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Abstract we present vertical profiles of temperature and density from solar occultation (SO) observations
by the “Nadir and Occultation for Mars Discovery” (NOMAD) spectrometer on board the Trace Gas

Orbiter during its first operational year, which covered the second half of Mars Year 34. We used calibrated
transmittance spectra in 380 scans, and apply an in-house pre-processing to clean data systematics. Temperature
and CO, profiles up to about 90 km, with consistent hydrostatic adjustment, are obtained, after adapting an
Earth-tested retrieval scheme to Mars conditions. Both pre-processing and retrieval are discussed to illustrate
their performance and robustness. Our results reveal the large impact of the MY34 Global Dust Storm (GDS),
which warmed the atmosphere at all altitudes. The large GDS aerosols opacity limited the sounding of
tropospheric layers. The retrieved temperatures agree well with global climate models (GCM) at tropospheric
altitudes, but NOMAD mesospheric temperatures are wavier and globally colder by 10 K in the perihelion
season, particularly during the GDS and its decay phase. We observe a warm layer around 80 km during the
Southern Spring, especially in the Northern Hemisphere morning terminator, associated to large thermal tides,
significantly stronger than in the GCM. Cold mesospheric pockets, close to CO, condensation temperatures, are
more frequently observed than in the GCM. NOMAD CO, densities show oscillations upon a seasonal trend
that track well the latitudinal variations expected. Results uncertainties and suggestions to improve future data
re-analysis are briefly discussed.

Plain Language Summary The detailed variation of temperature and density with altitude is of
paramount importance to characterize the atmospheric state and to constrain the chemistry and dynamics

as a whole. The Nadir and Occultation for Mars Discovery (NOMAD) instrument on board the Trace Gas
Orbiter (TGO) has among its key targets the characterization of the thermal state with unprecedented vertical
resolution. This is the target of this work, where we analyzed transmittance spectra obtained from the NOMAD
solar occultation channel, with a state-of-the-art retrieval scheme, adapted from Earth to Mars conditions and
geometry. We applied it to the first year of TGO observations, which covered the last two Mars seasons of
Mars Year 34. The results permit to study the temperature structure up to 90 km and its seasonal and latitudinal
variations, revealing the impact of the MY34 Global Dust Storm, a warm layer at mesospheric altitudes not
present in climate models, more frequent cold pockets than in current global climate models, and generally,
colder temperature at those altitudes, all of which can be of importance for the validation of these climate
models.

1. Introduction

The Nadir and Occultation for Mars Discovery (NOMAD) and the Atmospheric Chemistry Suite (ACS) are
the two key instruments on board the ExoMars 2016 Trace Gas Orbiter (TGO), primarily devoted to trace gas
detection and mapping (Korablev et al., 2018; Vandaele et al., 2018). The solar occultation (SO) observational
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strategy of these two instruments offer excellent opportunities to sound up to very high in the atmosphere in
unprecedented vertical resolution in order to perform unique science at mesospheric and thermospheric altitudes
(Lépez-Valverde et al., 2018). The thermal structure of an atmosphere is of pivotal importance to understand its
radiation, dynamics and chemistry, all of which in turn affect such state. An excellent review of past observations
of the atmospheric thermal state in Mars can be found in Smith et al. (2017). The precise characterization of the
atmospheric structure is necessary to correctly interpret the search for trace species, and is also in itself one of the
goals of the TGO mission, and of NOMAD in particular. For this reason, NOMAD performs routine observations
in several spectral intervals to achieve a good mapping of the atmospheric thermal state, and the analysis of these
data is the primary goal of this work.

This work, together with other three companion manuscripts in this special issue, represent the first effort
carried out in the Instituto de Astrofisica de Andalucia/Consejo Superior de Investigaciones Cientificas (IAA/
CSIC) within our scientific plan for the exploitation of both NOMAD and ACS datasets with a common anal-
ysis and retrieval strategy. This consists of using an state-of-the-art retrieval scheme, described below, to both
instruments. Here we report its application to NOMAD SO data, focused on the first year of the TGO science
phase, from April 2018 to March 2019, which covers approximately two Mars seasons. These range from
solar longitudes Ls 160° to Ls 360°, that is, the Southern spring and summer seasons, sometimes collectively
names as the Martian perihelion period.

Following Smith et al. (2017), we will refer to the altitudes below about 50 km as troposphere or lower atmos-
phere and those above as mesosphere or middle atmosphere. We separate the mesosphere in lower and upper, as
those regions below and above 90 km respectively, the upper one extending up to the mesopause, around 120 km
(Lopez-Valverde et al., 2018). This work is devoted to the study of one of the diffraction orders in the NOMAD/
SO channel, with in-house label # 149, which approximately covers the spectral interval 3,349-3,375 cm™!, and
was used extensively in the NOMAD science team for the study of the thermal structure on Mars during its first
year of operations. As we will show below, this SO order permits to sound up to 90 km altitude, that is, our target
regions in this work are the troposphere and the lower mesosphere of Mars.

There are two recent publications presenting temperature profiles from TGO SO measurements by ACS. First,
Fedorova et al. (2020) presented temperatures from the near-infrared (NIR) channel during the first year of TGO
science phase, which matches well the seasonal period and the altitude range covered in this work. Second,
Belyaev et al. (2021) presented profiles up to the mesopause, around 120 km, using a diffraction order containing
H,O spectral lines, in a work devoted to H,O abundances at high altitudes. This second work presented tempera-
tures in two consecutive perihelion seasons, for MY34 and MY35. The first one matches well the period studied
here. We will make some comparisons with their results below.

The structure of the present work continues this Introduction with a Section 2 devoted to describe some relevant
characteristics of the NOMAD/SO channel and the subset of measurements used in this work. Section 3 details
the methodology and pipeline we used for these data analysis, pre-processing and inversion. Section 4 presents
the 3-D distribution of temperatures and densities obtained, and describe them to gain insight into atmospheric
variability. Comparisons with previous works and with global climate model simulations are also presented there.
Finally, Section 5 presents a summary of the major results and plans to improve and extend this work to more
NOMAD data, and also to ACS SO data.

In addition to this work, other two manuscripts studying the thermal structure in SO data from the TGO/NOMAD
and ACS instruments have been submitted to this issue. In the first one, Trompet et al. (2023) analyzed the
NOMAD/SO channel's diffraction order 148 during Mars Years 35 and 36, excluding MY34 and focusing on
mesospheric altitudes. The second presents profiles up to thermospheric altitudes combining two diffraction
orders of the ACS/MIR channel, in a study covering two full Martian years which is an extension of Belyaev
et al. (2021). Each one of these works uses different inversion techniques and approximations, obtaining different
retrieval errors and vertical resolutions. Our plan is to extend the present work to a larger data set in the near
future in order to perform a proper comparison with those two investigations.
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2. NOMAD/SO Measurements
2.1. NOMAD Instrument

The NOMAD spectrometer, in routine operations since April 2018 on board the ExoMars 2016 TGO, has 3 chan-
nels from the ultraviolet (UV) to the near-infrared (IR), each one with its own telescopic pointing and internal
optics and detectors. NOMAD main scientific objectives include the search for trace species, the track of their
sources and sinks, and the mapping of the thermal structure and the atmospheric composition at high sampling
rate in the vertical, from the ground up to the thermosphere (Lopez-Valverde et al., 2018; Vandaele et al., 2018).
Its SO channel, in contrast to the other two channels, was designed for only SO measurements and covers the
range between 2.3 and 4.3 pm (2,320—4,350 cm~!) with a nominal resolving power close to 20,000 (Neefs
et al., 2015). With a slit oriented quasi-perpendicular to the surface of the planet in the limb, the SO channel
samples the atmosphere at one tangent altitude every second approximately. The SO detector's focal plane array
is made up of 320 pixels along the spectral axis and 256 rows in the spatial direction, with 30 pm X 30 pm indi-
vidual pixel sizes (Neefs et al., 2015). The SO slit is projected into 30 detector rows (a little larger than the Sun
projected size) times 2 pixels wide. This represents a 1 X 12 km as projected onto the limb. Up to 6 diffraction
orders of the echelle grating can be selected at a given altitude. From the downlink limitation that only 24 spectra
can be transmitted to Earth per observation, this implies that only 4 spectra per order can be recorded (Vandaele
et al., 2018). The usual SO operations combine pixels in the spatial dimension into four “detector bins,” hence
producing the required four spectra, each pointing to a slightly different tangent altitude. These detector bins,
which can contain up to a maximum of six individual pixels, determine the instantaneous field-of-view (FOV),
which is normally 2 X 4 arcmin, or about 1 X 2 km at the limb. Depending on the -angle (that between the TGO
orbital plane and the solar direction), the number of altitudes sampled per scan can be very variable, but at least
a few dozen points in the vertical are usually available. Together with the mentioned FOV, the SO channel allows
to build vertical profiles with unprecedented resolution in every scan, twice per orbit. This channel contains an
Acousto-Optical Tunable Filter (AOTF) which selects different spectral windows (with a width that varies from
20 to 35 cm™!). Routine operations are planned ahead of time with specific scientific goals in mind, that is, with
one particular combination of diffraction orders in each scan. More details on the original design, calibration and
expected performance, and regular operations can be found in several publications (Liuzzi et al., 2018; Robert
et al., 2016; Thomas et al., 2016; Trompet et al., 2016; Vandaele et al., 2018, 2019).

2.2. Data Set

NOMAD science operations began in April 2018, once the TGO spacecraft reached its final quasi-circular orbit,
at about 400 km above the Martian surface, after a long aerobraking phase and a commissioning phase. In this
work we selected data during the first year of routine operations in its science phase, from April 2018 until March
2019, which approximately covers the second half of MY34: solar longitudes L, = 160°-355°. For the retriev-
als of temperature and density in this work we selected diffraction order 149 (3,349-3,375 cm~') which was
very frequently used during this first year of observations and contains CO, ro-vibrational lines of intermediate
strength (see Figure 1). As we show below in Section 4, this order permits a good sounding at tangent altitudes
up to about 90 km. During the period selected, we used about 380 type-A scans (internal name for scans using
that diffraction order at all altitudes during the SO scan), spanning a diverse set of latitudes and solar longitudes,
typical of the particular SO mapping by TGO, as shown in Figure 1. There are stronger CO, ro-vibrational bands
within the SO range than those mapped by diffraction order 149, in particular those in the 2.7 pm region, domi-
nated by the two fundamental bands of the major CO, isotope. These are captured by SO orders 159-165 and
are intended to sound up to thermospheric altitudes due to their much larger optical thickness. We studied them
in detail but found them to be very sensitive to error correlations at high altitudes and to the strong non-linear
dependence of their absorption on temperature around the mesopause. We plan to tackle these bands in a near
future after a better handling of the noise correlation and after a combination of adjacent orders; both of these
extensions are within our ongoing improvements in the SO data analysis.
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Figure 1. Top panel: Spectral location of Nadir and Occultation for Mars Discovery (NOMAD)/solar occultation diffraction order 149, and other adjacent orders,
with indication of the strongest ro-vibrational absorption lines by some atmospheric species (positions and line strengths from Hitran2016). Bottom panels: latitude,
longitude and solar longitude of the about 350 scans with solar occultation measurements in order 149 during the first year of NOMAD operations. Colors in the bottom

panels are arbitrary, used for clarity.

3. Data Analysis

The NOMAD/SO data used in this work are Level 1A calibrated transmittance from the latest pipeline processing
at the Belgian Institute for Space Aeronomy (IASB-BIRA, NOMAD's PI team) (Thomas et al., 2021). The inver-
sion of temperature and density presented here is part of a broader effort at IAA/CSIC devoted to the scientific
exploitation of NOMAD and ACS measurements with a common data analysis scheme. We followed a sequential
retrieval strategy, starting with the inversion of atmospheric opacity from the continuum in the SO data, then the
temperature and density, and these are used later in the inversion of trace species (see the two companion papers
on H,0 and CO by Brines et al. (2023) and by Modak et al. (2023), respectively). At the core of the inversion
scheme is a line-by-line radiative transfer Forward Model (KOPRA, see e.g., Stiller (2000)) and an inversion
control program (or Retrieval Control Program (RCP) in short, see von Clarmann et al. (2003)) originally devel-
oped at the University of Karlsruhe, and briefly described below in Section 3.2. The calibrated transmittances
are not yet suitable to be ingested by the retrieval suite but a very important cleaning or pre-processing is needed
first. This is described next in some detail, as it affects no only this work but also the companion retrieval works.

3.1. Data Cleaning and Pre-Processing

The pre-processing phase of the data analysis at IAA is schematically shown in Figure 2 and is devoted to correct
for remaining imprecisions still present in the calibrated transmittances. These features include spectral shifts
and residual spectral bending across the diffraction orders which can be quite significant in some spectra. These
problems are common to all diffraction orders but different for each one of them and variable from scan to scan,
as they depend on temperature effects on the detector, on TGO orbital conditions which in turn impact the space
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Figure 2. Pipeline of the Nadir and Occultation for Mars Discovery and Atmospheric Chemistry Suite data analysis at IAA.
The preprocessing block performs cleaning of residual spectral shifts and bendings, characterization of the ILS from the
observed spectra, in addition to auxiliary plots and splitting of the spectra in spectral micro-windows before the inversion, this
second step being performed by KOPRA and RCP. See text for details.

signals, and on drifts through time in the behavior of the grating's blaze response (Liuzzi et al., 2018; Thomas
et al., 2021). These effects are shown for one specific scan in Figure 3.

Other effects, like the precise response of the AOTF and the NOMADY/SO line shape (ILS) also require anal-
ysis at this pre-processing level, as well as during the inversion of scientific data. Our effort devoted to the
AOTF and ILS characterization aligns with parallel efforts by other teams in the NOMAD consortium and are
described in a companion paper by Villanueva et al. (2022) in this special issue. In brief, we are using an asym-
metric sync-squared function for the AOTF whose center accounts for variations in detector temperature, and a
double-Gaussian ILS with separation and ratio between the Gaussians which vary across each order and changing
through the different SO diffraction orders.

An important defect in the spectra is the bending, which is very variable and can be very significant. It is particu-
larly worrying for the precise determination of the actual atmospheric opacity. Fortunately its spectral shape can
approximately be characterized (and corrected) by a simple polynominal fitting. However this correction is only
approximate if the gas absorption lines are not taken into account. A more careful treatment is needed, especially
for exploiting spectra at high tangent altitudes, where the absorption lines are weak and a simple bending correc-
tion of the full order can alter the baseline continuum and produce large biases.

Our pre-processing strategy essentially splits the measured transmittance in contributions along the ray path
starting at the Sun and going through the atmosphere, first, and through the SO channel optics later. One of the
possible characterizations of these contributions can be expressed as:

T = Teas X Tacrosors X Ty X R1norsE

where T, is the measured transmittance, T, is the atmospheric transmittance due to the target species (CO, in
the case of temperature and density retrievals), and 7, .50, 15 the absorption of the solar flux produced by the
atmospheric aerosols along the Line of Sight (LOS), which is considered here as a contaminant component and is
computed by the pre-processing from the continuum component in the spectra. The term 7, stands for the residual
bending, to be computed and corrected for. Finally, the term R1,,,. stands for a random Gaussian centered at 1
and with a standard deviation similar to the noise transmittance. For the correction we simply minimize the ratios
1-T,/Tg,,» where we have combined into the term, T, ,, the observed aerosol slant transmittances together
with a large set of line-by-line forward model calculations carried out with KOPRA for the expected atmospheric
state (extracted from a global climate model, as explained below). To avoid unstable results when the atmospheric
plus aerosol transmittances are very low (at low tangent altitudes), the actual function to minimize is modified
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Figure 3. Example of our cleaning method applied to diffraction order 149 in one specific scan (20180423_204351_1p0a_
SO_A_I). Top panel, all the original spectra (calibrated transmittances) taken in this scan, showing clear bending effects and
spectral shifts. Bottom panel, spectra after cleaning. Notice the cleaning is only applied to a subset of the full diffraction order
(the rest is shaded in gray in the bottom panel). Vertical red solid lines indicate the expected position of the CO, spectral lines
(Hitran2016). The seven short horizontal lines in different colors near the top of the panels indicate the micro-windows used
in this order (see text for details).

tol —(1+T)/(1 + T,,,)- This is applied to each tangent altitude in every scan. We found this method very
robust and precise, using synthetic data, although it is time consuming due to the brute-force calculation required
to generate all the T, .

Once the bending is corrected, the residual spectral shifts across the order are computed and corrected, again
from comparisons with the line-by-line simulations at each spectrum (or tangent altitude) during a scan. For prac-
tical reasons and in preparation for the retrievals, we perform this cleaning in a set of spectral micro-windows.
As found by other teams, the residual spectral shift in a scan is usually at the level of 0.1-0.3 cm~!, and is not
constant through the diffraction order but usually follows a linear variation, as shown in Figure 3. However, this
shift is approximately constant with altitude, as far as the data are not very noisy or strongly contaminated by
aerosol absorption. These conditions need to be taken into account to define the “meaningful” altitude range for a
correct shift correction. Then each order in each scan is corrected in that altitude range, and the same correction
is applied at all other altitudes.
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Figure 4. Measurement noise in transmittance in the order 149 of scan 20180423_204351_1pOa_SO_A_I, typical of all scans in this diffraction order. Left panel,
variations in the spectral and altitude dimensions. Right-hand panel: alternative view of the projection onto the wavenumber-noise plane to appreciate better the
quasi-random variations; each line represents a noise spectrum (at one tangent altitude). The black-dots are the standard deviation of transmittance vertical profiles near
the top of the atmosphere. The color scales in both panels are arbitrary. See text for details.

3.2. Retrieval Scheme

In Figure 2, RCP stands for Retrieval Control Program, and is a multi-parameter non-linear least squares fitting
of measured and modeled spectra (von Clarmann et al., 2003). At the core of this processor is a state-of-the-
art line-by-line radiative forward model named KOPRA (Karlsruhe Optimized Radiative transfer Algorithm)
described by Stiller (2000). Very well tested on Earth atmosphere remote sounding projects, Kopra integrates the
RT equation along the observed LOS which is computed for an ellipsoidal planetary surface including considera-
tion of refraction. KOPRA was recently adapted to limb emissions on Mars (Jiménez-Monferrer et al., 2021), and
now it has been adapted to SO data on Mars for the first time, and in particular to the NOMAD/SO channel with
implementation of the asymmetric AOTF transfer function and the double Gaussian ILS.

Key inputs to RCP are the initial guess and a priori information of the quantities to be retrieved, as well as
the NOMAD data, after the cleaning described above. The a priori temperature and density profiles are taken
from a specific run of the Mars Global Climate Model developed at the Laboratoire de Météorologie Dynami-
que (LMD-MGCM) (Forget et al., 1999, 2009), using the recent implementations of the water cycles (Navarro
et al., 2014) and the dust scenarios appropriate for MY34 (Montabone et al., 2015, 2020). For each NOMAD/SO
scan, a temperature and density profile was extracted from the model at the location (latitude, longitude) and time
(local time and Ls) of a central point in the occultation (for a tangent altitude of 50 km).

RCP solves iteratively the inverse problem (Rodgers, 2000) until convergence is achieved. The calculation of
the model spectra and Jacobians is performed with KOPRA, being called in each step of the iteration. For the
temperature inversion, we perform a hydrostatic adjustment in each iteration, to account for the varying atmos-
pheric state when the thermal structure is changed, and therefore to guarantee realistic results in the temperature/
pressure structure. This hydrostatic adjustment assumes a reference pressure at the lowermost tangent altitude
available, and that pressure value is taken from the a priori reference atmosphere. As we detail below, these
tangent altitude and reference pressure are dependent on the aerosol loading along the LOS.

Convergence is reached when the change of retrieval parameters with respect to the previous iteration produces
improvements in the difference measured—simulated spectra until they are smaller than the measurement noise.
The SO noise plays a central role in the inversion and deserves some explanation. The measurement covariance
matrix is calculated from the noise-equivalent spectral radiance provided with the NOMAD level 1a calibrated
data. Figure 4 shows the NOMAD measurement noise in one particular scan, typical of the calibration in this
order 149. The noise function shown in the left-hand panel is projected into three planes for easier visualization.
The projection on the wavenumber-noise plane is also shown in the right-hand panel as an alternative view, using
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arbitrary colors at each altitude. The noise transmittances in this right-hand panel show more clearly their strong
spectral variations with increases toward the edge of the diffraction orders, where the sensitivity is lower due to
the shape of the AOTF. They are also clear the variations with altitude, following the dependence on shot noise,
that is, on the solar flux received in the detector (Thomas et al., 2016). This variation is specially strong at tropo-
spheric altitudes, when the solar radiation is strongly absorbed, either by gas species or by dust. An analysis of the
vertical oscillations in the transmittances at high altitudes gives smaller values than these “nominal” ones. Such
a calculation is shown with black dots in the right-hand panel of Figure 4. Comparing with the higher envelope,
which is the measurement noise at high tangent altitudes, our estimate is lower by a factor 2, and this is very
representative of most scans. This means that the actual random component in the nominal noise is smaller. This
result is specific of order 149, and in all our temperature retrievals we reduced the nominal measurement error
by such a factor 2.

We use a Tikhonov-type regularization optimized for each diffraction order. This is dependent on the measure-
ment noise and was optimized, first by performing synthetic retrievals, and later by examination of a large set of
actual retrievals. The value used in this work, common to all scans, varies with altitude, as the measurement noise
and the line absorption changes with tangent altitude across each scan, and was selected as a compromise between
error propagation and vertical resolution.

At the end of the inversion, temperatures, densities and also an adjustment of the atmospheric pressure is obtained.
This last retrieval product, internally called “Line-Of-Sight in the altitude,” was originally intended to account for
possible biases in satellite pointing. In our case this represents deviations from the nominal altitude registration
which improve the best fit. For the radiative tranfer calculations the atmosphere is divided into 1-km wide layers
from the surface up to 60 km, 2.0 km width layers from 60 to 90 km, 2.5 km-wide layers at 90 to 130 and 5 km
wide layers above. The output retrieved vectors also share this grid, which is common to all the IAA retrievals
using NOMAD data and presented in this special issue.

Outside the SO measurement altitude range, we impose a strong regularization constraint, to give a large weight
to the a priori information (to its vertical gradient, which will be imposed on the data). For the CO, density, a
strong diagonalization at all altitudes below 80 km is used, for stability reasons, which effectively assumes the
volume mixing ratio (VMR) in the a priori value is correct. It is well known that the CO, VMR is close to one
up to the homopause, surely above the altitude range studied here. However, the CO, absolute density will be
variable and determined from the NOMAD data via the hydrostatic inversion mentioned above, consistently with
the thermal structure.

At low altitudes we avoid large dust contamination by filtering observations where the aerosol opacity is greater
than a given value. For order 149 we use a maximum slant opacity of 2.0. Also we avoid steep gradients in the
aerosol slant opacity, larger than 0.08 km~".

The instrument transfer function of an AOTF (nominally a sinc-square) leads to the mixing of different echelle
diffraction orders into the central one. Details of this effect in the case of NOMAD have been discussed previ-
ously (Liuzzi et al., 2018; Mahieux et al., 2015; Thomas et al., 2021). Following these guidelines and our own
tests, we are accounting for the flux contribution of +4 adjacent orders around the 149 (i.e., orders 145-153).
Contributions beyond these orders are very small, well below 5%. However, the contribution from orders 148
and 150 are significant (between 10% and 30% at some wavelengths) and we found that the fitting of these other
orders' absorption lines is normally difficult, even after a careful fine tuning of the AOTF for this specific order.
A practical solution adopted in this work is to use a powerful feature in RCP, namely, the use of internal spectral
micro-windows instead of the full spectral range of the diffraction order. With the use of micro-windows we
can select portions of the spectrum which are particularly valuable in terms of information content, and at the
same time, omit very contaminated spectral segments. After extensive experimentation we adopted a set of 7
micro-windows for order 149, of diverse spectral widths, mostly located in the central part of the order to avoid
the noisier edges, and which contain some of the strongest CO, lines in the order. They are shown with color
horizontal bars in Figure 3. The pre-processing/cleaning is focused on the central part of the diffraction order, the
region covered by the microwindows; this is why we obscured the outer spectral regions in Figure 3.

Figures 5 and 7 show the performance of the temperature inversion in one specific scan, 20180620_0240338_1p0a_
SO_A_I, obtained on 20 June 2018, for Ls 196° and at 55° N latitude, where a heavy dust loading was found
below about 20 km. The Averaging Kernels in Figure 5 show a lack of information in this order above 95 km.
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Figure 5. Retrieved temperature profile from scan 20180423_204351_1p0a_SO_A_I with error bars (top-left panel), where
the red dashed line is the a priori profile, and the green dashed line is the CO, condensation temperature, added for reference.
Bottom-left: rows of the Averaging Kernel matrix selected at some altitudes. Bottom-right: retrieval error in the Temperature
profile. Top-right: Vertical resolution, as given by the widths of the averaging kernel rows.

Averaging Kernels matrices are very useful as diagnostics of the performance of the retrieval, and are standard
outputs of our inversion code RCP. For example, inspection of this matrix's rows illustrate the vertical resolution
while its columns quantify the response to changes in the true state vector. Also the trace of this matrix gives the
independent pieces of information, that is, the degrees of freedom, which in the case of the scan in Figure 5 is 19.
For its calculation RCP makes use of Jacobians computed/updated in every time step of the inversion, taking into
account all the spectral information present in the selected microwindows. Figure 5 shows that the retrieval errors
usually increase with altitude, in this scan from about 2 K at 20 km to about 5 K around 90 km. The vertical reso-
lution, given by the width of the Averaging Kernel rows, also vary significantly with tangent altitude, between
3 km in the lowermost tangent altitude up to 10 km at the top range in this scan. The best-fit spectra at the end of
the inversion usually reproduces the NOMAD data very well. Figure 7 shows the best fit obtained for this scan at
about 65 km altitude, where the retrieved temperature significantly differs from the a priori. Sometimes high alti-
tude spectra go slightly above Transmittance = 1; these defects in the data are accounted for during the inversion
by a simultaneous retrieval of the continuum at each altitude, which also includes a small shift in the continuum,
as required for matching the data. To illustrate the robustness of the inversion against changes in the a priori, we
show in Figure 6 the temperature inversion of another scan, 20180423_204351_1p0a_SO_A_lI, obtained at 65° S
latitude and Ls 164°, arbitrary selected among the data set. We performed two retrievals, one using the nominal
a priori GCM atmosphere and the other with an a priori profile arbitrary increased by 30 K at all altitudes. As
shown in Figure 6, the retrieved temperature is basically the same in both runs up to 80 km; above this altitude
the relatively large measurement noise decreases the information content and starts pulling the retrieved profile
toward the assumed climatology.
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Figure 6. Effect of the a priori temperature on the retrieval for scan 20180423_204351_1p0Oa_SO_A_I. Left panel: inversion
using the nominal a priori temperature profile. Right panel: using the a priori increased by 30 K.

4. Results and Discussion

The retrieval strategy discussed above was applied to our selection of 380 NOMAD/SO scans observed during
MY34, as mentioned above. The convergence rate was high, with a final 338 retrieved temperature and CO,
density profiles. We describe and discuss here the main results obtained.

We only show here results with a significant amount of information directly derived from the data. In the lower-
most tangent altitudes and above about 95 km we apply a condition on the diagonal of the Averaging Kernels, to
filter values only above 0.03. Lower values are considered as too biased toward a priori/climatological values, due
to very low depth of the absorption lines at high altitudes and to aerosol contamination at low tangent altitudes.

4.1. Global Envelope of Atmospheric Temperatures

Figure 8 shows all the temperature profiles retrieved in this work, put together in a single panel, with a similar
plot for the LMD GCM profiles (our a priori). The dashed lines in blue and orange represent the envelope of all
possible temperatures anywhere and anytime on Mars, taken from Smith et al. (2017), who compiled data from
instruments Mars Climate Sounder and Thermal Emission Spectrometer, as well as from the Mars Climate Data-
base simulations for extreme conditions.

The range of temperatures observed by NOMAD are quite similar to the GCM, although generally colder in the
mesosphere. The global difference between 0.01 and 0.001 mb pressure levels (about 60—80 km altitude) seems to
be over 10 K. In addition, and although possibly difficult to see in this Figure, the NOMAD temperatures seem to
be wavier than in the GCM, and in particular we obtained excursions to very low temperatures at altitudes above
0.001 mb. At these altitudes, NOMAD temperatures reach values very close to the CO, condensation tempera-
ture, much closer that in the GCM.

4.2. Global Distribution of Temperatures

Figure 9 shows the global distribution of all the temperatures obtained, split in two hemispheres for clarity, and
covering the second part of MY34. Some gaps in the maps correspond to lack of SO data as the TGO-Sun f-angle
becomes too large. Given the peculiar TGO solar acquisition sequence, the latitudes and seasons are linked and
this needs to be taken into account when inspecting the maps.

The vertical thermal structure generally presents what can be considered as a typical Martian pattern in the verti-
cal, with the usual two broad thermal layers, a warmer troposphere and a colder mesosphere, except near polar
regions where the thermal regime can be quite different (Smith et al., 2017). This follows the warming at low
altitudes by convection from the surface and the local heating by solar absorption by airborne dust. On the other
hand, the atmospheric radiative cooling to space by diverse CO, ro-vibrational bands becomes an important term
of the energy budget as we move upwards to the mesosphere, where these bands become optically thinner. There
is a significant variability upon this generic profile, depending on diverse parameters (surface temperatures and
dust amounts, together with other energy budget terms including dynamics), all of which vary along the TGO
track, as latitude and seasons change across the X-axis in Figure 9.
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Figure 7. Best fit spectrum to the Nadir and Occultation for Mars Discovery (NOMAD) cleaned transmittances from

scan 20180423_204351_1p0a_SO_A_I at a tangent altitude of about 65 km. The top panel shows the measured spectrum
in solid black line with dots, the best fit spectrum at the end of the inversion in blue, and the spectrum obtained with the a
priori atmospheric profile in red. The spectrum is split in 7 segments which correspond to the 7 micro-windows used in the
inversion (see text). The lower panel shows the residuals (Model fit—NOMAD) in blue, together with the same magnitude
but with the model spectrum for the a priori atmosphere, in red. The dotted lines represent the NOMAD/SO measurement
error used in the inversion.

4.3. MY34 Global Dust Storm

Several interesting features are observed in Figure 9, and the most prominent one is the strong warming period
between Ls 190° and 220,° at all altitudes and in both hemispheres. This corresponds to the onset of the MY34
Global Dust Storm (GDS), which peaked around Ls 195°-205° (Montabone et al., 2020). As it is well known,
the absorption of solar radiation by the dust particles, especially as they reach high altitudes, can be very efficient
(Wolff et al., 2017). In this period the slant aerosol opacity is so large that the limb sounding using molecular
spectral lines in this spectral region is impossible at tangent altitudes below 40 km, or even 55 km in some scans.
We observe warm temperatures around 180 K up to 80-90 km altitude in the peak of the GDS, and tropospheric
temperatures above 200 K up to 50 km.

The decay of the GDS seems apparent in Figure 9 by the progressive cooling at mesospheric altitudes from Ls
220°-240° in the Northern Hemisphere (NH) at mid latitudes. This is more difficult to see in the Southern Hemi-
sphere (SH) as this period follows large changes in TGO latitude coverage as well. In fact, there seem to be several
warming periods at mesospheric altitudes in the SH, around Ls 220°, 260°, 285°, 315°, and 340°, which coincide
with the mapping of high latitudes in the SH. This seems to show a latitudinal gradient with warmer mesospheric
temperatures at high latitudes during the whole perihelion season.

4.4. Global Distribution of Atmospheric Density

Similarly to Figure 9, Figure 10 shows the global distribution of all the CO, densities obtained. The strong expo-
nential decrease in density with altitude seems to minimize other variations, with lower amplitudes, even using a
log scale. Hence, in order to highlight these, we selected an altitude of 70 km and plotted in the two lower panels
its variability with time, together with the GCM variability at that altitude. There are clear variations associated
with the latitudinal change at the tangent point. For example, the three largest excursions in density, at Ls 355° in
the NH and at Ls 170° and Ls 200° in the SH, are clearly associated to sudden changes in latitude in a short Ls
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Figure 10. Global distribution of the retrieved CO, densities for Mars Year 34, split in the two hemispheres (Northern Hemisphere in panels on the left and Southern
Hemisphere on the right). The top panels show the latitudes and the Local Solar Time of the observations and the central panels show the densities in log scale. The
bottom panels show the density variation at 70 km altitude through the mission, including latitudinal and seasonal variations (see text); red dots: Nadir and Occultation
for Mars Discovery densities, blue dots: global climate models data.

period. In both hemispheres the sign of the response is similar: as the orbit approaches lower latitudes the density
increases, following the warmer troposphere at low latitudes. Averaging over these variations one would expect to
discern a seasonal trend with a maximum around the summer in the SH, around Ls 270°, when the atmospheric
density in Mars presents a maximum (Smith et al., 2017). However, in Figure 10 the maximum is observed
around Ls 200°, as a response to the MY34 GDS.

This analysis is complementary and agrees with a similar analysis by Trompet et al. (2023) in a companion paper
in this special issue, who studied the variation of the atmospheric density in NOMAD retrievals for MY35. In the
absence of GDS, the MY35 presents a maximum around Ls 270° in their work. Also the absolute values of the
densities at 70 km agree well between both retrieval teams.

4.5. Corrections for the Reference Pressure

During the temperature and density retrieval, our inversion processor finds whether a change in the line-of-sight
pointing, or in other words, in the tangent altitudes, would produce a better model-data fit than with the nominal
pointing. Usually the correction found is small but without this correction the temperature profiles would be
incorrectly positioned. The variation, expressed in km at the tangent point, is shown in Figure 11. Some profiles
should be moved up and some down, with a globally averaged negative value around 2 km. Figure 11 also shows
the absolute value of this correction.

Lowest altitude (km)
0 10 20 30 40 B0 &0

-10 -5 a 5 10 -io 5 O 5 16
LOS correction (km) abs( LOS correction (km) )

Figure 11. Distribution of the retrieved Line of Sight correction with altitude of all the retrieved profiles (left panel) and the
same but in absolute values (right panel). See text for details.
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The interpretation of this result is related to the assumed pressure reference for the hydrostatic adjustment. Pres-
sure values from the GCM are taken at a given altitude, and a hydrostatic atmosphere is built with this assumption.
The results shown in Figure 11 inform us that such an altitude seems to be wrong by a few km, according to
NOMAD data. The envelope of the data points in the right-hand panel in this figure shows lower values at lower
altitudes. This is suggesting that the pressure-altitude relationship is more correct in the GCM the lower we look
in the atmosphere. This is not surprising, as the atmospheric variability should create differences with the GCM
climatological state which increase with altitude.

4.6. Latitudinal Variations

During MY34 there are two seasonal periods, around Ls 180° and Ls 290°, where the TGO mapping covers a
wide range of latitudes in a short Ls interval. These offer a good opportunity to observe and characterize the lati-
tudinal variations in temperature. We have grouped the scans in these periods exactly in boxes Ls = 160°-190°
and 285°-305° and show them in Figure 12, where they are compared to the same sampling and boxing in the
GCM data (our a priori). Unfortunately, the numerous gaps in the data make it difficult to do a fine comparison
on a pure altitude/latitude cross section map, but still some interesting results are clearly present.

For example, the NOMAD data in Ls Box #1 (left panels) seem to show a warm layer around 50 km around
latitudes 60°N and 60°S, which is also seen in the GCM model and at similar altitudes. This agrees with the
expected global description of the atmospheric temperatures in equinox conditions (seen in the bottom panels
of Figure 12), in spite of the difference data-model (NOMAD temperature being generally colder than GCM at
mesospheric altitudes). These warm layer is not seen in Ls Box #2 (right panels).

Another result which agree with the GCM simulations is the warm layer at the bottom of the observed altitudes
in Ls Box #2 (right panels). These layers seem to correspond to the warming at high latitudes of the SH, typical
of the Southern Summer solstice. These warm layers are absent in both model and data in the Ls Box #1 (left
panels).

The latitudinal variations in the NOMAD temperatures seem to agree in these two periods with typical equinox
and solstice conditions as simulated by the LMD-GCM.

4.7. Local Time Variations

Inspection of the orbit in Figure 1 or Figure 8 reveals a couple of periods with a significant variation in local time
in a short Ls period and small variations in latitude as well. These two periods are analyzed here in the search
for possible variations with local time. Period “CT Box1” covers latitudes 20°-50° in the NH during the bracket
Ls 230°-250°, and period “CT Box2” covers latitudes 30°N-60°N and Ls 290°-310°. We grouped all the scans
inside these boxes splitting them by their local time only, and are shown in Figure 13. The figure also shows the
LMD GCM profiles for the same scans.

In CT Box1 there are no significant differences between the morning and evening results, neither in the NOMAD
data nor in the model, although the NOMAD data shows a colder layer at 60 km altitude within a more wavy
vertical profile. CT Box2 shows also a more wavy profile in NOMAD than in the model, with a possibly upward
propagating wave with large amplitudes, around 30 K in the mesosphere, which is much weaker in the GCM. This
oscillation seems to be smaller in the NOMAD evening profiles, although there are not many profiles to examine
and one of them also presents a large oscillation. The warm layer at 80 km in the NOMAD morning data could be
related to the recent finding of a warm layer at precisely that altitude at nighttime in stellar occultation data from
IUVS/Maven (Nakagawa et al., 2020).

A similar warm layer was reported also by Belyaev et al. (2021) using ACS SO data in the ACS/MIR channel.
The data used by Belyaev et al. (2021) are not exactly collocated with NOMAD observations. In their retrievals
the warm layer was found as more localized around Ls 270°, and present in both MY 34 and MY 35 but only in the
NH. Although not discussed by them, their results combined with ours indicate a peculiar period of time around
perihelion, at the end of the Southern summer where thermal tides at mid latitudes seem to present very strong
amplitudes, greatly affecting the lower mesosphere. It will be interesting to extend the current study to cover more
Martian years, and also to compare more quantitatively with ACS/MIR results, in order to confirm this strong

LOPEZ-VALVERDE ET AL.

14 of 26

85U8D17 SUOWWOD 9AERID (et (dde sy Aq pausenob ae ssjone VO ‘8sn J0'SajnJ Joj Akeiq1auljuO A3|IA UO (SUONIPUOD-pUe-SLLS)LI0D A8 |1 Ale1q 1 pulUO//:SANY) SUONIPUOD pUe Swis | 84} 89S *[5202/20/90] Uo Afeiqiaulluo A8|im el euedyood Ad 8/2/003r2202/620T 0T/10p/u0d As|im Arelqipuljuo'sgndnBe//sdny wo.j pepeojumod ‘Z ‘€202 ‘00166912



As~u | .
NI Journal of Geophysical Research: Planets 10.1029/2022JE007278
AND SPACE SCIENCE
NOMAD Binl NOMAD Bin2
w | 220 o 220
= 1 - : 200 T W 20
= Wi i [ = - i z
B Ml [ | ‘ we TR g
o i i 2 Y Biilgi 2
g 60 |r ‘ 160 g g 60 RRER 1sn§
3 @ ' | 140§ S 40 . 10§
il 1ms
20 - i 120 20 1 7] 120
e 100 B —_— 100
-80 -60 -40 -20 0 20 40 60 8 80 -60 —40 -20 0 20 40 60 80
GCM Binl GCM Binz2
120 220 b 220
100 4 : ’ e 100 - e e
Bl I N i i = I |1EiEE <
£ B0 i i = = 804 i =
E | i‘ | 180y E f=re 180 g
g 0 : 160 © g w0 = 160 8
2 - 2 2
2 @ i 120 § 2 401 T 4o §
i i - i s =
20 1 i 120 20 i b 120
T e . 100 ol — 100
-80 -60 —40 -20 0 20 40 60 80 -80 -60 -40 -20 0 20 40 60 80
NOMAD - GCM NOMAD - GCM
120 0 120 30
100 L - = 20 100 .'! = = 2= i =! - 20
_ - 1 s . AR Ll g
T ™ i E ‘ | ! 0 3 E } | i I i 0 3
= : L =
| & § J i 0 ® g 60 1 | i li 0 E
b= i : i i a g -1 I i R i 2
2 4 1%y i i -10 E I 4 L ii i TR 4k -10 E
il 4 i o A4 i o fim |E
i i i B A
20 i - -20 20 4 5% -20
B -30 o e — —— -30
-80 -60 —40 -20 0 20 40 60 80 -80 -60 -40 -20 0 20 40 60 80
Latitude (degree) Latitude (degree)
Temp at Ls=180 Temp at Ls=270
120 P - 120 b i
£ 100} 5 £ 100 566
X 80 s X S
= 15 = 175 %
£ 60 g .- 2
g 40 150 k7 g 150&
< 20} 125 £ 125
0 | 100 0 100
-90 -60 -30 0 30 60 90 =90 -60 -30 0 30 60 90
Latitude Latitude

Figure 12. Latitudinal distribution of the retrieved Nadir and Occultation for Mars Discovery (NOMAD) temperatures in two seasonal periods. Left panels: period
Ls = 160°-190°; right-hand side: period Ls = 285°-305°. Top panels: NOMAD retrieved temperatures; second from top: global climate models (GCM) temperatures
at the same locations and local times; third panels from top: difference NOMAD-GCM; and bottom panels: altitude/latitude cross sections of the Laboratoire de
Météorologie Dynamique temperatures at Ls 180° and 270°, for comparison.

thermal tide and to analyze its year-to-year variability with the good vertical resolution of these two instruments
on board TGO.

Upward propagation of waves has been recently studied by Starichenko et al. (2021) but this work was very
focused on gravity waves and small scale structures observed in the ACS/MIR temperature vertical profiles, not
on the thermal tides.
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Figure 13. Local Time variations in 2 specific periods and locations, selected to minimize latitudinal and seasonal effects. Top panels: CT Box 1, defined by Latitudes
20°N-50°N and Ls 230°-250°. Bottom panels: CT Box 2, defined by Latitudes 30°N—60°N and Ls 290°-310°. See text for details.

4.8. Latitudinal-Seasonal Slices at Fixed Altitudes

Figure 14 shows the structure of the NOMAD temperatures in latitude - solar longitude cross sections at three
altitudes, 30, 50, and 80 km, compared with the a priori GCM temperatures. Again we observe a NOMAD ther-
mal field colder than the GCM at mesospheric altitudes and a better agreement in the troposphere. In this figure,
and in spite of variability and differences, we observe that the 3-D map of NOMAD temperatures globally agree
with the global thermal distribution simulated by the GCM for MY34. We observe a warm troposphere at 30 km
at all latitudes during the GDS with a gradual cooling with time, in both data and model (left panels). At 50 km
the warm layers are located at mid latitudes in both model and data but NOMAD does not see the warm branch at
60°N that the model simulated for the rest of MY34. It will be interesting to explore these comparisons in other
Mars Years.

4.9. Comparison With ACS/NIR Temperatures

Temperature profiles from ACS/NIR have been reported by Fedorova et al. (2020) for a period of time similar to
that covered in this work. Although a proper comparison campaign is beyond the scope of this manuscript, we
have performed a first comparative study of a few dozens of profiles. We first looked for close coincidences to
each of our NOMADY/SO retrieved profiles, defined as being observed by ACS/NIR on the same day, as deter-
mined by the solar longitude L, and within a small bracket in latitude, longitude and local time: ALAT < 3°,
ALON < 20° and ALCT = 0.5 hr. Only six coincidences were found, and they are shown in Figure 15. The
agreement between both instruments is quite good, and in four of the six profiles the differences are approx-
imately within their error brackets. The altitude range sampled by both instruments is very similar in all the
profiles. At the top of the altitude range, at and above 90 km, the ACS/NIR retrieval errors increase a lot and also
in our NOMADY/SO data the a priori effect starts to be significant. At the bottom of the profiles, both retrievals
are limited by the aerosol absorption along the LOS, in approximately the same manner. Some of the features
observed in the thermal profiles indicate that the vertical resolution in both instruments is also similar.
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Figure 14. Temperature latitude-solar longitude cross sections at 3 different altitudes, 30 km (left panels), 50 km (central column's panels) and 80 km (right-hand
panels). The retrieved temperatures are shown in the central row, while Latitude-Ls cross sections from the Laboratoire de M et ‘eorologie Dynamique are shown in the
top panel, for reference. See text for details.

L5 349.0 LAT -54.8 LON 3398 LCT 1B.4 LS 3501 LAT-48.8 LON 118 LCT18.3 LS 35003 LAT 474 LON-131% LCT 183
Lo 00 100
¥ LLAT 41 LLAT 55 LLAT 5.7
T | LLOM 16 ok LLOM 1.6 a0 LLON 1.6
= DLAT 0.8 DLLAT 131 DLAT LL
% B - D.LON 0.3 e D.LON 03 gk DLON ©.3
I
& a0 f L 4
a
= GEM GCM GCM
2 2T NIR: 5666_N2 " 20 I NIR: 5692 N2 20 NIR: 5697_N2 s
50: 20190301_200028 (# 252) o S0: 20190303 230545 (# 261) ~- S0: 20190304_085521 (# 263) S
0 i = 1 i 1 - 1 o I e 1 1 1 T = 1 o L = 1 X 1 a Il
loo 120 140 160 180 200 220 240 00 120 140 1s0 180 200 220 240 w0 120 140 160 IO 200 220 240
L5 3506 LAT-15.7 LOM S5.5 LCT 183 LS 3521 LAT-3%0 LON 716 LCT 181 L5 3523 LAT-3L2 LON -434 LCT 181
100 00 100
LLAT 6.2 LLAT 9.2 LLAT 9.6
= L LLOM 186 b LLON 16 ean LLON 16
= D.LAT 1.5 DLLAT 2.1 D.LAT LE
g &k DLoN 0.2 a b =y DLOW 03 b DLON 04
2
£ 40 - 40 40
> GCM GCM GCM
£ 20T MR 5703_N2 -~ 20T NIR: 5740 N2 TR 201 NIR: 5744 N2 i~
S0 20190304 204250 (# 266) e S0 20180307 212601 (& 282) ~ 500 20190308 051749 (# 285) N
0 i I 1 L 1 1. 1 Q L I 1 Iy 1 LY '} 0 1 = 1 L 1 1 - 1
leo 120 140 160 180 200 20 30 loo 120 140 Le0 10 200 2320 M0 g 1200 140 160 180 00 230 240
Temperature (K} Termparature (K] Temperature (K]

Figure 15. Comparison between Nadir and Occultation for Mars Discovery/solar occultation (NOMAD/SO) and ACS/NIR temperature profiles in the 6 closest
coincidences, each of them in a separate panel. The panels titles indicate the locations of the profiles in latitude, longitude, local time and solar longitude. The
NOMAD/SO temperature profile and error bars are in black, the ACS/NIR in red, and the global climate models a priori in blue. Each instrument's orbit number
identifier is also included for easy reference; in the case of NOMAD/SO we also added a number in bracket for internal reference. L.LAT and L.LON indicate the
extension of the NOMAD/SO profile in latitude and longitude (in degree), respectively. D.LAT and D.LON indicate the separation between the NOMAD/SO and ACS/
NIR profiles in latitude and longitude respectively. See text for details.
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Figure 16. Similar to Figure 15 but for a selection of 12 NOMAD/SO and ACS/NIR profiles which show a good agreement between them and significant differences
with the global climate models a priori profile. See text for details.

The number of coincidences between NOMAD/SO and ACS/NIR increases significantly when the criterion
for geographical collocation is relaxed. In particular, with a relaxation in longitude to ALON < 30° we allow
for profiles from adjacent orbits and then we found 95 coincidences. All these, which include the previous 6
closest ones, are shown in Appendix A, using a similar format to Figure 15. In general, considering the different
retrieval methods and instrument characteristics, and the likely effect of a 30° shift in longitude, we consider the
agreement as satisfactory. We observed many good matches, but also some significant discrepancies; we show
examples of these two subsets in Figures 16 and 17.

Figure 16 shows a dozen of profiles with a good agreement between NOMAD/SO and ACS/NIR and which also
present significant deviations from the a priori. The agreement is good except at the very top altitudes and at
the bottom of the profiles, where noise and aerosols limit the sounding, respectively. Considering the different
retrieval methods, instrument performances and spectral ranges used in our work and in Fedorova et al. (2020),
these 12 profiles can be considered as robust determinations of the atmospheric state, and may be particularly
valuable for GCM validation purposes. The largest discrepancies are found at mesospheric altitudes, and they
present much colder temperatures than in the GCM, but also in some profiles there are discrepancies with the a
priori below 50 km, like NOMAD/SO profiles #45, 81, 182, and 224 (see numbers in bracket in Figure 16). It
would be interesting to extend the retrievals of both instruments to a couple of Mars years, in search for more
significant deviations from the GCM climatological predictions.

Figure 17 shows a selection of another dozen profiles but in this case with clear differences between NOMAD/SO
and ACS/NIR. As in the case of Figure 16, the separation between the “coincident” profiles is about 30°, which as
said above, may play a role and partly explain some of the differences. The discrepancies are particularly large at
mesospheric altitudes, and in general the NOMAD/SO profiles seem to be colder than the ACS/NIR at those
altitudes. Again, it will be useful to explore more differences with ACS/NIR in the future, when both instruments'
retrieval schemes are applied to a more extended data set including a couple of full Martian years.

5. Conclusions

We present in this work the results of vertical profiles of temperature and CO, density from SO observations by
the NOMAD/SO channel in its diffraction order 149 during the first year of TGO science operations.
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Figure 17. Similar to Figure 15 but for the 12 NOMAD/SO and ACS/NIR profiles with the largest differences. See text for details.

For this purpose we adapted a well tested inversion scheme on Earth limb sounding experiments to SO data on
Mars for the first time. This scheme is used in a sequential manner to retrieve diverse targets from the NOMAD/SO
data. Results on aerosol opacity's and physical properties, and on H,0 and CO abundance profiles are presented
in companion papers in this special issue. The analysis starts with a pre-processing phase, which permits to clear
the SO calibrated transmittance of remaining issues like spectral shifts and bendings. This is followed by the
actual retrieval, following an iterative application of a precise forward model, which uses micro-windows to elim-
inate severe contamination from adjacent diffraction orders, and solves temperature and density consistently, with
incorporation of hydrostatic adjustments in each iteration. The inversion achieves best-fits with a high degree of
convergence in the data set analyzed here. The scheme is robust against a priori assumptions and permits mean-
ingful retrievals typically up to about 90 km altitude.

The atmospheric thermal structure during the two Mars seasons in MY34 (the Martian perihelion half-year
period) is characterized by the strong MY34 GDS episode, a well documented event peaking around Ls 195°—
210° (Guzewich et al., 2019; Montabone et al., 2020). Our results show that the GDS warmed the atmosphere
significantly at all sounded altitudes, with episodes where 180 K are observed at 80 km altitude in the NH and up
to 100 km in the SH. The thermal impact is clearly observed during an extended decay phase up to about Ls 250°.
During this period the retrievals are difficult in the troposphere due to the strong dust opacity. The impact of the
regional dust storm (RDS) around Ls 330°, near the end of the period studied in this work, is less clear in our data.
This can be due to several reasons. The first one is the lower amount of aerosols injected into the atmosphere by
the regional storm. A second possible reason is the limited sampling in space and time that solar occultations have
from the TGO orbit; this mapping may have skipped the peak activity of this RDS.

Regarding the comparison of the retrieved thermal structure with the LMD Mars GCM simulations used here as
a priori, the NOMAD temperatures are in good agreement at tropospheric altitudes but are generally wavier and
colder at mesospheric altitudes. The atmospheric oscillations reach values close to the CO, condensation temper-
ature at mesospheric altitudes much more frequently than in the GCM. This may be explained by a stronger
atmospheric tidal activity than in the model, particularly during the GDS peak and decay phases, but also else-
where through the perihelion season. In particular, a warm layer around 80 km is found in the morning terminator
in the NH during Ls 260°-300°, which is clearly absent in the GCM. A warm layer is also observed in the evening
terminator but more sporadically. These two global results, a colder mesosphere and a warm layer around 80 km
were also found very recently by Belyaev et al. (2021).
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Regarding the latitudinal and local time variations, our data is patchy and the TGO orbital mapping does not
allow us to build pure latitude or pure local time cross sections. Instead, some boxing is required, which are not
free from a mixture of effects. However, with the help of scan-to-scan comparisons with the GCM and of global
maps created with the GCM specifically for this comparisons, it seems that our NOMAD retrievals do track the
expected thermal structure typical of equinoxes and solstices during the observed period. The main conclusions
regarding local time variations is the clearly stronger tidal activity in the morning terminator, mentioned above.

A second retrieval product is the atmospheric CO, density, whose global distribution shows very clear latitudinal
effects, especially when looking at a single altitude, like 70 km. On top of these, a seasonal trend seems also pres-
ent, although the occurrence of the GDS in the early Southern Spring dominates the seasonal pattern and hides
the expected maximum around Ls 270° that should be typical of non-GDS Mars years. It will be very interesting
to revisit this when an extended SO data set covering several MY are processed.

Another interesting product of our retrieval scheme is the so called “LOS correction,” which permits to revisit the
hydrostatic assumption, based on using a given pressure level at a given altitude, usually taken from the clima-
tology or a priori data set. In our case, the correction indicates that the LMD MGCM pressures at the lowermost
tangent altitude of our retrieval range are globally correct, except for a small correction of a couple of km. This
agreement is better in dust-clear conditions, when our sounding can be extended to the lower troposphere, below
20 km. Below this altitude, the lower the sounding, the smaller the correction. In some scans the altitude adjust-
ment to reconcile NOMAD and GCM can reach up to 10 km.

We plan to continue the analysis of NOMAD/SO data by extending our retrieval scheme to the whole SO data set
available to date, covering two full Mars Years. A few issues remain to be improved also and we plan to tackle
them, in a joint effort with other NOMAD teams. These include a better characterization of the SO measurement
noise in order to eliminate remaining systematics, and the combination of two different SO orders. For exam-
ple, the combination of orders 149 and 165, this one with much stronger absorption lines from the CO, 2.7-pm
fundamental band, should help to extend the retrieval range from 90 km up to 160 or 170 km. In addition, the
application of our retrieval scheme to the ACS/MIR data is an ongoing task in our team at IAA/CSIC. The results
and comparisons between NOMAD/SO and ACS/MIR during a full Mars year will be presented elsewhere.

Appendix A: Sample of 95 Near Coincidences Between NOMAD/SO and ACS/NIR

As explained in Section 4.9, we performed a comparison of our NOMAD/SO temperature retrievals with the
ACS/NIR thermal profiles reported by Fedorova et al. (2020), which approximately extend over the last half of
MY34. A total of 95 “near coincidences” are found when using the following selecting criteria in solar longitude,
latitude, longitude and local time: AL < 0.1°, ALAT < 5°, ALON < 30° and ALCT = 0.5 hr. The 95 comparisons
are shown in Figures Al to A8, split in 8 subsets of a dozen profiles each. Notice that these figures contain the
comparisons already shown in Figures 15-17 above.
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Figure Al. First dozen of NOAMD/SO and ACS/NIR collocated profiles from the set of 95 coincidences mentioned in the text. Figure format similar to Figure 15.

LSZ30.3 LAT-31.1 LON 333 LCT1ET LS 230.% LAT-29.3 LON-110.9 LCTIAT L5 2324 LAT 334 LON 1340 LCT B3 L= 2232 1AT -6.4 LON 1018 LCT 121
100 100 w00
LLAT 52 LLAT 53 LLAT 5.7 LLAT 83
=k i LLOK 3.2 an b LLON 3.2 a0 - e LLON1DS an b LLON 3.9
DLLAT 0.8 CLLAT 0.7 “pLat 12 DLAT 19
oWk DLON 281 a0 b DLON 281 a0 DLOMN 268 e | D.LON 29.6
A
@ F S 40 =% a0 an :
GEM 0 GCM R GEM GEM e
W MR 3229 N2 ~ 20 NIR: 3234_N2 s B[R 327 20 FHIR: 3291 N2 ~—
S0: |20qu814_}1344|1 (# ?:4] ; 1\\ S50 I2018q314_%1243]0 # 'rI‘S] i ; S0: 20180@-}"‘27)50 5 # SlJ A i 500 '201801319_?9322]2 {# 813] / "'T-.
] o g o
o0 126 L0 160 180 00 X0 240 100 120 140 160 180 200 230 240 We 120 L0 160 180 200 220 MO 100 120 140 160 180 200 220 240
LS Z234.0 LAT 54.7 LON 413 LCT 8.3 LS 3345 LAT 5.0 LON 157.3 LCT 1T.B LS 23428 LaT 7.6 LOW 123 LCT 1.7 LS 2354 LAT 43.4 LOM-1023 LCT BO
100 100 100 100
LLAT 7.5 LLAT 9.6 LLAT 9.9 LLAT 93
- i, LLON 10.8 a0 | LLON 4.5 a0 Lion 4.7 a0 o8
DLAT 1.5 DLAT 25 D.LAT 1.2 1.6
@k DLON  27.0 a0 < LLoN 290 &0 DLLON. 28.1 &0 283
a0 wr 40 40
GCM GCM N GCM g GCM "l
20 - NIR: 3303_N3 20 FNIR: 3314_N2 ) 20 - jIR: 3317_N2 M 20 FNIR: 3330_N3
S50: 2013082& QQ#S‘I'?-{# BS} ’ T S0 |201qu21_?6460]2 1# 2]36) £ "‘} 50 ?018(2321_1'.6355'43 [# §?3 L = S0 20180322 141933‘#'831 \
o = ] 0
oo 130 140 160 180 200 20 240 100 1:0 140 160 180 200 220 240 We 120 L0 160 180 200 20 MO0 56 130 40 10 180 200 220 240
L573%8 LAT 187 LOM 9068 LCTIT4 LS 2364 AT 421 WON 0674 LCT 74 LS Z36.7 LAT 3598 LON-106.3 LCT 7.5 LS237.8 LAT 309 LON 546 LCT 7.1
100 100 w0 100
LLAT 10.7 LLAT 10.2 LLAT 10.4 LLAT 10,7
B b A LLON 5.6 a0 b LLON &7 a0 b= LLOM 8.3 a0 ~ LLON 6.9
" DLAT 1.8 D.LAT 1.7 DLAT 1.7 b DLAT 1.8
&0 D.LON 278 &0 DL 27,5 B0 DLOM Z7.5 an b D.LON 27.7
40 40 40 40 ! =
GeM T GeM GeM GCM e
20 FNIR: 3339 N2 1 20 MIR: 3349 N3 ,1 20 [~ NIR: 3355_N3 A 20 MIR: 3376_N3 }
5020180823 115206 (#89) Y S0: 20180824_041055. 80" 50: 20180824_155846 }&szr ) S0: 20180826 091641 (# 95k )
o o =
Yoo T o 160 180 20 20 20 loo 120 140 160 180 200 220 240 00 T 0 160 180 200 20 20 100 120 140 160 180 200 220 240
Figure A2. As Figure A1 but for the second dozen of profiles.
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Figure A3. As Figure A1 but for the third dozen of profiles. B
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