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Introduction:

Mars mesosphere is the place of many atmos-
pheric phenomena such as gravity waves, large am-
plitudes tides and temperature inversion. The meso-
sphere has been less studied than the lowest and
highest altitudes but NOMAD-SO (SO in the follow-
ing) is regularly scanning the Mars atmosphere from
the troposphere to an altitude around 200 km and we
focus in this work on the retrievals in the meso-
sphere.

The SO channel of the NOMAD instrument
(Vandaele et al., 2015) is dedicated to solar occulta-
tion measurements and the derived profiles are locat-
ed at the terminator. SO is an infrared spectrometer
(2.3-4.3 um) composed of an echelle grating with an
acousto-optical tunable filter for diffraction order
selection. In this work, we focus on the retrievals
from diffraction order 148 which is centered on the
CO, fundamental band 21102-00001 (AFGL code)
and covers the spectral range 3325.6cm™ to
3351.9 cm™. We derived 963 profiles from the full
Martian years (MY) 35 and from MY 36 until a solar
longitude (Ls) of 135° (23/03/2019 till 01/12/2021).
The latitude covered by this dataset are located main-
ly around 60° North and 60° South with still some
profiles located closer to the equator (see Figure 2,
the blue points represent all measurements for this
dataset).

Method:

The retrieval method is split into three main
steps. First, slant columns are inverted for each SO
spectrum individually with the ASIMUT radiative
transfer code (Vandaele et al., 2006) based on the
optimal estimation method (Rodgers, 2000). The
highest altitude bound is limited by the strength of
the CO, lines and the lowest one by the saturation of
the CO, lines.

The second step is the vertical inversion. The
slant column profile is converted into a vertical den-
sity profile with an iterated Tikhonov method
(Quémerais et al., 2006). This method requires
providing a regularization parameter. With a synthet-
ic example, we tested 7 methods to infer the best
regularization method and the best one appears to be
the expected error estimation (Doicu et al., 2010; Xu
etal., 2016).

In the third step, we derive the pressure and tem-
perature profiles with the hydrostatic equilibrium
equation (Mahieux, 2011; Snowden et al., 2013).
This step is usually performed numerically but we
derived an analytical formula that makes the error
computation easier. The uncertainties are on average
10K at 0.02 Pa (around 90 km) and 2 K at 0.4 Pa
(around 60 km).

Results:

Figure 1 shows the retrieved carbon dioxide den-
sity values at 75 km. As expected, we see lower val-
ues near aphelion and highest values close to perihe-
lion. We also see that, closer to aphelion, the values
in the Southern hemisphere are lower than in the
Northern hemisphere. The inverse happens closer to
perihelion.
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Figure 1: Carbon dioxide density at 75 km retrieved
from NOMAD-SO during MY 35 and the beginning of
MY 36.

The temperature profiles show several warm lay-
ers mainly appearing at dawn in both hemispheres
and dusk in the Northern hemisphere while they are
more homogeneous at Southern dusks between Ls
50° and 150°. The location of the warm layers at the
beginning of MY 35 and 36 are very similar.

We compare our results with MRO-MCS (Zurek
& Smrekar, 2007; Kleinbohl et al., 2009) co-located
profiles. They are in good agreement with an average
difference of 3 K. The main differences can be
explained by a difference in location.

We also compared our results to those of the GEM-
Mars GCM (Neary & Daerden, 2018; Daerden et al.,
2019, 2022) interpolated for the location of SO pro-
files. The profiles agree well except for the presence
in SO profiles of a colder layer in the Southern hemi-
sphere for the beginning of the year (until Ls 60°), a
warmer layer at Ls 300° to 360° and a warm layer at
dawn in the Northern hemisphere for Ls 240° to



360°.

Figure 1 shows some examples of SO tempera-
ture profiles that have very close latitude, local time
and Ls but different longitudes. The upper panel con-
tains profiles at dawn and the lower panel contains
profiles at dusk. We see more variability and even
some strong temperature inversion between 55 and
70 km for the profiles at dawn and more monotonic
profiles at dusk.
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Figurel: Two examples of SO temperature profiles.
The locations are given above the panels. Panel b for dawn
and panel d for dusk.

To the temperature, we fitted the formula A cos(k
A=) where k is the wavenumber (1, 2, 3 or 4), 1 is
the longitude, A is the amplitude and ¢ is the phase.
In the case at dawn (panel a), we derived a wave-
number-1 component with an amplitude of 10% of
the background temperature and with still a remain-
ing wavenumber-3 component of 5%.

We also checked the presence of a strong warm
layer with a method similar to Nakagawa et al.
(2020). Their presence is given in orange and green
in Figure 2. The warm layers are present in 20% of
the dataset, mainly in the morning around 9 h and in
the Southern hemisphere for the first half-year and in
the Northern hemisphere in the second half-year.
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Figure2: In blue: location of all profiles for diffraction
order 148 in MY35 and 36 until Ls 135°. In orange: loca-
tion of profiles with a warm layer. In green: location of
profiles with two warm layer.

We also report that amongst the 963 profiles, six
of them contain some values lower than the tempera-
ture limit for CO, condensation. Those profiles are
presented in Figure 3. Two of them were already
reported in Liuzzi et al. (2021). Those six profiles
are located at places where CO, ice clouds were al-
ready reported except for the one at Ls 213° (red in
Figure 3).



P ;
a = {
/ /)
\ ,/ &
\ = )
X g g
/ ~ Y
( 7z
\ P
N
- 10 \ r
7 \ < 2K
= \ > N
¢ N \
2 N \ X
2
g N 3 .
a

MY35, Ls 20°, Ist 17 h, lat -1*
MY35, Ls 121°,Ist 17 h, lat -10*
MY35, Ls 121°,Ist 17 h, lat -12*
MY35, Ls 213°, Ist 7 h, lat 49°
MY36, Ls 60°, Ist 17 h, lat -5°
MY36, Ls 66°, Ist 5 h, lat 2*
T€O; cond

10°
100 120 140 160
Temperature [K]

Figure 3: Six temperature profiles with a value lower
than the temperature limit for CO, condensation.

Conclusions:

We derived 963 CO, and temperature profiles of
the mesosphere of Mars. Many of those temperature
profiles contain specific features. The temperature
profiles retrieved for the beginning of MY35 and
MY 36 show the same latitudinal trends. The seasonal
variations show similar behavior to previous studies
and simulations (see for instance, Forget et al., 2009;
Gonzélez-Galindo et al., 2011). Some clear longitu-
dinal trends are visible in the profiles at high lati-
tudes around 60°. We derived the longitudinal com-
ponents. Some strong warm layers were already re-
ported on the night side and we report their presence
as well at the terminator in 20% of the profiles. We
also report the presence of six temperature profiles
with a temperature lower than the temperature limit
for CO, condensation. Those results have been sub-
mitted in two papers (Trompet et al., 2022; Trompet,
et al., 2022) and another analysis on MY34 Ls 160 to
360° has been submitted in (Lopez-Valverde et al.,
2022)
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