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1. Introduction
The mesosphere of Mars is the subject of many recent studies related to tides (England et al., 2019; Jain et al., 2021; 
Nakagawa et al., 2020b), gravity waves (Saunders et al., 2021; Starichenko et al., 2021), CO2 ice clouds (Liuzzi 
et al., 2021) and an intense warm layer present in the night side (Nakagawa et al., 2020a).

The atmospheric dynamics are characterized by specific tidal signatures. Concerning Martian year (MY) 35, Jain 
et al. (2021) already reported some thermal tides in the mesosphere and thermosphere of Mars using data from 

Abstract The Solar Occultation (SO) channel of the Nadir and Occultation for Mars Discovery (NOMAD) 
instrument scans the Martian atmosphere since 21 April 2018. In this work, we present a subset of the NOMAD 
SO data measured at the mesosphere. We focused on a spectral range that started to be recorded in Martian year 
(MY) 35. A total of 968 vertical profiles of carbon dioxide density and temperature covering MY 35 and the 
beginning of MY 36 were investigated until 135° of solar longitude. We compared 47 profiles with co-located 
profiles of the Mars Climate Sounder onboard the Mars Reconnaissance Orbiter. Most profiles show a good 
agreement as SO temperatures are only 1.8 K higher, but some biases lead to an average absolute difference 
of 7.4°K. The SO data set is also compared with simulations from the Global Environmental Multiscale-Mars 
general circulation model. Both data sets are in good agreement except for the presence of a cold layer in the 
winter hemisphere and a warm layer at dawn in the Northern hemisphere for solar longitudes between 240° 
and 360°. Five profiles contain temperatures lower than the limit for CO2 condensation. Strong warm layers 
were found in 13.5% of the profiles. They are present mainly at dawn and in the winter hemisphere, while the 
Northern dusks appear featureless. The data set mainly covers high latitudes around 60° and we derived some 
non-migrating tides. In the Southern winter hemisphere, we derived apparent zonal wavenumber-1 (WN-1) and 
WN-3 tidal components with a maximum amplitude of 10% and 5% at 63 km, respectively.

Plain Language Summary The vertical profiles analyzed in this work extend over more than a 
Martian year (687 days) and are located in the mesosphere (50–100 km altitude) at the transition between the 
day and night sides. Temperature can sometimes be so low that CO2 ice clouds form. Here, we report some 
features in our data set that are likely due to those CO2 ice clouds. We also report some warm layers which 
appear in the winter hemisphere, and we analyzed the components of the apparent atmospheric tides at the 
terminator. We compared our results to highlight possible biases with data from another instrument (Mars 
Climate Sounder) and a model (Global Environmental Multiscale-Mars). The measured temperatures are higher 
than those of the model in the winter hemisphere. Compared to the other instrument, we find similar profile 
curves but with stronger variations in our profiles, probably due to a higher vertical resolution.
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general circulation model
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such as tidal components, warm 
layers, and cold layers below the CO2 
condensation temperature
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the Imaging Ultraviolet Spectrograph (IUVS) instrument onboard the Mars Atmosphere and Volatile Evolution 
(MAVEN) spacecraft. In the middle atmosphere, they found strong tidal activities during aphelion with strong 
diurnal variabilities while the tidal activity was faint during perihelion.

Liuzzi et al. (2021) derived the presence of CO2 ice clouds from the CO2 ice spectral signature and the temperature 
retrievals from the Solar Occultation (SO) channel of the Nadir and Occultation for Mars Discovery (NOMAD) 
instrument. They provided the composition of those CO2 ice clouds and reported their locations to be in the equa-
torial region and the Southern mid-latitudes at dawn.

Nakagawa et al. (2020a) reported the presence and distribution of a warm layer stronger than expected by simu-
lations from the Mars Climate Database (Millour et al., 2012) on the night side of the Mars mesosphere. They 
found wavenumber-3 (WN-3) structures in their temperature profiles as a potential signature of thermal tides or 
planetary waves with amplitudes two times larger than those predicted by the model.

To describe those atmospheric features, high vertical resolution temperature profiles are required and can be 
achieved with the SO channel of the NOMAD instrument, which started science operation on 21 April 2018. 
The SO channel (Vandaele et al., 2015) is dedicated to SOs which scan the terminator, the intermediate region 
between the dayside and the night side. Thanks to its high signal-to-noise ratio and small vertical sampling, the 
derived profiles have a high vertical resolution (see Section 3.2 in Part I—Trompet et al., 2023) to distinguish 
small atmospheric features.

High-resolution vertical profiles of temperature at the Mars terminator were already reported in Fedorova 
et al. (2020) for the second half of MY 34, and in Alday et al. (2021a, 2021b) and Belyaev et al. (2021) in the 
second half of MY 34 and MY 35. The temperature reported has interesting features that were not discussed 
there but can still be compared to the data sets described in this analysis (Section 3.3). Starichenko et al. (2021) 
analyzed the gravity wave activity in 144 temperature profiles from the Mid-InfraRed (MIR) channel of the 
Atmospheric Chemistry Suite (ACS) recorded during the second half of MY 34. Aoki et al.  (2019), Belyaev 
et al. (2021), Fedorova et al. (2020), and Neary et al. (2020) highlighted the importance of atmospheric temper-
ature to control the water vapor abundances in the middle atmosphere and its vertical transport, which were 
confirmed as well by Aoki, Vandaele, et al. (2022) and Brines et al. (2022).

Part I (Trompet et al., 2023) of this series of papers described the retrieval scheme where the regularization was 
fine-tuned to derive profiles with high vertical resolution. We first derived the CO2 density profiles from SO 
spectra and then computed the temperature profiles with the hydrostatic equilibrium equation. In this work, we 
focus on one spectral range (diffraction order 148), which started to be regularly scanned at the beginning of MY 
35. We obtained 968 temperature profiles spread from the beginning of MY 35 (23 March 2018) to MY 36 solar 
longitude (Ls) of 135° (31 November 2021). The localization of those profiles is reported in Figure 1. In panel (a), 
we see that most of the profiles are located at higher latitudes, with some profiles still close to the equator. Also, 
a companion paper by López-Valverde et al. (2022) presents temperature and density profiles from NOMAD-SO 
focusing on MY 34.

In the second part of this series of papers (Trompet et al., 2023—hereafter called Part II), we further investigate 
the results concerning the temperature profiles by comparing our data set with some co-located profiles from 
the Mars Climate Sounder (MCS; McCleese et  al.,  2010) on board Mars Reconnaissance Orbiter (MRO) in 
Section 2.1 and simulations from the GEM-Mars (Global Environmental Multiscale model adapted to the Martian 
atmosphere) general circulation model (Daerden et al., 2019, 2022; Neary & Daerden, 2018) in Section 2.2.

In the next three sections, we report some features present in this NOMAD-SO data set. In Section 3.1 of this 
work, we investigate the main tidal signatures from the longitudinal variations of the temperature profiles of 
NOMAD-SO at specific times and locations in the mesosphere. In Section 3.2, we continue to search for the 
presence of a temperature lower than the limit for CO2 condensation in this subset of NOMAD-SO profiles. In 
Section 3.3, we describe the seasonal and latitudinal distribution of strong warm layers in NOMAD-SO temper-
ature profiles.

2. Comparisons
Alday et  al.  (2021a) and Belyaev et  al.  (2021) already reported some temperature profiles for MY 35, both 
from ACS-MIR. A comparison with the data sets from Alday et al. (2021a) is shown in Figures S2 and S3 in 
Supporting Information S1 for three altitudes (60, 70, and 80 km). The temperature profiles presented in this 
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work agree well with these data sets except for the ones at 60 km around the perihelion, which are due to the 
saturation of the CO2 lines. Figure 2 in Alday et al.  (2021a) and Belyaev et al.  (2021) and Figure 6 in Part I 
present strong warm layers in contrast to a surrounding cold mesosphere in the Northern hemisphere at around 
75 km and around LS 270° corresponding to late morning. We also notice in all data sets very similar magnitudes 
of temperature and in particular that the Southern hemisphere evening mesospheric profiles are cold (<140 K) 
and are much smoother than Northern profiles or Southern morning profiles. Very similar trends can be seen as 
well in Fedorova et al. (2020) and López Valverde et al. (2022) reporting temperature profiles in MY 34. A direct 
comparison between those two data sets is not possible as they cover MY 34. A direct comparison with the data 
set presented by Belyaev et al. (2021) is not possible as only water profiles are available in the repository. Aoki, 
Gkouvelis, et al. (2022) retrieved temperature from oxygen dayglow from limb measurements. The uncertainties 
on those temperature values are large (∼40 K) and the values presented in this work are within those values. 
However, those uncertainties are too large to verify the variation discussed in this paper plus the limb observa-
tion geometry (daytime, near-equatorial) is different from occultations (generally high latitudes, always at the 

Figure 1. Coverage of the 963 profiles already reported in Part I and further discussed in Part II. Panel (a) for latitude as a function of solar longitude and panel 
(b) for latitude as a function of solar local time. Panel (a) contains also some boxes of profiles plotted in Figure 5. Panel (b) presents a typical correlation for 
Solar Occultation (SO) between local solar time and latitude. The local time distribution is typical for SO measurements. The scans closer to 6 and 18 hr are for 
measurements near the equator. The scans in the range 6–18 hr are located in the hemisphere, which is closer to its summer solstice. Thus, bluish colors are found in the 
Southern hemisphere and reddish colors are found in the Northern hemisphere.
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terminator). López-Valverde et al. (2022) analyzed a different diffraction order of the NOMAD-SO channel. A 
direct comparison with the presented study is not possible because the analysis by López-Valverde et al. (2022) is 
limited to the data taken in MY 34 when the diffraction order we analyzed was rarely measured.

The following sections are dedicated to some more in-depth comparisons. First with retrieved temperature 
profiles from the MRO-MCS instrument and then with simulations from GEM-Mars.

2.1. Comparisons With MRO-MCS

The MRO is on a Sun-synchronous polar orbit and crosses the equator at local times of 3 and 15 hr (Zurek & 
Smrekar, 2007). The MCS spectrometer measures the thermal emission in limb, nadir, and off-nadir viewing 
geometries and derives profiles of temperature, dust, and water vapor covering most of the mesosphere up to 
around 90 km (Kleinböhl et al., 2009). The MCS data set spans all latitudes and a local time range of around 3 
and 15 hr, suitable to find some co-located measurements with SO.

We only considered limb measurements of MCS from March 2019 (MY 35 Ls 0°) to July 2021 (MY 36 Ls 79°) 
available through the Planetary Atmosphere Node of the Planetary Data System. The local times spanned by 
MCS are mainly around 3 hr or 15 hr (Kleinböhl et al., 2009). The MCS profiles have a resolution of around 
5 km (Shirley et al., 2015). The error in the profile is reported as 0.5–2 K (Kleinböhl et al., 2009). The MCS 
profiles were previously compared and validated with the data sets of the Mars Global Surveyor (MGS) radio 
occultation (RS for “radio science”) and Thermal Emission Spectrometer (TES) in Hinson et  al.  (2014) and 
Shirley et al. (2015).

Figure 2 represents the 47 temperature profiles retrieved from NOMAD-SO (blue), which have some co-located 
MCS measurements. The NOMAD-SO profiles have a lower limit at around 50 km due to the saturation of the 
CO2 lines in the spectral range used in this study. This spectral saturation is described in Section S4 of Part I 
(Trompet et al., 2023). The criteria of co-location are similar to those used in Guerlet et al. (2022) and are defined 
by the following four criteria: (a) the local time differences being within 30 min; (b) the solar longitude differ-
ences being within 0.5° (around one sol); (c) the latitude differences being within 3°; and (d) the longitude  differ-
ences being within 6°. Sometimes, several MCS profiles can be found within those criteria but we keep only the 

Figure 2. Temperature profiles for 47 co-located measurements. Blue curves for Nadir and Occultation for Mars Discovery Solar Occultation (NOMAD-SO) profiles 
and orange for Mars Reconnaissance Orbiter-Mars Climate Sounder (MCS) profiles. “Co-located” means here that the MCS profile is within a box centered around 
the NOMAD-SO profile and with a maximum difference in solar longitude, local time, latitude, and longitude of 0.5°, 30 min, 3°, and 6° respectively. MY 35 starts at 
panel (3) and MY 36 starts at panel (35). The solar longitude, local time, latitude, and longitude of the NOMAD-SO profile are provided on the left of each panel. On 
the right are the ingress (I) or egress (E) case, then the differences in solar longitude, local time, latitude, and longitude of the NOMAD-SO profile to the MCS. The last 
panel (number 48) presents the difference between the averaged profiles of NOMAD-SO and MCS in green with the 1-σ standard deviations on SO and MCS profiles in 
blue and orange, respectively.
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one minimizing the weighted Euclidian distance 𝐴𝐴

√

∑

𝑗𝑗
𝑤𝑤𝑗𝑗(𝑃𝑃𝑗𝑗𝑗𝑗𝑗𝑗𝑗 − 𝑃𝑃𝑗𝑗𝑗MCS)

2 over the parameters P = [LS, LST, Lat, 
Lon] with the weights w = [2, 2, 1/3, 1/6]. The geometry and time of acquisition of the measurements are given 
on the left of each panel as solar longitude, local time, latitude, and longitude. There are 32 profiles in MY 35, 
and 13 profiles in MY 36 and we also found two additional profiles in MY 34 (there are 39 occultations where 
diffraction order 148 was scanned in MY 34). The co-located profiles mainly occurred at dawn (31 over the 47 
profiles) and almost all of them occurred at high latitudes above 45° (46 over 47 profiles).
The NOMAD-SO profiles have been smoothed to a 5 km vertical resolution using a similar method to that of 
Guerlet et al. (2022) except that, in our comparison, it is the NOMAD-SO profiles that must be smoothed and 
not the MCS profiles. The smoothed NOMAD-SO profile 𝐴𝐴 𝐴𝐴𝐴 is computed with the formula 𝐴𝐴 𝐴𝐴𝐴 = 𝐴𝐴𝑎𝑎 + 𝐴𝐴(𝐴𝐴 − 𝐴𝐴𝑎𝑎) 
where 𝐴𝐴 𝐴𝐴 is the NOMAD-SO profile, 𝐴𝐴 𝐴𝐴 is the averaging kernels matrix of MCS and 𝐴𝐴 𝐴𝐴𝑎𝑎 is the a priori (Keppens 
et al., 2019; Rodgers & Connor, 2003). The averaging kernels are not provided thus we build them considering 
Gaussian functions with a full width at half maximum of 5 km. The Gaussians are normalized so that their inte-
gration equals one. MCS profiles are retrieved with simulations from the Mars Weather Research and Forecasting 
general circulation model (Richardson et al., 2007) as a priori. They are not provided as well, but we simply 
use the MCS profile as a priori. In practice, the importance of the a priori is limited to the bounds (2 km) of 
the profile. Very similar smoothed SO profiles are found by using GEM-Mars profiles as a priori instead of the 
MCS profiles. The variance matrix 𝐴𝐴 �̂�𝑈 on the smoothed profile is easily computed for this linear transformation 
as 𝐴𝐴 �̂�𝑈 = (1 − 𝐴𝐴)𝑈𝑈𝑎𝑎(1 − 𝐴𝐴)

𝑇𝑇
+ 𝐴𝐴𝑈𝑈𝐴𝐴𝑇𝑇  where 𝐴𝐴 𝐴𝐴 and 𝐴𝐴 𝐴𝐴𝑎𝑎 are the variance matrix over, respectively, SO and MCS 

profiles with diagonal elements as the square of the uncertainties on the NOMAD-SO profile. The uncertainties 
on 𝐴𝐴 𝐴𝐴𝐴 are the square roots of the diagonal elements of 𝐴𝐴 �̂�𝑈 . For all the profiles shown, their highest altitude is limited 
by the MCS profile, while the lowest altitude is limited by the SO profile.

For both instruments, each profile covers a range in latitude and local time, which usually increases or decreases 
monotonically throughout the measurements due to the motion of the spacecrafts along their orbit. To find the 
closest profile, we compared the mean latitude and local time throughout the profiles.

Panel (48) of Figure 2 contains the difference between the average on all profiles in panels (1–47) in green and the 
blue and orange curves are the standard deviations for SO and MCS profiles. We see that the difference is within 
the 1-σ variabilities. There are some clear differences between the two data sets: the averaged NOMAD-SO 
profile has slightly lower values for the highest altitudes and slightly higher values for the lowest altitudes. 
For the lowest altitudes, there is a gradual effect of the saturation of the CO2 spectral lines (see Section S4 in 
Supporting Information of Part I) that increases the temperature values as the altitude reduces. For the highest 
altitudes, the average difference is around 6 K lower for NOMAD-SO. This can be explained as the retrieved 
temperature depends on the pressure at the top provided by GEM-Mars (see Part I) and Neary & Daerden (2018) 
reported slightly lower temperatures from GEM-Mars simulations compared to MCS retrieved values at high 
latitudes. This small bias could also be explained by the MCS profiles being slightly shifted to the dayside, which 
has a higher temperature. Another possible explanation for this small difference is that the line of sight of both 
instruments, and thus the atmospheric layers crossed, are different. The average difference between co-located 
measurements between MGS-TES and MCS data is 2.8 K (Shirley et al., 2015) with MGS-TES values lower than 
MCS values for pressures lower than 1 Pa (altitudes higher than 60 km).

The average uncertainty on the smoothed NOMAD-SO temperature profiles is 5.0 K and the average uncertainty 
on MCS profiles is 5.9 K. This value is higher than the value reported in MCS papers because we restrict our 
comparison to the highest altitudes of the MCS profiles, which have higher uncertainties than those at altitudes 
below 50 km. The weighted average difference at all altitudes between the MCS and SO profiles was only 1.8 K, 
but the weighted average absolute difference between the MCS and NOMAD-SO profiles was 7.4 K. The weights 
are the square of the inverse of the uncertainties (which are standard deviations). The first value represents a mean 
shift of SO profiles higher than MCS profiles by 1.8 K, while the second value accounts for all the differences 
in the MCS and SO profiles. The weighted average absolute value is higher than the average uncertainty on 
MCS profiles and takes into account the differences at the top of the profiles and the bottom. It is also important 
to notice that those averaged differences might not be a representative value as 47 samples is a small number 
to derive statistics from both data sets. There are also other differences seen in the individual profiles. Some 
profiles compare well, for instance, in panels (3), (5), (11), (15), (18), (22), (23), (30), (36), (40), and (42). For 
other panels like (2), (14), (16), (20), (21), (26), (33), (34), and (41), there is a colder layer in the NOMAD-SO 
profile that is not present or with a smaller amplitude in the MCS profile (for instance, at 85 km in panel (20)). 
There is a persistent colder layer in the SO profiles in panels (20 and 21). Those differences might come from a 
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vertical resolution still higher in the SO profile as the resolution of 5 km from MCS is an averaged value. Other 
NOMAD-SO profiles like 4, 35, 38, and 39 agree well except at the lowest altitude where there might be some 
residual bias due to the saturation of the CO2 lines. For panels (13), (43), and (46), both profiles contain a colder 
or warmer layer that appears at different altitudes (around 5 km away). This might still be due to the differences 
in the co-locations of the profiles.

While the average uncertainties on the SO temperature profiles are 5 K and those on the MCS profiles are 5.9 K, 
the data sets disagree by 7.4 K. Nevertheless, given that MCS and NOMAD measurements are performed on 
different spectral ranges using different methodologies, and observation techniques, their disagreement is of the 
same order of magnitude as the uncertainties and can be improved by reducing the biases at high and low alti-
tudes. Those improvements are left for future work.

2.2. Comparisons to GEM-Mars

NOMAD-SO profiles were compared to those generated with the latest version of GEM-Mars (Daerden 
et al., 2019, 2022; Neary & Daerden, 2018; Neary et al., 2020), which is a three-dimensional general circulation 
model based on the GEM model and adapted to the Martian atmosphere. The model is operated on a horizontal 
resolution of 4° × 4° (45 by 90 grid points) and on 103 hybrid vertical levels ranging from the surface to about 
150 km altitude, with a time step of 30.8246 min (1/48th of a Mars solar day or sol). The GEM-Mars (GEM in 
the following) simulations are interpolated for the specific time and location of SO measurements to within half 
a model time step (15') accuracy. The GEM data for MYs 35 and 36 are generated using the dust climatology for 
MY 35 as the NOMAD data set used in this work is limited to before the MY 36 dusty season. We remind that 
the information from the a priori (which is an averaged GEM-Mars profile on all seasons, all latitudes, and all 
local times) is not present in the SO profiles as only the retrieved values with a DOF higher than 0.99 are kept 
(see Part I).

To better see the main trends in the differences between NOMAD-SO and GEM-Mars, they were averaged over 
60°-wide Ls bins and latitude bins of 30° at the poles and 60° at mid-latitudes. Figure 3 shows the profiles at dawn. 
The y-axis is pressure instead of altitude as the pressure at an altitude varies along seasons and we are averaging 
profiles on the same pressure grid. Approximated altitudes for 1, 0.1, and 0.01 Pa are, respectively, 60, 80, and 
95 km. The pressure grid has been restricted to values lower than 0.3 Pa to be sure to avoid any saturated part. In 
Part I, we explained that the profiles are cut at lower altitudes as the CO2 lines present in the spectra saturate (see 
Supporting Information S4 of Part I). From solar longitudes 0°–120°, the temperature profiles from SO show a 
distinct pattern as a cold layer below 0.1 Pa. This feature is more marked in the Southern winter hemisphere. The 
profiles between Ls 120° and 240° show good agreement with the NOMAD-SO values still slightly lower than 
those of GEM-Mars. For Ls 240°–360°, the SO profiles in panels (11) and (12) contain a warm layer at around 
0.02 Pa. In panel (12), the GEM-Mars profile also displays a warm layer but of weaker amplitude. The variability 
in that panel have to be taken with care as the number of profiles might not be statistically significant. Panel (23) 
shows differences that do not match within the variabilities but they contain only one profile.

The dusk profiles show a better agreement than the dawn ones, as seen in Figure 4. Nevertheless, as for dawn 
profiles, there is also a cold layer in SO profiles for the first 60° of solar longitude and it is more pronounced 
closer to the equator in the Southern hemisphere. The averaged profiles between Ls 60° and 300° agree well 
except for panel (23), which shows larger differences that are not within the variabilities but they contain only one 
profile. Panels (14) and (21) contain SO profiles with lower temperature values for pressures lower than 0.2 Pa. 
Another cold layer appears after Ls 300° in the Northern hemisphere (panel 12).

The weighted difference (SO—GEM-Mars) on all profiles is −5.1 K and the weighted absolute difference on all 
profiles is 12.1 K where the weights are 𝐴𝐴 1∕

(

𝑒𝑒2
SO

+ 𝑒𝑒2
GEM

)

 where 𝐴𝐴 𝐴𝐴SO and 𝐴𝐴 𝐴𝐴GEM are the standard deviation error on 
SO and GEM-Mars profiles respectively. This value takes into account the differences due to the colder layer 
below 0.1 Pa in the Southern hemisphere at the beginning of the year. The profiles within Ls 120°–240° are in 
good agreement except for latitudes 90°S to 60°S. For this first comparison, the profiles from NOMAD-SO and 
GEM-Mars profiles show some similarities with some different patterns that have been distinguished.

From simulations of GEM-Mars, we find that the temperature around 0.1 Pa has a diurnal cycle with minima 
at slightly different local times. Thus, the differences close to aphelion in the Southern hemisphere seem to 
be related to the diurnal thermal tides being out of phase. Such phase differences between observations and 
models are also reported for lower altitudes from an analysis of Thermal Infra-Red in honor of Professor Vassily 
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Ivanovich Moroz observations (Fan et al., 2022). The phase differences in diurnal thermal tides could be caused 
by imperfect simulation of water ice cloud radiative effects (Daerden et al., 2019). This would explain why the 
strongest biases are found around the aphelion, which is the time when the radiative feedbacks were found to 
be the poorest in the simulations. More investigations on this comparison with GEM-Mars will be presented in 
future work.

3. Further Investigation of the NOMAD-SO Temperature Profiles in the Mesosphere
3.1. Longitudinal Variation

This section further investigates the retrieved data set, which was shown in Part I of this series. Here, we will 
focus on the longitudinal variation across some profiles with maximum ranges of solar longitude, latitude, and 
local time of 30°, 10°, and 1.5 hr, respectively, to study the tidal components.

Figure  5 shows some examples of profiles for some subsets distinct in time and geometry. Panels (a and b) 
are for a time range close to perihelion, while panels (c and d) are for the beginning of Southern winter. Some 
strong temperature inversions are visible in the profiles in panels (a and b) (morning), especially for the subset 
of the Southern hemisphere (panel b). Within the solar longitude, latitude, and local time ranges given above, 
in panels (a and b) we see some variations in the strength of the temperature inversion with longitude. Those 
strong temperature inversions are located at latitudes around 60° on the polar night. The morning profiles (panels 
c and d) show some profiles at close solar longitudes from the respective afternoon profiles (panels a and b) and 
we see a more uniform variation of the temperature profiles that increases from around 75 km with decreasing 
altitude. Looking at other time ranges (see Figure S1 in Supporting Information S1), we notice that those strong 
temperature variations along longitudes happen between local times of 7 and 10 hr. There is no seasonal bias as 

Figure 3. Averaged profiles for Global Environmental Multiscale (GEM)-Mars in orange and Solar Occultation (SO) in blue for Martian year 35 and only dawns 
(0 hr < LST <12 hr). The lines are for latitudes between, respectively from above to below, 60° and 90°, 0° and 60°, −60° and 0°, −90° and −60°. The shaded areas 
indicate the 1 sigma variability in the Ls-lat bins. The number below the panel number is the weighted absolute difference between the GEM-Mars and Nadir and 
Occultation for Mars Discovery-SO profiles. Approximated altitudes are provided as the second Y-axis. The pressure-to-altitude conversion varies with seasons.
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the winter and summer hemispheres are equally scanned as seen in Figure 1. The temperature variations might be 
related to the polar warming, but the altitudes of the temperature profiles (60–100 km) are above the location of 
the polar vortex, which is stronger below 30 km (Streeter et al., 2021) and extends to a maximum of up to 60 km 
(Haberle et al., 2017, p. 385).

Fitting the variation of temperature to longitude provides information about the main non-migrating tides. In 
contrast to migrating tides, which are synchronous with the face on Mars illuminated by the Sun, non-migrating 
tides are asynchronous to the position of the Sun and can be fitted for data with a fixed local time (England 
et al., 2016, 2019; Gröller et al., 2018; Oberheide et al., 2015). Each component follows the formula 𝐴𝐴 𝐴𝐴 cos(𝑘𝑘 𝑘𝑘 − 𝜑𝜑) 
where k is a positive integer representing a WN, 𝐴𝐴 𝐴𝐴 is the longitude, and 𝐴𝐴 𝐴𝐴 and 𝐴𝐴 𝐴𝐴 are the amplitude and phase 
to be fitted. The WN are actually a combination of two other integers with 𝐴𝐴 𝐴𝐴 = 𝑠𝑠 − 𝑚𝑚 where s is the zonal WN 
(positive for westward propagating tides), and m is an harmonic of the diurnal period (England et al., 2016). In our 
case where the fitted data correspond to a small range of local time, it is not possible to disambiguate those two 
numbers nor to derive migrating tides for which 𝐴𝐴 𝐴𝐴 = 𝑚𝑚 . The formula above is a simplification as the tidal compo-
nents are also dependent on latitudes, and either local time or (universal) time. Nevertheless, we will restrict the 
profile selection to small ranges in season, local time, and latitude. To find relatively close profiles in the subset 
of occultations with diffraction order 148, we had to select profiles around a latitude of 60° where the amplitudes 
of the non-migrating tides are expected to be generally weaker. The fit is performed using a Levenberg-Marquardt 
least squares algorithm without any bounds applied and the first guesses are all set to zero to avoid any additional 
constraint on the fitted parameters.

Figures 6 and 7 illustrate two examples of the resulting fit of the non-migrating tides along the longitudes for the 
profiles in Figures 5b and 5d, respectively. The amplitudes are provided as a ratio to the mean temperature along 
longitudes. In Figures 6 and 7, panels (a and c) show the fits considering three and four tidal components for 63 
and 70 km respectively. Four components improve the fit but the risk of overfitting the temperature values could 
not be negligible as their number is not much greater than the number of fitted parameters. The uncertainties are 

Figure 4. Same as Figure 3 but for dusk profiles (12 hr < LST < 24 hr) with Global Environmental Multiscale-Mars data in blue and Solar Occultation data in blue.
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forward propagated with a Monte Carlo analysis using a thousand samples. When the fitted amplitude is lower 
than the noise, then the phase is unsteady.

For the dawn case (Figure 6), we see that the three first components do not change significantly when retrieving 
the fourth component. In panel (b) at around 64 km, the WN-1 component has an amplitude higher than 10%, 
the WN-3 amplitude is about 5% while the WN-2 amplitude is less than 5%. Concerning the phase of WN-1, the 
uncertainties are relatively small from 55 to 63 km. There might still be some weak residual WN-3 in the dawn 
profiles at those high latitudes as the corresponding phase has some low uncertainties between 60 and 64 km, 
meaning low variability of this WN within the uncertainties. The WN-1 component seems to be present as well 
(5%) at around 67–72 km as the uncertainties of both the amplitude and the phase are low. Below 60 km, there 
seem to be amplitudes of WN-1 and WN-2 with each ∼3%. The uncertainties are too small (∼0.01% and ∼1°) 
and are likely due to overfitting.

In the dusk case (Figure 7) with three fitted components, the amplitude for all WN is smaller than the uncertain-
ties except below 60 km where there is a ∼4% amplitude for WN-3 and except a remaining WN-1 with an ampli-
tude of 5% between 65 and 70 km. For the WN-3 component below 60 km, the phase is monotonically varying 

Figure 5. Examples of some profiles from the map in Part I Figure 6 for a specific time and geodetic ranges given as title above the panels. Panels (a and c) for profiles 
in the morning, and panels (b and d) for profiles in the afternoon. Panels (a and b) for profiles in the Northern hemisphere and panes (c and d) for profiles in the 
Southern hemisphere. The solar longitude and latitude ranges of those panels are also represented in Figure 1. There are clearer variations of a temperature inversion in 
the morning (panels (a and c)) than in the afternoon (panels (b and d)) around 65 km. The shaded area represents the uncertainty on the profiles.

 21699100, 2023, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JE

007279 by T
est, W

iley O
nline L

ibrary on [09/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Planets

TROMPET ET AL.

10.1029/2022JE007279

10 of 18

and the uncertainties are of the order of a few degrees. Those uncertainties are not consistent with the level of 
noise in the data and might be due to overfitting the data. Between 65 and 70 km, the phase of WN-1 is almost 
constant and their uncertainties are reducing to a dozen degrees, which is a reasonable level of noise. By fitting 
a fourth component (panels c and d), the amplitudes and phases have substantially changed for the three fitted 
components (panels a and b). Between 60 and 65 km, the fitted amplitude of the WN-4 component is as high 
as 10%. Nevertheless, the curve in panel (c) could be overfitting and corresponding too closely to the samples.

Jain et al. (2021) already provided some information regarding the non-migrating tides in MY 35 in the meso-
sphere from limb observations with MAVEN-IUVS. They fitted the tidal components for WN-1 to 4 and noticed 
a strong tidal activity during aphelion that was almost suppressed at perihelion. Their fit at perihelion was in the 
afternoon, while the fit at aphelion was in the morning. In the NOMAD-SO data fitted for the ranges given in 
Figure 5, we also see stronger tidal activities in the morning than in the afternoon. In MY 35, Jain et al. (2021) 
reported that the most important WN was WN-3 followed by WN-1 and then WN-4. In this data set, which covers 
much higher latitudes, WN-1 is the main remaining component and WN-3 disappears above 68 km. In conclu-
sion, the SO temperature profiles, while being scanned at higher latitudes, contain the same main WN  compo-
nents as in Jain et al. (2021), but their relative amplitudes have changed.

A better way to compare the fitted tidal components would be to do the same exercise with profiles located at 
latitudes lower than 40°, but this subset of SO profiles does not contain enough data to properly cover the whole 
longitudinal range at those latitudes. This could be done by adding the profiles from diffraction order 149, which 
was scanned twice more often than diffraction order 148 in MY 35.

3.2. Temperatures Lower Than the Limit for CO2 Condensation

Liuzzi et al. (2021) reported the detection of CO2 ice clouds in 26 SO occultations. They used three criteria to 
infer the presence of CO2 ice clouds: the temperature, the spectral signature of CO2 ice clouds around 3,820 cm −1, 

Figure 6. Results of the fits of the longitudinal tidal components from the profiles in Figure 5 panel (c) (MY 35 Ls 100°–125°, Lat 63°S–56°S, LST 8.5–10 hr) with 
three components in panels (a and b) and four components in panels (c and d). An example of a longitudinal trend is shown in panels (a and c) for an altitude of 63 km.
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and the extinction of the sunlight due to absorption and mainly scattering by the cloud. Diffraction order 148 
was scanned in five of the occultations reported by Liuzzi et al. (2021). The profiles analyzed in this work are 
restricted to pressures lower than 0.1 Pa (altitudes higher than around 50 km) and only two of the five occultations 
in Liuzzi et al. (2021) contain a CO2 ice cloud detected at pressures lower than 0.1 Pa.

In the 968 profiles derived in this work, we report the presence of five temperature profiles lower than the 
temperature limit (Tcond, hereafter) for CO2 condensation (Sánchez-Lavega et al., 2004), see Figure 8. The blue 
and green curves (Ls 20° and 121°) correspond to two occultations reported by Liuzzi et al. (2021) as containing 
a CO2 ice cloud. Three profiles (blue, green, and purple) have a temperature minimum lower than Tcond by 10 K, 
which is sufficient to initiate condensation (González-Galindo et al., 2011). The corresponding transmittances 
are decreasing, meaning that the incoming light suddenly reduces due to its extinction close to the temperature 
minima. The top of the cloud corresponds to the decrease in transmittance occurring at the altitude or an altitude 
slightly lower than the temperature minimum and can be explained by a large horizontal spread of the cloud 
(Montmessin et al., 2006). As we look at the slant path, the cloud extending further away from the terminator 
seems to appear at a lower tangent altitude due to the curvature of the atmosphere when looking at long horizontal 
distances. It is also possible that the cold pocket stretches away from the terminator. The cloud might then be 
centered or even entirely located ahead or behind the tangent point and the extinction appears at lower tangent 
altitudes than those of the temperature minimum (again due to due to curvature of the atmosphere).

The purple curve (Ls 66°) is a new report of a probable CO2 ice cloud. The two other temperature profiles (red 
and orange) are not associated with a clear reduction of the transmittance and have only a few values lower than 
Tcond, and Tcond is within the 1-σ (standard deviation) uncertainties over the profiles. The five profiles cross each 
other at 0.06 Pa; this is a coincidence and the profiles are not constrained to pass by that point.

The profiles at Ls 20°, 64°, and 66° (Northern spring) are located near the equator, while the profile at Ls 121° 
is located in the Southern hemisphere (winter). The profile at Ls 92° is located at a higher latitude of 55° in the 
Southern hemisphere. The coverage of all those profiles except the last one (Ls 92°) agrees with the previously 

Figure 7. Results of the fits of the longitudinal tidal components from the profiles in Figure 5 panel (d) (MY 35 Ls 126°–146°, Lat 70°S–64°S, LST 14.5–16 hr) with 
three components in panels (a and b) and four components in panels (c and d). An example of a longitudinal trend is shown in panels (a and c) for an altitude of 70 km.
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reported detection of CO2 ice clouds (Aoki et al., 2018; Liuzzi et al., 2021; Vincendon et al., 2011). The location 
of the profile at Ls 92° is close to one CO2 ice cloud previously reported by Vincendon et al. (2011) at 15°S and 
longitude of −155°. However, we cannot see any clear decrease in the transmittance corresponding to this profile.

3.3. The Inversion Layers

Nakagawa et al. (2020a) identified the presence of warm layers in the mesosphere (50–100 km altitude), on the 
nightside of Mars with amplitudes unexpected by the model. This warm layer is a recurring layer of warm air at a 
similar pressure level (Nakagawa et al., 2020a). Many of the mesospheric terminator profiles from SO shown in 
Figure 6 in Part I also contain a warm layer, especially at dawn. Some dawn profiles of the Northern hemisphere 
between Ls 240°–360° seem to be higher than the ones predicted by GEM-Mars (see panels (11 and 12) from 
Figure 3). Otherwise, the other warm layers appearing in SO profiles seem to be predicted by GEM-Mars, while 
the cold pockets are generally not predicted. Mesospheric warm layers in MY 35 were already clearly present in 
publications of temperature profiles from the ACS instrument on board TGO as noted in Section 2.

We used a similar method to the one described by Nakagawa et  al.  (2020a) to find warm layers with strong 
amplitudes. We computed a background with a linear regression on the temperature profiles. The condition for a 
warm layer is that the temperature profile must have some values 20 K higher than the background between the 
altitudes corresponding to 0.5 and 0.02 Pa. Four examples of this computation are provided in Figure 9. The three 
first panels contain a warm layer as the temperature profile contains some values around 70 km (around 0.1 Pa) 
that are greater than the background plus 20 K (green curve).

The results are shown in Figure 10, where the blue dots are for all occultations where diffraction order 148 was 
scanned and the orange dots for the occultation where a strong temperature maximum (being 20 K higher than 
the background) was found. Panel (c) shows some similarities to Figure 20b in Forget et al. (2009), which showed 
the distribution of temperature profiles with values lower than Tcond. That data set mainly contained winter obser-
vations close to the polar night. Apart from presenting strong temperature minima instead of warm layers, they 
found a similar distribution. Those figures show that extrema of temperature appear in the Southern hemisphere 
during the first half-year and strong minima in the Northern hemisphere during the second half-year. The distri-
bution of the warm layers in SO data could also be seen in Figure 6 of Part I.

This data set of 968 profiles contains some bias because it is only a subset of all the occultations performed by SO 
and the longitude, latitude, and local time ranges are not scanned with the same regularity. The data in Figure 10 

Figure 8. Panel (a) six temperature profiles for diffraction order 148 with some values lower than the temperature limit for CO2 condensation. Panel (b) transmittances 
at pixel 180 corresponding to the profiles in panel (a). The second Y-axis provides rough altitude values.
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are then better represented in Figures 11 and 12, which contain the histograms of the localization of the profiles 
with a warm layer in orange and all the occultations in blue. From Figure 11, there is a clear seasonal trend as 
the profiles containing a warm layer are found around solstices. There are differences between the Northern 
hemisphere (panel a) and the Southern hemisphere (panel b) as more profiles with a warm layer are found in the 
Southern hemisphere during Southern winter. On the contrary, more of them are found in the Northern hemi-
sphere during Northern winter. In Figure 12, the data set is split into three half-years. Again, it appears clearly 
in panels (a, d, and g) that during Northern summer, the warm layer is found more often in the Southern hemi-
sphere while during the Northern winter, the warm layer is more often found in the Northern hemisphere. This 
seasonal distribution is similar to the strongest “polar warming” reported in the mesosphere at high latitudes. This 
polar warming is the result of adiabatic heating from the downward flux of the Hadley cell (Forget et al., 1999; 

Figure 9. Examples of fit of the “background“ temperature in dashed orange. The limit of this background plus 20 K is plotted in dash-dot green and the retrieved 
temperature is the blue solid curve with the uncertainties in shaded blue. The retrieved profiles in the three first panels (a–c) contain a strong warm layer as they show 
some higher values than the green curve in the 0.5 to 0.02 Pa range. There is no warm layer in the retrieved profile in panel (d). The numbers on the left-hand side of the 
panels provide the date, time, solar longitude, local solar time, latitude, and longitude corresponding to the retrieved profile.

Figure 10. Localization of all Nadir and Occultation for Mars Discovery Solar Occultation profiles for diffraction order 148 in MY 35 and MY 36 till Ls 135° in blue. 
The profiles containing a warm layer are in orange. The y-axis is latitude for the three panels and the x-axis is longitude, local time, and solar longitude for panels (a–c), 
respectively. In panel (c), the vertical lines indicate the solstices and the Northern winter equinox.
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Wilson, 1997), which is more important at solstices. McDunn et al. (2013) gave a detailed distribution of polar 
warmings from MCS measurements and reported stronger magnitudes for nightside polar warmings than dayside 
ones. Strengthening the gradient of temperature with altitude, a polar vortex with pronounced temperature 
minima is also present in the troposphere at the winter solstice (McCleese et al., 2010).

Nakagawa et al. (2020a) observed a strong warm layer in the mesosphere on the night side for Ls 0°–180°. They 
reported that the warm layer was present at middle latitudes in the Northern hemisphere as well as in the Southern 
high latitudes but absent in the Southern middle latitudes. Panels (a and g) in Figure 12 reveal that such warm 
layers are also present at the terminator and it is almost absent in the Southern middle latitudes (0°–50°) at Ls 
0°–180°. The difference from the nightside measurements is that the air mass scanned at the terminator has either 
been in the night or the day for a time that considerably changes with latitude.

There are no profiles containing a warm layer at 50°, and 150° longitude in MY 35 and 0°, 100°, and 300° longi-
tude in MY 36 (Figures 12b and 12h). Therefore, there are no specific longitudinal trends in a half-year range.

We need to keep in mind panel (b) in Figure 1, where we see that the 6–18 hr time range is probed only at high 
latitudes during the first half of the year and the 18–6 hr time range is probed at high latitudes only in the second 
half of the year. Still, in panels (c, f, and i), we see a clear preponderance of profiles with a warm layer between 

Figure 11. Histograms of all Nadir and Occultation for Mars Discovery Solar Occultations with diffraction order 148 in blue and the occultations where a warm layer 
was detected in the retrieved temperature profile in red, as a function of solar longitude and extending from MY 35 Ls 0° to MY 36 Ls 135°. Northern hemisphere data 
are in the upper panel (a) and Southern hemisphere data are in the lower panel (b).
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8 and 10 h which contains 90 profiles with a warm layer over 211 occultations in that LST range. The first half-
year of MY 35 and 36 contain, respectively, seven and three profiles with a warm layer before 4 hr (over 87 and 
43 occultations) but none were found in the second half of MY 35. Also at the beginning of both years, there 
are, respectively, four and seven warm layers between 16 and 19 hr (over 80 and 59 occultations) but none in the 
second half of MY 35.

Among the 968 retrieved profiles, 454 are in the first half of MY 35, 202 are in the second half-year and 312 are in 
MY 36 until Ls 135°. The total number of profiles in this subset with a warm layer is 131 (13.5%) and 65 (14.3%), 
14 (6.93%), and 47 (15.1%) for the corresponding date ranges.

Looking back at Figure 1a, the Northern Spring equinox time range mainly covers the South and dusk where less 
temperature inversion occurs. The ones at the Northern autumn equinox correspond to very high latitudes where 
no temperature inversion occurs. There seems to be no geometrical bias for the last gap.

4. Conclusions
In Part I of this series of papers, we presented a retrieval scheme to derive high-resolution vertical profiles of 
carbon dioxide density, pressure, and temperature from NOMAD-SO measurements of IR spectra of the atmos-
phere of Mars. We also went through the climatologies of CO2 and temperature profiles in the mesosphere.

In this paper, we further investigate the mesospheric data set derived in Part I. We compared the retrieved profiles 
with 47 co-located profiles from MCS on MRO. Although several profiles show similar values and variabilities, 
some other profiles show different variabilities that are possibly due to different air-mass sounding or differ-
ences in resolution. Looking at the averaged profiles, we see two biases: (a) one at the top of the profile with 

Figure 12. Histograms of all Nadir and Occultation for Mars Discovery Solar Occultations with diffraction order 148 in blue and the occultations where a warm 
layer was detected in the retrieved temperature profile in red. Panels (a–c) for MY 35 Ls 0°–180°, panels (d–f) for MY 35 Ls 180°–360°, and panels (g–i) for MY 36 Ls 
0°–140°. Panels (a, d, g), (b, e, h), and (c, f, i) for histogram on latitude, longitude, and local time, respectively.
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NOMAD-SO having values 6 K lower than MCS values on average, and (b) another one at the bottom of the 
profile due to the saturation of the CO2 lines.

We also compared the retrieved profiles with a simulated data set produced by the GEM-Mars GCM for the SO 
measurements. The profiles agree well overall, although some differences exist in the Southern hemisphere for 
Ls 0°–60° where SO profiles show a cold layer with a large amplitude, and also some differences at Ls 300°–360° 
where SO profiles contain a warmer layer than the profiles from GEM-Mars. Another discrepancy is the warm 
layer at dawn in the Northern hemisphere for Ls 240°–360°, where SO profiles show lower temperatures at dusk 
and a strong warm layer at dawn.

We derived the tidal signature at around Ls 100°–150° for local times around 9 and 15 hr. The data set covers 
mainly the latitudes around 60° and the amplitudes of the tides are much weaker at those latitudes than near the 
equator. The components could still be fitted between 55 and 65 km as well as around 70 km and the remaining 
main component at 60° latitude is the WN-1 component with an amplitude of 10% and the WN-3 component 
with an amplitude of 5%.

The data set covers 968 profiles located in the mesosphere at the terminator. Numerous features are present 
implying high variations in the temperature profiles. Nakagawa et al. (2020a) reported the presence in the meso-
sphere and the night side of a layer much warmer than predicted by models. With a very similar method, we report 
the presence of a warm layer (more than 20 K higher than the background) at the terminator. Such a warm layer 
was found in 13.5% of the profiles in this data set.

We also report the presence of three new detections of temperatures lower than the temperature limit for CO2 
condensation with a coverage consistent with previous studies (Liuzzi et al., 2021). One of those detection is 
likely related to CO2 ice clouds as it corresponds to a strong decrease in NOMAD-SO transmittance.

Data Availability Statement
The MCS data were downloaded from the Planetary Atmosphere Node of the Planetary Data System at https://
atmos.nmsu.edu/data_and_services/atmospheres_data/MARS/mcs.html. The results retrieved from the NOMAD 
measurements used in this article are available on the BIRA-IASB data repository: http://repository.aeronomie.
be/?doi=10.18758/71021074 (Trompet & Vandaele, 2022) and are also available from the NOMAD data service 
through the VESPA portal (https://vespa.obspm.fr). The NOMAD raw data can be found in ESA's planetary 
science archive (https://archives.esac.esa.int/psa/#!Table%20View/NOMAD=instrument).
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