poorly represented processes. Since observations are often limited in space and
time, models fill critical gaps, requiring accurate representation of known atmospheric features.
Model resolution, constrained by computational power, limits the explicit treatment of small-scale
dynamics, which must be parameterised. Among these, gravity waves—generated by topography or
weather systems—play a key role in transferring energy and momentum to the upper atmosphere.
Despite their relatively small spatial scale, they exert significant thermal and dynamical forcing,
making their inclusion in Martian climate models essential for accurate simulation of the planet’s
atmospheric system.

Objectives

The goal of the MOMENTUM project is to gain a better understanding of the impact of gravity waves
on large scale circulation and to improve Global Climate Models (GCMs) to more accurately represent
these effects in climate simulations. By using observations from the Nadir and Occultation for MArs
Discovery (NOMAD) instrument onboard the ExoMars Trace Gas Orbiter (TGO), we can look for
signatures of gravity waves and attempt to quantify their potential effects on the mean flow. These
observed effects can then be compared to those calculated in the GCM by the gravity wave drag
(GWD) parameterisations, which are not well constrained. There are several parameters that can be
adjusted in these schemes, and with the observations, we can work towards a more realistic
simulation. The direct effect of gravity waves on the simulated wind fields can modify the overall
global circulation and have secondary effects on the thermal structure in the upper atmosphere. The
region where waves are thought to break is a key transition zone between the upper and lower
atmosphere, so this is an important process to represent well in a GCM.

Conclusions

We see gravity waves frequently in the TGO/NOMAD observations and are building a climatology of
activity over several Martian years. We see some differences in sunrise and sunset behaviour,
particularly in the southern hemisphere winter.

By analysing the temperatures and wave activity observed by NOMAD, we have been able to tune the
GEM-Mars GCM parameterisations of gravity wave drag to better match the observations and provide
more realistic simulations.

This project has enabled us to have high-resolution simulations of the Martian atmosphere, and more
simulations are planned to understand better the seasonal and diurnal differences in wave activity.

We have found several examples of cold pockets likely due to wave activity where there is potential
for the formation of CO; ice clouds. This provides the opportunity to study this further and improve
the model implementation of these types of clouds.

This project has also allowed for other improvements to the model, such as the implementation of a
better formulation for the radiative transfer in non-local thermodynamic equilibrium conditions.
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1. INTRODUCTION

Through the study of the current climate on Mars, we can gain some insight into its past and how
planetary atmospheres evolve over time. Observational data and modelling work together to help
paint a picture of the processes occurring in the atmosphere. There are synergies and feedback
between the two disciplines, we use model simulations as inputs, or a priori, to the data retrieval
process and the retrieved data are used to help evaluate the model performance. By comparing
simulations with observations, we can determine how well we understand the processes occurring in
the atmosphere. If there is a time or location where the model results do not match well with the
observations, we can try to determine what process is missing or not well represented in the model.
Observations of the atmosphere can reveal a great deal but there are often limits to their coverage in
space and time, so we use atmospheric models to help close those gaps and provide a clearer
interpretation of what is observed. Therefore, it is crucial that we fully represent the features known
in the atmosphere to have the most accurate representation in our simulations. The model resolution
(how the planetary grid is divided in the horizontal and vertical) is an important factor in how accurate
the simulation is, and this is often driven by the available computational power. Long-term simulations
for climate (timescale of years) tend to have a resolution that is on the order of hundreds of
kilometres, so small-scale processes like convection, eddies and waves must be parameterised (using
a simplified process to represent their effect on the large-scale). Gravity waves are one of those
processes that take place on a scale smaller than most global climate model grids. They are formed
when air is stably stratified and are triggered by wind flow over topography (orographic) or by weather
events such as frontal systems, jet streams and convection (non-orographic). As the resulting wave
propagates upward where the atmosphere is less dense, the amplitude grows, and energy and
momentum are transferred from the lower to the upper atmosphere. While the waves are relatively
small, ranging in wavelength from tens to hundreds of kilometres, they have a large impact through
thermal and dynamical forcing on the climate and therefore need to be accounted for in atmospheric
climate models.

BRAIN-be 2.0 (Belgian Research Action through Interdisciplinary Networks)
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2. STATE OF THE ART AND OBJECTIVES

On Mars, gravity-wave induced density and temperature fluctuations have been observed by orbiting
platforms (e.g., England et al., 2017; Vals et al.,, 2019; Heavens et al., 2020; Starichenko et al.,
2021;2024), during aerobraking (Creasey et al., 2006; Fritts et al., 2006) and from the surface
(Guzewich et al., 2021). Their effects are also seen in airglow imagery (Altieri et al., 2012). Gravity
waves are thought to be one of the main sources of cold pockets in the upper atmosphere of Mars,
allowing for the condensation of its main constituent, CO,, and the formation of CO; ice clouds
(Maatténen et al., 2010; Gonzalez-Galindo et al., 2011; Spiga et al., 2012; Yigit et al., 2015; Liuzzi et al.,
2021). Recent observations led to speculation on their role in the formation of water ice clouds as well
(Clancy et al., 2021). Yigit et al. (2021) stressed the importance of gravity waves in linking the lower to
upper atmosphere in terms of mechanisms for the escape of hydrogen in the Martian atmosphere. As
a result of observations from NASA’s MAVEN mission, ESA’s Mars Express and ExoMars TGO, the topic
of high-altitude water vapour and hydrogen escape received much attention (Chaffin et al., 2017;
Stone et al., 2020; Villanueva et al., 2021; Neary et al., 2020; Daerden et al., 2022). There is a need for
a better understanding of the role that gravity waves play in the mechanisms responsible for hydrogen
escape.

As mentioned above, the impact of these waves must be simplified or parameterised in global models
to have a more accurate simulation of the temperature and circulation of the atmosphere. There are
several parameterisations for gravity waves, often from terrestrial models, but none are very well
constrained (see Medvedev and Yigit (2019) for an overview). Apart from one scheme (Yigit et al.,
2008), most models use two parameterisations, one for orographically induced waves (e.g., Lindzen
et al., 1981; Palmer et al., 1986; McFarlane et al., 1987), and another for non- orographic sources such
as wind shears, convection and other weather phenomena (e.g., Hines, 1997a;b; Lott et al., 2012; Lott
and Guez et al., 2013; Gilli et al., 2020). As computing power increases, efforts and advances have
been made on this subject using higher resolution global models (Kuroda et al., 2015;2020). These
simulations had a horizontal resolution of approximately 67 km x 67 km and therefore resolved a
larger spectrum of wavelengths. This work provided some insight into gravity wave sources and
behaviour but there is still some effort required to translate the results into better parameterisations.
Limited area mesoscale models (covering a sub-set of the globe) have also been used to investigate
gravity waves and their role in the formation of CO, ice clouds (Spiga et al., 2012), to compare with
lander data (Guzewich et al., 2021) and to investigate gravity waves as seen in airglow observations
(Altieri et al., 2012). Listowski et al. (2014) continued the work of Spiga et al. (2012) by applying a one-
dimensional CO; cloud microphysics model to the output from the idealised mesoscale simulations
and Mathé et al. (2021) incorporated the scheme into a GCM. These studies have laid a solid
foundation for the MOMENTUM project to build on.
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3. METHODOLOGY

In the following sections we will describe the tools and methods used for this project. First, we
describe the NOMAD instrument and observations used followed by a brief overview of the GEM-Mars
GCM. The methodology for the analysis of gravity waves and tuning of the model will be given.

TGO/NOMAD observations
NOMAD began science operations in April 2018, just before a large planet-encircling dust storm in
Mars Year (MY) 34 and has been taking measurements now for more than 3.5 Martian years.

The instrument is comprised of a suite of spectrometers capable of observing from the ultraviolet-
visible to the infrared wavelength range (Neefs et al., 2015). The instrument observes the atmosphere
in several geometries: nadir, limb and solar occultation. For this project, we use profiles measured in
solar occultation (SO) mode in the infrared wavelength range. This observing mode consists of keeping
the instrument line of sight (LoS) pointing to the Sun and observing the atmosphere in altitude slices
as the sun rises or sets. This gives high vertical resolution (<2 km on average) profiles at the terminator
region. The SO channel of NOMAD is a diffraction grating spectrometer with an Acousto-Optical
Tunable Filter (AOTF) which allows for the selection of narrow spectral windows of ~ 20-30 cm*
(referred to as diffraction orders). For this work, we look at the observations taken with diffraction
orders 132, 148 and 165. Table 1 gives the starting and ending wavenumber of the diffraction orders
used for this study. With these spectral windows, carbon dioxide (CO,) gas density can be retrieved,
with sensitivity at different altitudes. In the future, we will add retrievals from order 156 to fill the gap
between 100-130 km.

Table 1 NOMAD diffraction orders used in this study

Diffraction order Starting wavenumber (cm™) | Ending wavenumber (cm™) Altitude range of
measurements

132 2966.49 2990.14 <60 km

148 3326.07 3352.58 60-100 km

165 3708.11 3737.67 > 130 km

From the retrieved CO; density, we can infer a temperature using the hydrostatic equilibrium
equation. The method is explained fully in Trompet et al. (2023a).

The GEM-Mars GCM

The GEM-Mars three-dimensional general circulation model takes advantage of the cutting-edge
efforts made by the numerical weather prediction (NWP) community by using the operational
framework and dynamical core of the Global Environmental Multiscale (GEM) model from the
Recherche en Prévision Numérique (RPN) division of Environment Canada (C6té et al., 1998a, 1998b;
Yeh et al.,, 2002). We use version 4.2.0 of GEM, which has been converted from the terrestrial
application for the simulation of the Mars atmosphere. The GEM-Mars model describes the
meteorology, circulation, dust, clouds, water, polar caps, radiation and atmospheric chemistry from
the surface up to 150 km altitude. The model is typically run at a horizontal resolution of 4°x4°, which
is approximately 237 km x 237 km at the equator.

GEM includes a parameterization for gravity wave generation by airflow over topography in the
physics package for the Earth (McFarlane, 1987) as well as a low-level orographic blocking scheme

BRAIN-be 2.0 (Belgian Research Action through Interdisciplinary Networks)
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(Zadra et al., 2003) based on that of Lott and Miller (1997). The sub-grid scale parameters are derived
from the high-resolution MOLA topography. The gravity wave drag (GWD) scheme relies on the
saturation concept of Lindzen (1981), which describes the effects of wave breaking associated with
the onset of convective instability. The changes in the horizontal wind due to GWD depend on the
subgrid scale orographic variance, the atmospheric stratification, local density height scale and a
tunable parameter defined as the product of a representative value of horizontal wavenumber and an
efficiency factor less than one.

The tendency of orographic GWD on the horizontal wind V is:

oy _ 9 .
(E>GWD‘ ~no (MU) (1)

where n is a unit vector parallel to the mean flow at a reference o level near the surface, U=n-Vis
the local wind component parallel to that at the reference level. M is defined as:

Ep, NA?

2 °"H )

M = h2

where H is the local density height scale, N is the Brunt-Vaisala frequency, E is an efficiency factor less
than unity, He and he are the horizontal wavenumber and amplitude for a typical wave. The quantity
Epe/2 is regarded as a tunable parameter.

The wave amplitude, A, is such that the wave momentum flux, MU, is independent of o except in wave
saturation regions where A is chosen so that:

=1 ®)

where Fis a critical value of the local inverse Froude number.

For non-orographically sourced waves, we use the terrestrial GEM parameterisation from Hines
(1997a;b). The scheme employs Doppler-spread theory, wherein a continuous spectrum of gravity
wave phase speeds interacts with the evolving background wind field. As the waves propagate upward
through the stably stratified and progressively rarified Martian atmosphere, their amplitudes increase
until nonlinear effects induce saturation and dissipation, leading to a gradual deposition of
momentum and energy. This process is highly dependent on the Doppler shifting of the wave
spectrum, which selectively filters waves according to their intrinsic phase speed relative to the
ambient flow. By distributing drag over a broad altitude range rather than at discrete breaking levels,
the scheme attempts to capture the cumulative dynamical forcing of non-orographic gravity waves.

The scheme launches a continuous spectrum of gravity waves at a prescribed source level representing
unresolved tropospheric sources such as convection and fronts. Each spectral component is
characterised by a vertical wavenumber, with the launch spectrum bounded below by a minimum
wavenumber corresponding to a prescribed vertical wavelength. To prevent unrealistically strong
contributions from long vertical waves, the power spectral density for wavenumbers below this cutoff
is given a positive slope, ensuring increasing variance with increasing vertical wavenumber up to the
cutoff.

BRAIN-be 2.0 (Belgian Research Action through Interdisciplinary Networks)
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As the spectrum propagates upward through the background wind and stratification, Doppler shifting
continuously redistributes wave power across phase speeds and vertical wavenumbers. A variable
upper cutoff in vertical wavenumber, increasing with altitude, acts as a dissipation threshold: any
spectral element Doppler-spread beyond this limit is considered saturated and deposits its
momentum locally. In this way, the scheme translates nonlinear filtering and instability (both
convective and shear) into a smoothly distributed vertical divergence of momentum flux.

Tuning of GWD schemes for low resolution

For the orographic gravity wave scheme, the quantity Epe/2 in Equation 2 was modified from 8.e-6 to
5.e-6 after sensitivity tests. As U represents the horizontal wavenumber, this would imply a higher
horizontal wavelength than the value used for terrestrial application.

For the non-orographic scheme, there are several tunable parameters, such as the level at which
waves are expected to be launched and the lower bound vertical wavenumber, which limits the
maximum vertical wavelength of the spectrum allowed (see Hines, 1997; 2004; Charron et al., 2002).
We modified the launching level to be appropriate for Mars and modified the horizontal wavenumber
to 5.e-6. We also increased the altitude at which the effects taper off exponentially.

Simulations and analysis

We performed simulations at 4°x4° for MY 34-37 to compare with NOMAD observations. The model
timestep is ~ 30 minutes and we save the output at every timestep and then extract model profiles at
the same time and location of the occultations and interpolate onto the same grid for comparison.
We look at individual profiles as well as seasonal and zonal averages.

We also performed a preliminary model simulation at a horizontal resolution of 1°x1° to see how the
model resolves waves, as shown in Figure 1.

Figure 1 Snapshots of model simulations at 4x4 (left) and 1x1 (right). The coloured contours are temperature slices and
white isosurfaces represent water ice clouds. More structure in the temperature field can be seen in high resolution
simulation.

With the individual temperature profiles from NOMAD and the GCM, we fit a polynomial to obtain a
background or average profile (T). We experimented with different orders of polynomial and present
here results using a 6" order polynomial. By subtracting the background from the actual temperature
(T’=T-T), we have a picture of the perturbations in the atmosphere.

BRAIN-be 2.0 (Belgian Research Action through Interdisciplinary Networks)
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In addition to these perturbations, we can look at the potential energy and the Brunt-Vaisala
frequency (N2) which characterises the convective stability in the atmosphere, given in Equation 5:

g(dr g
N? = (dz+ ) (5)

Where g is the acceleration due to gravity and ¢, is the specific heat capacity at constant pressure.
When N2 > 0, the atmosphere is stably stratified and when N? < 0 the atmosphere is unstable and no
longer supports wave propagation. This means that when N2 is close to O or just negative, we can have
strong dissipation of waves. The potential energy (quantifying stored buoyancy energy) is given by
Equation 6:

@ ©

Alarge E, implies strong vertical displacements and temperature perturbations and reflects how much
energy it requires (in terms of buoyancy) to hold air parcels away from equilibrium.

Using Fourier decomposition, we then estimate the vertical flux of horizontal momentum per unit
mass using Equation 7:

1 kh |Tkm|
ey ;
( = ™)
where ki, and m are the horizontal and vertical wavenumbers and |T'xm| is the amplitude of the
harmonic’s perturbation. We use a horizontal wavelength (A, =27/ky ) of 300 km.
We then compute momentum lost by a breaking harmonic (gravity wave drag or GWD) to compare

with GCM calculated GWD from parameterisations using Equation 8.

This analysis method is further described in Starichenko et al., 2024.
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4. SCIENTIFIC RESULTS AND RECOMMENDATIONS

Temperature comparisons

We first compare the retrieved temperatures from NOMAD with simulated values from GEM-Mars.
This was first done in Trompet et al. (2023b) and is shown in Figure 2. Averaged profiles like this
provide an initial metric to show the performance of the GCM but lose the information regarding small
scale waves, which can be seen in the NOMAD profiles shown in Figure 3, as an example. One aspect
that is observed in the NOMAD dataset is the presence of tides, which can play a role in the dissipation
of gravity waves (some examples are shown in Figures 6 and 7 of Trompet et al., 2023b). The sparsity
of the data points makes it difficult to make firm conclusions so the use of the GCM is very valuable.
Figure 4 is a snapshot of an animation showing the full picture of the atmosphere using the data from
the GEM-Mars GCM. The top frame is a vertical slice with longitude on the x-axis and height on the y-
axis at a latitude around 629S. The bottom frame is the horizontal slice at 70 km. Using this kind of
visualization, we can get a better picture of the simulated temperature structures and how tides
behave.

\ . ! | ’ J 3 ' - =

Arinuoe (km

Figure 2 Comparison of GEM-Mars (orange) and NOMAD (blue) averaged temperature profiles for different seasons and
latitude bands. The profiles here are for the morning terminator (from Trompet et al., 2023b)
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Figure 3 Individual NOMAD profiles showing the amount of structure and the presence of waves (from Trompet et al.,
2023b)
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Figure 4 Snapshot from an animation of a GEM-Mars simulation showing a vertical slice in the atmosphere at around 6295,
the location of a NOMAD occultation (top frame). The bottom frame is the horizonal slice at 70 km. The shaded area is
night-time and the solid and dashed lines indicate the longitude where the terminator crosses the latitude of interest
(where NOMAD observed).

During the project, the TGO/NOMAD solar occultation data was reprocessed and new comparisons to
GEM-Mars simulations of temperature were performed. The reprocessed data has a stricter cut-off in
the case of saturation of the CO, absorption lines, eliminating potentially inaccurate retrievals at the
lower bounds of the profiles (around 40-60 km). We have also compared the modelled temperatures
with 2 other TGO instruments, the Atmospheric Chemistry Suite (ACS) Mid InfraRed (MIR) and Near
InfraRed (NIR) instruments (Korablev et al., 2018; Belyaev et al., 2022). The ACS data was kindly
provided through our participation in an International Space Science Institute (ISSI) project. Figure 5
shows the differences in temperature between model and observations at 80 km, a region where
gravity wave (GW) breaking often occurs. This is also the region where we see the largest differences
in modelled and observed temperatures. The data presented is for the last half of MY34 (which
includes a large planet-encircling dust storm), MY35 and MY36 (for NOMAD). There should be little
direct effect from aerosols at this altitude, except in the case of the MY34 dust storm which occurred
around solar longitude (L) of 195-220°, where dust was lofted up to higher altitudes.

The model tends to over-predict temperatures at this altitude and on average, it is more than 20 K too
high around 23% of the time. At 60 km, the differences are smaller, over-predicting by 20 K around
9.5% of the time on average. Table 1 provides a summary of the percentage of observations where
GEM-Mars over-predicts by more than 20 K at altitudes of 60, 70 and 80km. At northern latitudes (See

Temperature (K)
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Figure 5 upper panel), MY35 and MY36 behave similarly, with an over-prediction in the model in the
first half of the year and an underprediction during the dusty season around L;=620° and 980°, close
to northern hemisphere winter solstice. At the southern latitudes, there is a model underprediction
right at the time of the global dust storm, indicating that we may not be lofting sufficient dust to higher
altitudes to provide more realistic temperatures.

Temperature difference (K)

Solar Longitude

Figure 5 Temperature differences between GEM-Mars and NOMAD (green), ACS-MIR (red) and ACS-NIR (blue), averaged in
bins of 102 of solar longitude. Positive values indicate that GEM-Mars is warmer than observations. The stars with solid
lines are sunset occultations and the dashed lines with squares are sunrise occultations. The top figure is for observations
north of 60°N, the centre is for 60°N-60°S and the bottom figure is for south of 60°S. The darker shaded regions are +/- 10 K
and lighter regions are +/- 20 K for reference.

Table 2 Summary of percentages where GEM-Mars over-predicts temperature by more than 20K

% where GEM-Mars % where GEM-Mars
North > 60°N temperatures > 20K higher than | temperatures > 20K higher than
NOMAD for sunrise NOMAD for sunset occultations
occultations
80 km 23.7 114
70 km 232 20.7
60 km 6.0 9.5
Equatorial 60°S — 60°N
80 km 38.2 17.9
70 km 239 17.9
60 km 10.3 124
South < 60°S
80 km 26.6 22.7
70 km 30.3 15.2
60 km 12.2 6.8
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In Figure 6, we show the full dataset latitude-longitude distribution of the ACS-NIR observations (left)
and model values (right) at 80km. The model overprediction can be seen at most latitudes but is
slightly more pronounced in the polar regions.

E g

s

tempesature (X)

Latitude
&

i

Figure 6 Longitude/Latitude distribution of ACS-NIR observations (left) and GEM-Mars temperatures (right) from the 2" half
of MY34 through to the first half of MY36.

Impact of non-orographic scheme on temperatures

New simulations with different parameters relating to the non-orographic gravity wave drag
parameterisation were performed to address the temperature bias in the model. Figure 7 and Figure
8 show the impact of the scheme on simulated temperatures. In Figure 7, we show the zonal mean
temperature differences between a simulation with the non-orographic scheme off and with the
scheme on at the 4 cardinal seasons. The red colours indicate that when the non-orographic GW
scheme is turned off, temperatures are warmer, so the scheme has a cooling effect in those regions.
Where it is a blue shade, these are regions where the scheme causes a warming effect. Note that the
scheme itself does not change the temperature, it only adjusts the wind speeds, and the thermal effect
is then seen as a result of the dynamical effect. The largest impact of the scheme with the current
settings occurs in the polar winter seasons, with a larger impact in the northern hemisphere, during
the northern winter.
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Figure 7 Latitude/Altitude zonal mean of temperature differences between GEM-Mars simulations with the non-orographic
gravity wave scheme turned off — on for 4 seasons of MY35. Red indicates the scheme has a cooling effect on temperatures
(they are higher when the scheme is off) and blue indicates a warming effect from the scheme.

In Figure 8, we show a similar stem plot as Figure 5, for temperature differences between NOMAD
and GEM-Mars, with the 2 simulations, non-orographic on (green) and off (red). The bias is reduced
in the southern winter, but more testing is needed.
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Figure 8 Stem plot showing the temperature differences between GEM-Mars and NOMAD with the scheme on (green) and
the scheme off (red).
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Impact of non-local thermodynamic equilibrium conditions

Another important factor influencing the thermal structure in this region is the presence of non-local
thermodynamic equilibrium (NLTE) conditions, which occur above approximately 80 km altitude. In
the troposphere and lower mesosphere, the atmosphere is in local thermodynamic equilibrium (LTE).
In this state, molecular collisions happen frequently enough to evenly distribute absorbed radiant
energy before it is emitted again. However, in the lower thermosphere, the atmospheric density drops
significantly, reducing the frequency of molecular collisions. As a result, thermodynamic equilibrium
can no longer be maintained. In this region, the exchange of energy between carbon dioxide (CO,) and
other molecules—particularly atomic oxygen (O)—is no longer in thermal equilibrium. Collisions with
atomic oxygen become essential for exciting the vibrational levels of CO,. Under NLTE conditions,
radiation at a wavelength of 15 um becomes especially important for radiative cooling. The efficiency
of this cooling depends on the abundance of atomic oxygen and the rate at which CO, vibrational
energy is quenched by O—parameters that are not well constrained in current GCMs (Medvedev et
al., 2015).

We include the effects of NLTE conditions on temperature based on the original work of Lopez-
Valverde et al. [1994a; 1994b]. This involves using a climatological profile of atomic oxygen
interpolated onto the model vertical grid. As GEM-Mars computes the photochemistry of the
atmosphere, we can connect it to the radiative transfer calculation and use a more realistic profile in
our simulations. Preliminary tests with a one-dimensional version of the model chemistry and physics
indicate that using the model profile shifts the cooling to a lower altitude, with a magnitude difference
of ~30 K. This is promising, as the simulations are often too warm compared with NOMAD in the 80
km region. Figure 9 gives a timeseries of altitude profiles for 3 latitude bands (60N, equator and 60S)
of temperature differences between and simulation with the old formulation and the new formulation
using the modelled profiles of atomic oxygen. As expected, the effects are at and above 80 km, where
the simulation with the new formulation is cooler between 80-110 km (blue) and warmer above (red).
This figure shows the overall impact on the simulation while Figure 10 has model values extracted at
NOMAD diffraction order 148 observation times and locations. Again, the blue regions indicate that
the new formulation is cooler than the old and vice-versa for red regions. It is more difficult to see the
impact of NLTE changes at the altitudes where order 148 is sensitive (below 80 km) but there are some
differences, mostly in the winter polar regions where the differences reach to lower altitudes in Figure
9.
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Figure 9 Temperature difference between new NLTE method and old for one Mars year at 3 different latitude bands (60N,
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using a climatology. The model was previously over-predicting temperatures in this region.
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Figure 10 Difference in model temperatures (same as Figure 9) extracted at NOMAD observation times and locations (orders
148 and 132). Blue indicates that the new formulation is cooler than the old.

After the modification to the NLTE code, we compared to the observed NOMAD temperatures for
orders 165, 148 and 132 with the full profiles from the model (using order 148 times and locations)
for 2 seasons (split into sunrise and sunset occultations) as shown in Figure 11. Overall, the model
temperatures follow the observed patterns and are within a reasonable range. The second half of the
year mesopause temperatures are warmer in the model than observed, but we are on the edge of the
observation sensitivity.
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Figure 11 Zonal mean temperature comparison for 2 seasons, split into sunrise (SR) and sunset (5S) occultations. The top four
plots show NOMAD temperatures for orders 165, 148 and 132. The lower four plots show the GEM-Mars full profiles extracted
at the times and locations of the order 148 observations (between 50-100 km).

Searching for gravity waves in the NOMAD data
In Figure 12, we look at latitude-altitude plots for all order 148 occultations during MY35-37, divided
into the 1% (left column) and 2™ half (right column) of the year. We divide the occultations again into

sunrise (top 3 rows) and sunset (bottom 3 rows). In each set of plots, we show zonal mean
temperature (top), the mean normalized temperature perturbations (middle) and the number of
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occultations used to make the mean (bottom) to help identify the statistical significance. Here we can
see some differences between sunrise and sunset, for example, just south of the equator in the first
half of the year, there is more activity in the sunset occultations. Between 40-65°N in the 2" half of
the year, there appears to be more activity in the sunrise occultations (indicated with red circles).
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Figure 12 Zonal mean profiles of temperature, normalized perturbations and the number of occultations used in the mean.
The left column is the 15t half of the year, and the right column is the 2" half. The top 3 plots are for sunrise occultations
and the bottom 3 are for sunset. The red circles highlight regions of increased perturbations.

From the mean and wave components of the profiles, we can then look at the wave amplitudes,
potential energy, the Brunt-Vaisala frequency (N2), momentum fluxes and drag on the mean flow as
described in Section 3. Figure 13 shows one example profile analysis, using a NOMAD order 148
observation, taken in MY35, Ls=59.11 (2019/07/29) at latitude 62.17°S. The first frame shows the
temperature profile in solid blue with the shaded error and the fitted background temperature in
dashed blue. We include the full GEM-Mars profile in green along with its fitted background. The
middle frame shows the amplitude of the power spectrum with the strongest wave amplitudes around
2.5-3.0 Kand wavenumbers grouped at the lower end of the spectrum, indicating longer wavelengths,
between 1-10 km. In the last frame, the blue profile is the estimated drag on the mean flow due to
these gravity waves. In green, we show the calculated absolute value of the gravity wave drag from
the two schemes in the model. In this example, the order of magnitude of the GWD for the observation
and model is on the same order, although the observation peak drag is slightly above the non-
orographic drag value and slightly below the smaller peak of the non-orographic drag.
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Figure 13 One example profile from NOMAD order 148, taken in MY35, L;=59.11 (2019/07/29) at latitude 62.17°S. The first
frame shows the temperature profile in solid blue with the shaded error and the fitted background temperature in dashed
blue. We include the full GEM-Mars profile in green along with its fitted background. The middle frame shows the amplitude
of the power spectrum with the strongest wave amplitudes around 2.5-3.0 K and wavenumbers grouped at the lower end of
the spectrum, indicating longer wavelengths, between 1-10 km. In the last frame, the blue profile is the estimated drag on
the mean flow due to these gravity waves. In green, we show the calculated absolute value of the gravity wave drag from

the two schemes in the model.

We then take all the profiles of GWD estimated from NOMAD for orders 148 and 132 and calculated
by GEM-Mars and analyse the zonal means as shown in Figure 14. Like the temperature plot of Figure
11, we divide the data into 2 seasons and SR/SS occultations. Both NOMAD and GEM-Mars show more
activity in the sunrise occultations in the first half of the year in the southern hemisphere. This

behaviour is more difficult to distinguish in the second half of the year in the northern hemisphere
where there is stronger activity in both the SR and SS occultations.
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Figure 14 Zonal mean GWD amplitude comparison for 2 seasons, split into sunrise (SR) and sunset (SS) occultations. The top
four plots show NOMAD GWD estimated for orders 165, 148 and 132. The lower four plots show the GEM-Mars full profiles
of both orographic and non-orographic wave drag combined, extracted at the times and locations of the order 148
observations (between 50-100 km).

Implications for the formation of CO; ice clouds

We are also analysing the NOMAD profiles to see where CO; ice clouds might form. Figure 15 shows
one particular profile where the temperature drops below the CO; frost point and we are investigating
the potential to use NOMAD retrievals of aerosols and CO; ice clouds such as those done by Flimon et
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al. (2025) and Luizzi et al. (2021) to see if the clouds themselves were observed when the
temperatures are cold enough. We also show the GEM-Mars profiles from the high- and low-
resolution simulations. Both simulations drop below the frost point but at a higher altitude. This
analysis will help as we implement the formation of CO; ice clouds in the GCM.
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Figure 15 profile for NOMAD temperature profile taken on 18/02/2021 (MY36 Ls=5.5 at 35N, 198E) in blue, GEM-Mars low
resolution in green, high resolution in orange. The red line indicates the CO, saturation vapour pressure.

Conclusions and future work

We see gravity waves frequently in the TGO/NOMAD observations and are building a climatology of
activity over several Martian years. We see some differences in sunrise and sunset behaviour,
particularly in the southern hemisphere winter.

By analysing the temperatures and wave activity observed by NOMAD, we have been able to tune the
GEM-Mars GCM parameterisations of gravity wave drag to better match the observations and provide
more realistic simulations. There are still some possible improvements to make, such as making the
non-orographic wave launching level more dynamic, based on the atmospheric conditions and the
position of the planetary boundary layer.

We are continuing the analysis and tuning of the model, with more high-resolution simulations
planned to understand better the seasonal and diurnal differences in wave activity. The analysis
temperatures and wave activity looking for the potential for CO; ice cloud formation and the
implementation of a co2 ice cloud scheme is underway.

This project has also allowed for other improvements to the model, such as the implementation of a
better formulation for the radiative transfer in non-local thermodynamic equilibrium conditions.

There are 2 papers in preparation based on this work, to be submitted in the following months.
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5. DISSEMINATION AND VALORISATION
TGO/NOMAD SWT23, Matsushima, Japan, discussions with NOMAD team and follow-up committee,
March 2023.

LUCA School of Arts, Brussels, Belgium, presentation on the Atmosphere of Mars, TGO/NOMAD and
GCM modelling, March 2023

EGU 2023, Vienna, Austria (virtual participation), co-convener of session on Mars Science and
Exploration, April 2023

The 3™ China-ESA Mars Advanced School, Beijing, China, invited speaker on Modelling Atmospheric
Dynamics and Chemistry, May 2023

TGO/NOMAD SWT24, Potenza, Italy, discussions with NOMAD team and follow-up committee,
September 2023.

Dust on Mars, RoadMap workshop, Brussels, Belgium, presentation on GCM modelling of dust
transport and radiative effects, September 2023

Participation in an International Space Science Institute (ISSI) project titled “A multi-mission
approach to close the gaps in understanding the structure and variability in the Mars upper
Atmosphere”. The topic closely relates to this project and work was presented at the two in-person
meetings in Bern, Switzerland in January 2024 and 2025.

In March 2024 the TGO/NOMAD SWT25 was held in Newcastle, UK, where results were presented.
This provided an opportunity for discussions with NOMAD team and with the follow-up committee.

Invited seminar at Freie Universitat in Berlin in June 2024. Presentations were given at the
EuroPlanet Science Congress (EPSC) in Berlin in September 2024.

Participation in a workshop aimed at improving our knowledge on aerosols in the Martian
atmosphere in Toulouse in September 2024.
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