
1. Introduction
The upper mesosphere and lower thermosphere of Mars (hereafter “UMLT”; 70–150 km altitude) is of high 
interest because this altitudinal region is affected by both climatological/meteorological events in the lower 
atmosphere (such as dust content variation, atmospheric tides, and waves, etc.) and external events from the 
space environment (such as solar activity). Understanding of the UMLT climatology driven by these events is 
important to constrain the escape processes of Mars atmosphere because this region connects the lower and upper 

Abstract The upper mesosphere and lower thermosphere of Mars (70–150 km) is of high interest because 
it is a region affected by climatological/meteorological events in the lower atmosphere and external solar 
forcing. However, only a few measurements are available at this altitude range. OI 557.7 nm dayglow emission 
has been detected at these altitudes by the limb observations with Nadir and Occultation for Mars Discovery 
(NOMAD) aboard the ExoMars Trace Gas Orbiter (TGO). We develop an inversion method to retrieve 
density and temperature at these altitudes from the OI 557.7 nm dayglow limb profiles. We demonstrate that 
the atmospheric density around 90 and 140 km and temperature around 80 km during the daytime can be 
retrieved from the TGO/NOMAD limb measurements. The retrieved densities show a large seasonal variation 
both around 90 and 140 km and reach maximum values around perihelion period. This can be explained by 
temperature variation in the lower atmosphere driven by the dust content and Sun-Mars distance. Temperature 
around 80 km is higher than predicted by general circulation models, which is tentatively consistent with the 
warm atmospheric layer recently discovered in nighttime. The temperature retrieval relies on the temperature 
dependence of the quenching coefficient of  1S oxygen by CO2. Further validation of this coefficient in 
the  range  of the Mars upper atmosphere is needed for the verification of the retrieved high temperature.

Plain Language Summary Density and thermal structures between 70 and 150 km of Mars 
atmosphere have not been extensively investigated because these altitudes are too low for in situ measurements 
by orbiters and too high for general remote-sensing observations. Recently, a bright oxygen dayglow 
emission with green color (emitted at 557.7 nm) has been found in this altitude range. We combine a detailed 
photochemical model and widely used inversion scheme to develop a method to obtain density and temperature 
from the dayglow measurements. With this method, we successfully determine the density around 90 and 
140 km, and temperature around 80 km. The densities show clear seasonal variations, with larger values during 
the southern spring-summer season, stemming from the warmer lower atmosphere, a consequence of the shorter 
Sun-Mars distance and heating by dust. Temperatures around 80 km are higher than the theoretical predictions. 
A similar warm atmospheric layer was found in nighttime by previous measurements, and our result suggests 
that it might also present in daytime. However, further experimental studies on temperature dependence of the 
related photochemical reactions are needed to firmly confirm the retrieved high temperatures.

AOKI ET AL.

© 2022. American Geophysical Union. 
All Rights Reserved.

Density and Temperature of the Upper Mesosphere and Lower 
Thermosphere of Mars Retrieved From the OI 557.7 nm 
Dayglow Measured by TGO/NOMAD
S. Aoki1,2,3  , L. Gkouvelis3,4  , J.-C. Gérard3, L. Soret3  , B. Hubert3, 
M. A. Lopez-Valverde5  , F. González-Galindo5  , H. Sagawa6  , I. R. Thomas2  , 
B. Ristic2  , Y. Willame2, C. Depiesse2  , J. Mason7, M. R. Patel7  , G. Bellucci8, 
J.-J. Lopez-Moreno5, F. Daerden2  , and A. C. Vandaele2

1Department of Complexity Science and Engineering, Graduate School of Frontier Sciences, The University of Tokyo, 
Kashiwa, Japan, 2Royal Belgian Institute for Space Aeronomy, Brussels, Belgium, 3LPAP, STAR Institute, Université de 
Liège, Liège, Belgium, 4NASA/Ames Research Center, Moffet Field, Mountain View, CA, USA, 5Instituto de Astrofisica 
de Andalucia-CSIC, Glorieta de la Astronomia, Granada, Spain, 6Faculty of Science, Kyoto Sangyo University, Kamigamo 
Motoyama, Kyoto, Japan, 7School of Physical Sciences, The Open University, Milton Keynes, UK, 8Istituto di Astrofisica e 
Planetologia Spaziali, Roma, Italy

Key Points:
•  We present that density around 90 

and 140 km and temperature around 
80 km of Mars atmosphere can be 
retrieved from OI 557.7 nm dayglow

•  Density around 90 and 140 km 
increases around perihelion 
periods, which can be explained by 
temperature variation in the lower 
atmosphere

•  Temperature around 80 km is higher 
than predicted by general circulation 
models

Correspondence to:
S. Aoki,
shohei.aoki@edu.k.u-tokyo.ac.jp

Citation:
Aoki, S., Gkouvelis, L., Gérard, J.-C., 
Soret, L., Hubert, B., Lopez-Valverde, M. 
A., et al. (2022). Density and temperature 
of the upper mesosphere and lower 
thermosphere of Mars retrieved from 
the OI 557.7 nm dayglow measured by 
TGO/NOMAD. Journal of Geophysical 
Research: Planets, 127, e2022JE007206. 
https://doi.org/10.1029/2022JE007206

Received 25 JAN 2022
Accepted 23 MAY 2022

10.1029/2022JE007206

Special Section:
ExoMars Trace Gas Orbiter - 
One Martian Year of Science

RESEARCH ARTICLE

1 of 12

https://orcid.org/0000-0001-6727-125X
https://orcid.org/0000-0002-1397-8169
https://orcid.org/0000-0003-4093-330X
https://orcid.org/0000-0002-7989-4267
https://orcid.org/0000-0001-9443-291X
https://orcid.org/0000-0003-2064-2863
https://orcid.org/0000-0003-3887-6668
https://orcid.org/0000-0002-9635-1125
https://orcid.org/0000-0003-3583-1827
https://orcid.org/0000-0002-8223-3566
https://orcid.org/0000-0001-7433-1839
https://doi.org/10.1029/2022JE007206
http://agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)2169-9100.ExoMarsTGO1
http://agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)2169-9100.ExoMarsTGO1
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2022JE007206&domain=pdf&date_stamp=2022-06-03


Journal of Geophysical Research: Planets

AOKI ET AL.

10.1029/2022JE007206

2 of 12

atmospheres. Furthermore, that is also important for future mission planning because Mars orbiters perform 
aerobraking within this altitude region.

Despite this interest, only a few measurements are available to investigate the climatology of the UMLT region 
because this altitude range is generally too low for in situ measurements and too high for usual remote-sensing 
observations. Following several in situ measurements during descent phase of Mars rover/lander missions (e.g., 
Magalhães et al., 1999; Seiff & Kirk, 1977; Withers & Smith, 2006) and density measurements during aero-
braking of Mars obiters (e.g., Bougher et al., 2017; Keating et al., 1998), Forget et al. (2009) presented the first 
study of the seasonal variations of the atmospheric density between 60 and 130 km across a full Martian year. 
These results were based on CO2 absorption in the UV range measured by stellar occultations performed, mainly 
during nighttime with the UV spectrometer Spectroscopy for Investigation of Characteristics of the Atmosphere 
of Mars (SPICAM) aboard Mars Express (MEx). The atmospheric density measured by SPICAM showed a 
large seasonal fluctuation caused by variations in the dust content of the lower atmosphere (Forget et al., 2009; 
McDunn et al., 2010; Montmessin et al., 2017). Gröller et al. (2018) performed a similar analysis with Imaging 
UltraViolet Spectrograph (IUVS) instrument of the Mars Atmosphere and Volatile EvolutioN (MAVEN) space-
craft. The data set analyzed by Gröller et al.  (2018) was based on the dedicated occultation campaigns taken 
in both night and daytime, which allowed them to investigate the signatures of nonmigrating tides and gravity 
waves by distinguishing between longitudinal and local time variations. On the other hand, the dedicated occul-
tation campaigns were carried out with an interval of 2 or 3 months, providing only a coarse seasonal coverage. 
Solar occultation observations from two spectrometers aboard the ExoMars Trace Gas Orbiter (TGO), Nadir and 
Occultation for Mars Discovery (NOMAD) and Atmospheric Chemistry Suite, are able to measure CO2 density 
from the near-surface up to 160 km altitude by observing the infrared CO2 band (e.g., Starichenko et al., 2021). 
However, the measurements are limited to the regions over the terminator. Therefore, the climatology of UMLT is 
still poorly constrained by observations, especially in daytime, because of the lack of the observational coverage.

Recently, the Ultraviolet/visible channel of TGO/NOMAD has discovered the OI 557.7 nm dayglow emission in 
the UMLT region (Gérard et al., 2020). The emission mechanism of this dayglow is rather simple - this 557.7 nm 
airglow (sometimes so-called “green light”) is emitted by the electric quadrupole transition of atomic oxygen, 
from O( 1S) to O( 1D) metastable states. Most of the metastable O ( 1S) atoms are produced from photodissociation 
of CO2 by EUV solar radiation and Lyman-α (Gkouvelis et al., 2018). This implies that the CO2 density can be 
estimated from OI 557.7 nm dayglow emission. Since the OI 557.7 nm dayglow is expected to be present at all 
of the latitudes/longitudes, this can be a powerful tracer to investigate density and temperature in the UMLT 
region. Indeed, Gkouvelis, Gérard, González-Galindo, et al. (2020) and Jain et al. (2021) showed that OI dayglow 
at 297.2 nm taken with MAVEN/IUVS observations, another transition from O( 1S) to O( 3P), has a potential to 
monitor the seasonal variations of the density and temperature around 80 km.

In this study, we develop an inversion method based on the combination between a state-of-the-art photochemical 
model (Gérard et al., 2019; Gkouvelis et al., 2018; Gkouvelis, Gérard, Ritter et al. (2020); Ritter et al., 2019) and 
widely used Bayesian algorithm (Rodgers, 2000) in order to retrieve density and temperature in the UMLT region 
from the OI 557.7 nm dayglow emission measured by TGO/NOMAD. The details of the NOMAD observations 
and the data set are described in Sections 2. The retrieval method is presented in Section 3.1 and the obtained 
results are discussed in Section 3.2 and 3.3.

2. Observations of the OI 557.7 nm Dayglow by TGO/NOMAD
2.1. Data Set – Inertial Limb Observations by TGO/NOMAD

NOMAD, a spectrometer operating in the spectral ranges between 0.2 and 4.3  μm aboard ExoMars TGO 
(Vandaele et  al.,  2018), has three spectral channels: a solar occultation channel (SO – Solar Occultation; 
2.3–4.3 μm), a second infrared channel capable of nadir, solar occultation, and limb sounding (LNO – Limb 
Nadir and solar Occultation; 2.3–3.8 μm), and an ultraviolet/visible channel (UVIS – Ultraviolet and Visible 
Spectrometer, 200–650 nm). The UVIS channel has provided spectra of Mars with unprecedented high spectral 
resolution (∼1.5 nm) in the visible domain (Patel et al., 2017; Vandaele et al., 2015), which allows us to inves-
tigate new features of the Mars upper atmosphere (López-Valverde et al., 2018). In order to acquire spectra of 
the upper atmosphere by the UVIS channel, dedicated limb observing modes have been implemented (Gérard 
et al., 2020). In this study, we analyzed the data set collected in the inertial pointing mode. Figure 1a shows the 



Journal of Geophysical Research: Planets

AOKI ET AL.

10.1029/2022JE007206

3 of 12

typical coverage in latitude and altitude of a single limb orbit obtained by the inertial pointing mode. This mode 
scans the atmosphere from near-surface to 400 km altitudes twice during each orbit (ingress and egress), typically 
one in the northern hemisphere and the other one in the southern hemisphere. Operations in this inertial limb 
mode have been started in April 2019. So far, a total of 90 dayside orbits (solar zenith angle less than 60°) have 
been analyzed, Figure 1b shows the seasonal and latitudinal coverage of these 180 limb scans. This data set fully 
covers Mars Year (MY) 35 and the beginning of MY 36. The latitudes of the measurements are mostly between 
60°N and 60°S. The local time and longitudes of the measurements are randomly distributed and it is not possible 
to distinguish between local time and longitudinal variations.

Figure 2a shows an example of a limb spectrum collected by NOMAD/UVIS channel. The OI emission feature 
is clearly seen at 557.7 nm between 70 and 150 km altitudes. The brightness of the OI emission is calculated at 
each altitude by the integration of the signal in the spectral range between 556.2 and 559.2 nm. To remove the 
effect of scattered solar light, a local continuum around the OI emission is first established by using the spectral 
range between 550.2 and 565.2 nm except 556.2–559.2 nm, and the integral of the differences between the local 
continuum and measured signal at 556.2–559.2 nm is then calculated. The error values are estimated based on 
the standard deviation of the signal at the spectral points that are used to establish the local continuum. Figure 2b 
shows an example of the derived vertical profiles of the OI emission brightness, which typically has two peaks 
around 80 km (hereafter “lower peak”) and 120 km (hereafter “upper peak”).

2.2. Variation of the Peak Intensity and Altitude

Figure 3a shows the variation of the lower peak brightness with the solar zenith angles (SZAs) of the measure-
ments. The peak brightness decreases as the SZA increases. Such a correlation between the OI emission bright-
ness and the SZAs is expected because the lifetime of O( 1S) atoms produced by solar EUV photodissociation of 
CO2, the primary source of the OI emission, is quite short (<1s) and thus the peak brightness directly follows the 
intensity of the solar EUV flux at the time of measurements (which is primally controlled by the SZA). Indeed, 

Figure 1. (a) Example of the geometry of an inertial limb observation. (b) Solar longitudes (x-axis) and latitudes (y-axis) the 
of Nadir and Occultation for Mars Discovery measurements analyzed in this study. The color denotes the solar zenith angles 
of the lower peaks. The circle symbols correspond to the data taken in MY35, and the triangle symbols stand for MY36.
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the measured peak brightness are in good agreement with a cos(SZA) function which is shown as the blue curve 
in Figure 3a.

Figures  3b and  3c show the variation of the lower peak altitudes with seasons (Figure  3b) and latitudes 
(Figure 3c). Unfortunately, in the middle of MY 35 (Ls = 160–268°), the minimum altitudes of the limb scans 

Figure 2. (a) Example of the spectra of Nadir and Occultation for Mars Discovery (NOMAD)/Ultraviolet and Visible 
Spectrometer (UVIS) limb observations taken on 13 September 2021. The spectra are averaged with an interval of 10 km, 
from 70 to 160 km. The origin of the Y-axis at each altitude below 150 km has been offset to improve visibility. (b) Vertical 
profile of the oxygen dayglow brightness measured in the NOMAD/UVIS spectra shown in Figure (a).

Figure 3. (a) Variability of the OI dayglow lower peak intensity with solar zenith angles. The blue curve is f (SZA) = 239.26 × cos(SZA). (b) Seasonal variation of the 
OI dayglow lower peak altitudes. The upside-down triangle symbols represent the upper limits of the peak altitudes. (c) Season-latitude maps of the OI dayglow lower 
peak altitudes. In order to remove the effect of solar zenith angle, the peak altitudes shown in panels (b) and (c) are corrected by the following equation (Gkouvelis, 
Gérard, González-Galindo, et al., 2020): z′ = z − log(1/cos(θ)) × 7.1, where θ is the solar zenith angle of the measurement, z is the observed peak altitude, and z’ is the 
corrected peak altitude that is shown in panels (b) and (c).
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were exceptionally limited to ∼85 km and thus we can provide only upper limits of the peak altitudes. However, 
even considering this fact, a significant seasonal variation of the peak altitudes is clearly observed: the peak 
altitudes have maximum values of ∼90 km in the southern spring-summer (Ls ∼ 270°), and minimum value of 
∼70 km in the northern spring-summer (Ls ∼ 60°). Qualitatively, this suggests that CO2 densities are larger in 
the southern summer than northern summer at the same altitude levels because the peak altitudes are primary 
defined by the CO2 column abundances above the peaks (Gkouvelis, Gérard, González-Galindo, et al., 2020). In 
this study, we attempt to quantitatively retrieve the vertical profiles of the densities and temperatures from the OI 
emission limb profile (see Section 3).

3. Retrieval of Density and Temperature
3.1. Retrieval Method

Figure 4 shows the scheme of the retrieval process developed in this study. The core of the inversion scheme 
is based on the Bayesian algorithm (Rodgers,  2000), which is widely used in non-linear inversion problems 
in remote-sensing observations of atmosphere (e.g., Grassi et al., 2005; Jiménez-Monferrer et al., 2021). This 
method iteratively calculates new solutions based on the measurements and a priori information:

𝑥𝑥𝑖𝑖+1 = 𝑥𝑥𝑖𝑖 +
(

𝑆𝑆−1
𝑎𝑎 +𝐾𝐾𝑇𝑇

𝑖𝑖 𝑆𝑆
−1
𝑒𝑒 𝐾𝐾𝑖𝑖

)−1 [

𝐾𝐾𝑇𝑇
𝑖𝑖 𝑆𝑆

−1
𝑒𝑒 (𝑦𝑦 − 𝐹𝐹 (𝑥𝑥𝑖𝑖)) − 𝑆𝑆−1

𝑎𝑎 (𝑥𝑥𝑖𝑖 − 𝑥𝑥𝑎𝑎)
]

 (1)

where x is a vector of retrieved parameters (CO2 density profile, temperature profile, and a factor for flux correc-
tion, in this study), xi is the solution in the previous iteration, xi+1 is the new solution), y is a vector of measured 
limb profile of oxygen dayglow brightness, Se is a covariance matrix of measurement errors, xa is an a priori 
vector, Sa is a covariance matrix of a priori information, F(xi) is a vector calculated by the forward model with xi 
(calculated vertical profile of oxygen dayglow brightness), and Ki is a Jacobian matrix, that is, the partial deriva-
tive of the forward model with respect to xi, Ki = ∂F/∂xi.

The forward model F(x) is calculated by the 1-dimensional photochemical model for airglow emission, named 
“Photochemical Airglow Mars” (PAM) model (Gérard et al., 2019; Gkouvelis et al., 2018; Gkouvelis, Gérard, 
Ritter et al., 2020; Ritter et al., 2019), which successfully matched the Ultraviolet lines of O( 1S) 297.2 nm, CO 
Cameron bands, CO2 + UV doublet as well as the green and red optical emission lines at 557 and 630 nm that were 
discovered at the atmosphere of Mars (Gérard et al., 2020, 2021). This model was originally developed for the 
oxygen ultraviolet airglow emission of 297.2 nm. Since both OI 557.7 and 297.2 nm forbidden emissions orig-
inates from the same oxygen ( 1S) upper state, their intensity ratio is equal to that of their transition probability. 
The two transition probabilities and their ratio R = I(557.7 nm)/I(297.2 nm) is obtained from ab initio calculations 
(R = 16.7). The PAM model considers all possible sources and losses for the total production of oxygen ( 1S) 
upper state, including its primary source, photodissociation of CO2 (see Gkouvelis et al., 2018, in detail). The 
solar EUV flux at Mars are obtained by FISM-P database (Chamberlin et al., 2007; Thiemann et al., 2017). This 

Figure 4. Scheme of the retrieval method.
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solar EUV flux database is publicly available for the period before 14 Feb. 2020. For the latest period that is not 
covered by the database, we use the solar EUV flux at the same solar longitude measured during the previous 
Mars year. A spherical geometry with an onion pealing layers is assumed for the calculation of the optical depth 
path of each wavelength (Brasseur & Solomon, 1986). To take into account the line-of-sight integration to be 
compared with the NOMAD limb observations, an algorithm that solves the Abel inverse transformation (Hubert 
et al., 2022) is used.

The initial guess of the CO2 density and temperature vertical profile is obtained from the Mars Climate Data-
base (MCD) version 5.3 (Forget et al., 1999; Millour et al., 2018). The retrieved free parameters in this method 
are the CO2 density vertical profile, the temperature vertical profile, and a factor for flux correction. The third 
parameter (a correction factor) is applied to the simulated brightness uniformly in order to correct the calibra-
tion of the instrument, solar EUV flux, and residual systematic inaccuracy in the PAM model. The density and 
temperature profiles are scaled from the a priori MCD profile in each iteration. The sensitivity of the retrieved 
parameter to the measurement is assessed by an averaging kernel matrix, A, where A = (Sa −1 + K T Se −1 K) −1 K T 
Se −1 K. K is the Jacobian matrix obtained after the convergence of the iteration. The usefulness of A is described 
in Rodgers (2000). In short, each row of A (hereafter denoted as averaging kernel) represents the sensitivity of 
the retrieved parameter to the true state. The vertical width of the averaging kernel tells us the vertical resolution 
of the retrieval. The area of the averaging kernel can be regarded as a measure of the fraction of the information 
that comes from the measurement, not from the a priori state. We denote this quantity as “measurement response” 
in this study. The trace of A is often called as a degree of freedom for the signal, indicating how much vertically 
resolved parameters can be retrieved from the measurements.

Figure 5 shows an example of the retrieval outputs from a limb profile. Figure 5a illustrates the measured (in 
green) and best-fit synthetic (in red) vertical profiles of the oxygen dayglow brightness. The agreement between 
measured and synthetic vertical profiles generally agrees within the 1-sigma uncertainty of the measurements. 
We note that both the measured and the synthetic vertical profile show two peaks: the lower peak is caused by 
solar flux of the solar Lyman-α emission at 121.6 nm and the upper peak is produced by solar EUV flux at other 
wavelengths. Figures 5b-5c and 5d-5e show the Jacobian and averaging-kernel matrices of density and tempera-
ture profiles, respectively. In Figures 5d and 5e, the total measurement response, which is calculated by the sum 
of each kernel, is shown in as the black curves. The degree of freedom is generally about two for density profile 
and about one for temperature profile. The averaging-kernel matrices suggest that the retrieved density profile 
contains information only at two altitudes around 90 and 140 km, and the temperature profile has information 
only one around 80 km altitudes. This limited sensitivity of the density retrieval is consistent with the emission 
mechanism of the two peaks described above. The temperature retrieval is based on the fact that the quenching 
coefficient of  1S oxygen by CO2, which is dominant relative to other collisional deactivation processes in the 
lower thermosphere (Gkouvelis et al., 2018), is temperature dependent. Capetanakis et al. (1993) measured kCO2 
= (3.21 (±0.25)) × 10 −11e −11.0(±0.2)/RTcm −3s −1, in full agreement with earlier measurements by Atkinson and 
Welge  (1972). We note that the temperature dependence of the quenching coefficient was measured between 
200 and 470 K (Capetanakis et al., 1993). We take advantage of this dependence and assume that this expression 
may be extrapolated down to Mars atmospheric temperature (down to 100 K). Figures 5f and 5g and Figures 5h 
and 5i show the retrieved CO2 density and temperature profiles. The scaler relative to the initial profile from 
MCD is presented in Figures 5d and 5h, and the absolute CO2 number density and temperature are presented in 
Figures 5e and 5i. The smallest error in the retrieved CO2 density profile is about 20% relative to the MCD initial 
guess around 90 km altitude. Figure 5i is the retrieved temperature profile. The error in the retrieved temperature 
is relatively large, about ±40 K. It is noted that the retrieved temperature and the errors shown in Figure 5i are 
meaningful only at the altitude around 80 km.

The retrievals have been applied to all of the NOMAD inertial limb observations (180 scans). However, as 
discussed above, despite the fact that retrievals are done for the whole altitude between 50 and 200 km, only one 
or two atmospheric layers contain the proper information. We thus apply the following criteria to pick up the 
valid retrievals:

1.  Solar zenith angle of the lower peak is less than 60° since the dayglow brightness of the data with higher SZAs 
is not strong enough (thus low signal-to-noise ratio);
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Figure 5.
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2.  More than 2/3 of the retrieved information comes from an appropriate altitude for a retrieved parameter. That 
is, the amplitude of the averaging kernel at the appropriate altitude is larger than 2/3 of the maximum value 
of that kernel;

3.  Retrieved information that comes from the measurements is larger than that from the a priori. Namely, the 
measurement response is greater than 0.5.

In the following section, only the results meeting by these criteria are considered.

3.2. Density Variation

Figures 6a–6c show the seasonal variation of the retrieved CO2 density at 90 km (Figure 6a), at 100 km (Figure 6b), 
and at 140 km altitude (Figure 6c). The red points in these figures are the retrieved densities and the black points 
are a priori densities obtained from MCD. The sensitive altitude is different and depends on season, thus the solar 
longitudes of the shown densities are different at 90 and 100 km. Clear seasonal trends are found in the retrieved 
CO2 densities as well as in the a priori densities at whole altitudes. In order to confirm that the information of the 
retrieved densities are not driven by the MCD a priori profile but from the NOMAD measurements, we performed 
the same analysis starting from the annual-averaged CO2 density of MCD profile as a priori (i.e., the same 
“mean” profile is used for the all of the retrievals). Figures 7a–7c show the results of this test at 90 km, 100 km, 
and 140 km. The retrieved CO2 densities starting from the annual-averaged density show very similar seasonal 
variations to the ones using individual MCD profile as a priori, which demonstrates that the information of the 
retrieved CO2 densities actually originate from the NOMAD measurements.

Figure 5. Example of the outputs from the retrieval analysis. (a) The vertical profiles of the OI dayglow brightness measured by Nadir and Occultation for Mars 
Discovery (NOMAD)/Ultraviolet and Visible Spectrometer (UVIS) and calculated by the model with the retrieved best-fit parameters (the red curve). (b) Jacobian 
matrix for density scaler. Each profile shows the sensitivity of the vertical profile of the dayglow brightness with respect to the CO2 density scaler for specific altitude 
(labeled in the legend). (c) Jacobian matrix for temperature scaler. (d) Averaging kernel matrix for density scaler. (e) Averaging kernel matrix for temperature scaler. 
Black curves in Figures. (d) and (e) present the total measurement response. (f) Retrieved CO2 density in the unit of scaler with 1-σ retrieval errors (red) relative to 
the initial vertical profile given by MCD (blue). (g) Retrieved CO2 density in the unit of number density from NOMAD/UVIS (red), and the a priori CO2 number 
density given by MCD (blue). (h) Retrieved temperature in the unit of scaler. (i) Retrieved temperature in the unit of Kelvin from NOMAD/UVIS (red), and the a priori 
temperature given by MCD (blue).

Figure 6. Seasonal variation of the CO2 density (red) at 90 km (a), 100 km (b), and 140 km (c). The black points are the CO2 density predicted by MCD that are used 
as a priori value.
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The retrieved CO2 densities at 90 km, 100 km, and 140 km show a similar seasonal trend, which have maximum 
values of ∼2 × 10 19 m −3 at 90 km, ∼1 × 10 19 m −3 at 100 km, and ∼2 × 10 16 m −3 at 140 km in perihelion, and mini-
mum values of ∼3 × 10 18 m −3 at 90 km, ∼7 × 10 17 m −3 at 100 km, and ∼2 × 10 15 m −3 at 140 km near aphelion. 
These absolute values are consistent with the previous measurements (Forget et al., 2009; Gröller et al., 2018; 
Montmessin et al., 2017) and the values predicted by MCD. The seasonal variation of the CO2 densities obtained 
from the NOMAD data is also very similar to the results of the analysis of the SPICAM/UV and MAVEN/
IUVS measurements (Forget et al., 2009; Gröller et al., 2018; Montmessin et al., 2017). This seasonal variation 
can be explained by the relatively short distance between Mars and the Sun during the southern spring-summer 
that heats up the lower atmosphere and raises dust in the atmosphere (which also heats the atmosphere). Conse-
quently, the atmosphere “expands” during this period of the year - in other words, the combination between dust 
content in the lower atmosphere and Sun-Mars distance controls the density in the upper atmosphere (Forget 
et al., 2009; McDunn et al., 2010).

3.3. Temperature Variation

Figures 8a–8d show the variability of the retrieved temperature at 80 km versus season (Figure 8a), local solar 
time (Figure 8b), latitude (Figure 8c), and longitude (Figure 8d). Even though the error values are relatively large 
(about ±40 K), the retrieved temperature (the global mean value: 173 ± 27 K) is systematically higher than those 
predicted by MCD (the global mean value: 147 ± 7 K). From this data set, it is not possible to distinguish among 
seasonal, latitudinal, longitudinal, and local time variations. However, it is suggested that temperature is slightly 
higher in the northern spring-summer (the mean value: 182 ± 23 K at Ls = 0–120°) than those in the rest of the 
year, and/or in the morning (the mean value: 191 ± 18 K in 8–9 hr). The latitudes of the retrieved temperature are 
mostly within ±50°, and we do not find any particular latitudinal and longitudinal variations.

Recently, analysis of nightside temperature profiles in the UMLT region retrieved from MAVEN/IUVS stellar 
occultations revealed a surprising enhancement (so-called “warm layer”) of up to 90 K above the previous model 
predictions at altitudes ∼80 km (Nakagawa et al., 2020). The high daytime temperature around 80 km observed 
by NOMAD/UVIS could suggest that such a warm layer might be present in daytime. However, as described 
above, this analysis is limited to only one altitude and therefore the observed high temperature could be either 
consistent with a warm layer in daytime, or alternatively due to a systematic error in the retrieval. As described 

Figure 7. Same as Figure 6 but a priori is the annual-averaged MCD value.
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in Section 3.1, the temperature retrieval relies on the temperature dependence of the quenching coefficient of  1S 
oxygen by CO2. The uncertainty in the quenching coefficient (kCO2 = (3.21 (±0.25)) × 10 −11e −11.0(±0.2)/RTcm −3 
s −1) leads systematic error of about ±5 K in the retrieved temperature. This is much smaller than the difference 
between measured temperature and GCM predictions, which supports that the retrieved higher temperature is 
true. However, the valid temperature range of the equation is between 210 and 450 K so that we cannot rule 
out the possibility that the retrieved temperature could be biased by the assumption that the kCO2 expression can 
be extrapolated down to 100 K. A further experimental verification of the equation in the range of Mars upper 
atmosphere is required to confirm the measured high temperature.

The analysis of the slope of the oxygen dayglow profile at 297.2 nm with MAVEN/IUVS by Jain et al. (2021) 
discussed the temperature around ∼90–105 km and is thus not directly comparable to the present results. However, 
the suggested temperatures at ∼90–105 km are mostly between 120 and 160 K. These are significantly lower than 
the observed temperature at 80 km, which is consistent with the presence of the warm atmospheric layer.

4. Conclusions
This study demonstrates that oxygen dayglow emitted at 557.7 nm is a good tracer to investigate the climatology 
of the upper mesosphere and lower thermosphere of Mars (UMLT70-150 km altitude). The combined use of the 
1-D PAM model and widely used Bayesian inversion algorithm allows us to retrieve density around 90, 100 and 
140 km and temperature around 80 km from the oxygen dayglow acquired by TGO/NOMAD limb observations. 
We found that retrieved daytime densities at 90, 100 and 140 km have a significant seasonal variation, which is 
controlled by temperature and dust content in the lower atmosphere. Such variations have already been found 
during nighttime by MEx/SPICAM (Forget et al., 2009; Montmessin et al., 2017) and partially in daytime by 
MAVEN/IUVS (Gröller et al., 2018). This TGO/NOMAD analysis supports those findings with a full seasonal 
coverage in daytime through a Mars year. The temperature retrieval is sensitive to only a limited altitude range 
around 80 km, and its uncertainty is limited to ±40 K. However, it is suggested that the temperature at 80 km in 
daytime is higher than the GCM predictions. It is tentatively consistent with the warm atmospheric layer recently 
discovered in nightside. For the verification of the retrieved high temperature, further experimental studies are 
needed to quantify the quenching coefficient of  1S oxygen by CO2 at the temperature range of the Mars upper 

Figure 8. Variability of the retrieved temperature (red points) at 80 km in season (a), local time (b), latitude (c), and longitude (d). The black points are the 
temperatures predicted by the MCD that are used as a priori value. The orange shadows show the average and standard deviation of the corresponding zones.
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atmosphere. Another limitation of this analysis is its poor vertical resolution. This can be improved by combining 
with other dayglow emissions (such as the CO2 + UV doublet) in the future.

Data Availability Statement
The results retrieved from the NOMAD measurements used in this article are available on the BIRA-IASB data 
repository: https://repository.aeronomie.be/?doi=10.18758/71021073 (Aoki & Vandaele, 2022). The NOMAD 
spectra are available from ESA's Planetary Science Archive at https://archives.esac.esa.int/psa/#!Table%20View/
NOMAD=instrument.
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