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Key Points: 21 

 We present that density around 90 and 140 km and temperature around 80 km of Mars 22 
atmosphere can be retrieved from OI 557.7 nm dayglow.  23 

 Density around 90 and 140 km increases around perihelion periods, which can be 24 
explained by temperature variation in the lower atmosphere. 25 

 Temperature around 80 km is higher than predicted by general circulation models. 26 
  27 
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Abstract 28 

The upper mesosphere and lower thermosphere of Mars (70-150 km) is of high interest 29 

because it is a region affected by climatological/meteorological events in the lower atmosphere 30 

and external solar forcing. However, only a few measurements are available at this altitude 31 

range. OI 557.7 nm dayglow emission has been detected at these altitudes by the limb 32 

observations with Nadir and Occultation for Mars Discovery (NOMAD) aboard the ExoMars 33 

Trace Gas Orbiter (TGO). We develop an inversion method to retrieve density and temperature 34 

at these altitudes from the OI 557.7 nm dayglow limb profiles. We demonstrate that the 35 

atmospheric density around 90 and 140 km and temperature around 80 km during the daytime 36 

can be retrieved from the TGO/NOMAD limb measurements. The retrieved densities show a 37 

large seasonal variation both around 90 and 140 km and reach maximum values around 38 

perihelion period. This can be explained by temperature variation in the lower atmosphere driven 39 

by the dust content and Sun-Mars distance. Temperature around 80 km is higher than predicted 40 

by general circulation models, which is tentatively consistent with  the warm atmospheric layer 41 

recently discovered in nighttime. The temperature retrieval relies on the temperature dependence 42 

of the quenching coefficient of 1S oxygen by CO2. Further validation of this coefficient in the 43 

range of the Mars upper atmosphere is needed for the verification of the retrieved high 44 

temperature. 45 

  46 
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Plain Language Summary 47 

Density and thermal structures between 70 and 150 km of Mars atmosphere have not 48 

been extensively investigated because these altitudes are too low for in situ measurements by 49 

orbiters and too high for general remote-sensing observations. Recently, a bright oxygen 50 

dayglow emission with green color (emitted at 557.7 nm) has been found in this altitude range. 51 

We combine a detailed photochemical model and widely-used inversion scheme to develop a 52 

method to obtain density and temperature from the dayglow measurements. With this method, 53 

we successfully determine the density around 90 and 140 km, and temperature around 80 km. 54 

The densities show clear seasonal variations, with larger values during the southern spring-55 

summer season, stemming from the warmer lower atmosphere, a consequence of the shorter Sun-56 

Mars distance and heating by dust. Temperatures around 80 km are higher than the theoretical 57 

predictions. A similar warm atmospheric layer was found in nighttime by previous 58 

measurements, and our result suggests that it might also present in daytime. However, further 59 

experimental studies on temperature dependence of the related photochemical reactions are 60 

needed to firmly confirm the retrieved high temperatures. 61 

  62 
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1 Introduction 63 

The upper mesosphere and lower thermosphere of Mars (hereafter “UMLT”; 70-150 km 64 

altitude) is of high interest because this altitudinal region is affected by both 65 

climatological/meteorological events in the lower atmosphere (such as dust content variation, 66 

atmospheric tides, and waves, etc.) and external events from the space environment (such as 67 

solar activity). Understanding of the UMLT climatology driven by these events is important to 68 

constrain the escape processes of Mars atmosphere because this region connects the lower and 69 

upper atmospheres. Furthermore, that is also important for future mission planning because Mars 70 

orbiters perform aerobraking within this altitude region.  71 

Despite this interest, only a few measurements are available to investigate the 72 

climatology of the UMLT region because this altitude range is generally too low for in situ 73 

measurements and too high for usual remote-sensing observations. Following several in situ 74 

measurements during descent phase of Mars rover/lander missions (e.g., Seiff and Kirk, 1977; 75 

Magalhães et al., 1999; Withers and Smith, 2006) and density measurements during aerobraking 76 

of Mars obiters (e.g., Keating et al., 1998; Bougher et al., 2017), Forget et al. (2009) presented 77 

the first study of the seasonal variations of the atmospheric density between 60 and 130 km 78 

across a full Martian year. These results were based on CO2 absorption in the UV range 79 

measured by stellar occultations performed, mainly during nighttime with the UV spectrometer 80 

Spectroscopy for Investigation of Characteristics of the Atmosphere of Mars (SPICAM) aboard 81 

Mars Express (MEx). The atmospheric density measured by SPICAM showed a large seasonal 82 

fluctuation caused by variations in the dust content of the lower atmosphere (Forget et al., 2009; 83 

McDunn et al., 2010; Montmessin et al., 2017). Gröller et al. (2018) performed a similar analysis 84 

with Imaging UltraViolet Spectrograph (IUVS) instrument of the Mars Atmosphere and Volatile 85 
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EvolutioN (MAVEN) spacecraft. The dataset analyzed by Gröller et al. (2018) was based on the 86 

dedicated occultation campaigns taken in both night and daytime, which allowed them to 87 

investigate the signatures of nonmigrating tides and gravity waves by distinguishing between 88 

longitudinal and local time variations. On the other hand, the dedicated occultation campaigns 89 

were carried out with an interval of 2 or 3 months, providing only a coarse seasonal coverage. 90 

Solar occultation observations from two spectrometers aboard the ExoMars Trace Gas Orbiter 91 

(TGO), Nadir and Occultation for Mars Discovery (NOMAD) and Atmospheric Chemistry Suite 92 

(ACS), are able to measure CO2 density from the near-surface up to 160 km altitude by 93 

observing the infrared CO2 band (e.g., Starichenko et al., 2021). However, the measurements are 94 

limited to the regions over the terminator. Therefore, the climatology of UMLT is still poorly 95 

constrained by observations, especially in daytime, because of the lack of the observational 96 

coverage. 97 

Recently, the Ultraviolet/visible channel of TGO/NOMAD has discovered the OI 557.7 98 

nm dayglow emission in the UMLT region (Gérard et al., 2020). The emission mechanism of this 99 

dayglow is rather simple - this 557.7 nm airglow (sometimes so-called “green light”) is emitted 100 

by the electric quadrupole transition of atomic oxygen, from O(1S) to O(1D) metastable states. 101 

Most of the metastable O(1S) atoms are produced from photodissociation of CO2 by EUV solar 102 

radiation and Lyman- (Gkouvelis et al., 2018). This implies that the CO2 density can be 103 

estimated from OI 557.7 nm dayglow emission. Since the OI 557.7 nm dayglow is expected to 104 

be present at all of the latitudes/longitudes, this can be a powerful tracer to investigate density 105 

and temperature in the UMLT region. Indeed, Gkouvelis et al. (2020a) and Jain et al. (2021) 106 

showed that OI dayglow at 297.2 nm taken with MAVEN/IUVS observations, another transition 107 
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from O(1S) to O(3P), has a potential to monitor the seasonal variations of the density and 108 

temperature around 80 km.  109 

In this study, we develop an inversion method based on the combination between a state-110 

of-the-art photochemical model (Gkouvelis et al., 2018, 2020b; Gérard et al. 2019; Ritter et al. 111 

2019) and widely-used Bayesian algorithm (Rodgers, 2000) in order to retrieve density and 112 

temperature in the UMLT region from the OI 557.7 nm dayglow emission measured by 113 

TGO/NOMAD. The details of the NOMAD observations and the dataset are described in 114 

Sections 2. The retrieval method is presented in Section 3.1 and the obtained results are 115 

discussed in Section 3.2 and 3.3.  116 

 117 

2 Observations of the OI 557.7 nm dayglow by TGO/NOMAD 118 

2.1 Dataset – inertial limb observations by TGO/NOMAD 119 

NOMAD, a spectrometer operating in the spectral ranges between 0.2 and 4.3 μm aboard 120 

ExoMars TGO (Vandaele et al., 2018), has 3 spectral channels: a solar occultation channel (SO – 121 

Solar Occultation; 2.3–4.3 μm), a second infrared channel capable of nadir, solar occultation, and 122 

limb sounding (LNO – Limb Nadir and solar Occultation; 2.3–3.8 μm), and an ultraviolet/visible 123 

channel (UVIS – Ultraviolet and Visible Spectrometer, 200–650 nm). The UVIS channel has 124 

provided spectra of Mars with unprecedented high spectral resolution (~1.5 nm) in the visible 125 

domain (Vandaele et al., 2015; Patel et al., 2017), which allows us to investigate new features of 126 

the Mars upper atmosphere (López-Valverde et al., 2018). In order to acquire spectra of the upper 127 

atmosphere by the UVIS channel, dedicated limb observing modes have been implemented 128 

(Gérard et al., 2020). In this study, we analyzed the dataset collected in the inertial pointing 129 
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mode. Figure 1a shows the typical coverage in latitude and altitude of a single limb orbit 130 

obtained by the inertial pointing mode. This mode scans the atmosphere from near-surface to 400 131 

km altitudes twice during each orbit (ingress and egress), typically one in the northern 132 

hemisphere and the other one in the southern hemisphere. Operations in this inertial limb mode 133 

have been started in April 2019. So far, a total of 90 dayside orbits (solar zenith angle less than 134 

60°) have been analyzed, Figure 1b shows the seasonal and latitudinal coverage of these 180 135 

limb scans. This dataset fully covers Mars Year (MY) 35 and the beginning of MY 36. The 136 

latitudes of the measurements are mostly between 60° N and 60° S. The local time and 137 

longitudes of the measurements are randomly distributed and it is not possible to distinguish 138 

between local time and longitudinal variations. 139 

Figure 2a shows an example of a limb spectrum collected by NOMAD/UVIS channel. 140 

The OI emission feature is clearly seen at 557.7 nm between 70 km and 150 km altitudes. The 141 

brightness of the OI emission is calculated at each altitude by the integration of the signal in the 142 

spectral range between 556.2 and 559.2 nm. To remove the effect of scattered solar light, a local 143 

continuum around the OI emission is first established by using the spectral range between 550.2 144 

nm and 565.2 nm except 556.2-559.2 nm, and the integral of the differences between the local 145 

continuum and measured signal at 556.2-559.2 nm is then calculated. The error values are 146 

estimated based on the standard deviation of the signal at the spectral points that are used to 147 

establish the local continuum. Figure 2b shows an example of the derived vertical profiles of the 148 

OI emission brightness, which typically has two peaks around 80 km (hereafter “lower peak”) 149 

and 120 km (hereafter “upper peak”). 150 

 151 
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2.2 Variation of the peak intensity and altitude  152 

Figure 3a shows the variation of the lower peak brightness with the solar zenith angles 153 

(SZAs) of the measurements. The peak brightness decreases as the SZA increases. Such a 154 

correlation between the OI emission brightness and the SZAs is expected because the lifetime of 155 

O(1S) atoms produced by solar EUV photodissociation of CO2, the primary source of the OI 156 

emission, is quite short (< 1s) and thus the peak brightness directly follows the intensity of the 157 

solar EUV flux at the time of measurements (which is primally controlled by the SZA). Indeed, 158 

the measured peak brightness are in good agreement with a cos(SZA) function which is shown as 159 

the blue curve in Figure 3a. 160 

Figures 3b-c show the variation of the lower peak altitudes with seasons (Figure 3b) and 161 

latitudes (Figure 3c). Unfortunately, in the middle of MY 35 (Ls = 160-268°), the minimum 162 

altitudes of the limb scans were exceptionally limited to 85 km and thus we can provide only 163 

upper limits of the peak altitudes. However, even considering this fact, a significant seasonal 164 

variation of the peak altitudes is clearly observed: the peak altitudes have maximum values of 165 

~90 km in the southern spring-summer (Ls~270°), and minimum value of ~70 km in the northern 166 

spring-summer (Ls~60°). Qualitatively, this suggests that CO2 densities are larger in the southern 167 

summer than northern summer at the same altitude levels because the peak altitudes are primary 168 

defined by the CO2 column abundances above the peaks (Gkouvelis et al., 2020a). In this study, 169 

we attempt to quantitatively retrieve the vertical profiles of the densities and temperatures from 170 

the OI emission limb profile (see Section 3). 171 

 172 
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3 Retrieval of density and temperature 173 

3.1 Retrieval method 174 

Figure 4 shows the scheme of the retrieval process developed in this study. The core of 175 

the inversion scheme is based on the Bayesian algorithm (Rodgers, 2000), which is widely used 176 

in non-linear inversion problems in remote-sensing observations of atmosphere (e.g., Grassi et al., 177 

2005; Jimenez-Monferrer et al., 2021). This method iteratively calculates new solutions based on 178 

the measurements and a priori information: 179 

𝑥 𝑥 𝑆 𝐾 𝑆 𝐾 𝐾 𝑆 𝑦 𝐹 𝑥 𝑆 𝑥 𝑥 ,  180 

where x is a vector of retrieved parameters (CO2 density profile, temperature profile, and a factor 181 

for flux correction, in this study), xi is the solution in the previous iteration, xi+1 is the new 182 

solution), y is a vector of measured limb profile of oxygen dayglow brightness, Se is a covariance 183 

matrix of measurement errors, xa is an a priori vector, Sa is a covariance matrix of a priori 184 

information, F(xi) is a vector calculated by the forward model with xi (calculated vertical profile 185 

of oxygen dayglow brightness), and Ki is a Jacobian matrix, i.e. the partial derivative of the 186 

forward model with respect to xi, Ki = ∂F/∂xi. 187 

The forward model F(x) is calculated by the 1-dimensional photochemical model for 188 

airglow emission, named “Photochemical Airglow Mars” (PAM) model (Gkouvelis et al., 2018, 189 

2020b; Gérard et al., 2019; Ritter et al., 2019), which successfully matched the Ultraviolet lines 190 

of O(1S) 297.2 nm, CO Cameron bands, CO2
+ UV doublet as well as the green and red optical 191 

emission lines at 557 and 630 nm that were discovered at the atmosphere of Mars (Gérard et al 192 

2020, 2021). This model was originally developed for the oxygen ultraviolet airglow emission of 193 

297.2 nm. Since both OI 557.7 and 297.2 nm forbidden emissions originates from the same 194 
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oxygen (1S) upper state, their intensity ratio is equal to that of their transition probability. The 195 

two transition probabilities and their ratio R = I(557.7 nm)/I(297.2 nm) is obtained from ab initio 196 

calculations (R = 16.7). The PAM model considers all possible sources and losses for the total 197 

production of oxygen (1S) upper state, including its primary source, photodissociation of CO2 198 

(see Gkouvelis et al., 2018, in detail). The solar EUV flux at Mars are obtained by FISM-P 199 

database (Chamberlin et al., 2007; Thiemann et al., 2017). This solar EUV flux database is 200 

publicly available for the period before 14th Feb. 2020. For the latest period that is not covered 201 

by the database, we use the solar EUV flux at the same solar longitude measured during the 202 

previous Mars year. A spherical geometry with an onion pealing layers is assumed for the 203 

calculation of the optical depth path of each wavelength (Brasseur and Solomon, 1986). To take 204 

into account the line-of-sight integration to be compared with the NOMAD limb observations, an 205 

algorithm that solves the Abel inverse transformation (Hubert et al., 2022) is used. 206 

The initial guess of the CO2 density and temperature vertical profile is obtained from the 207 

Mars Climate Database (MCD) version 5.3 (Forget et al. 1999; Millour et al. 2018). The 208 

retrieved free parameters in this method are the CO2 density vertical profile, the temperature 209 

vertical profile, and a factor for flux correction. The third parameter (a correction factor) is 210 

applied to the simulated brightness uniformly in order to correct the calibration of the instrument, 211 

solar EUV flux, and residual systematic inaccuracy in the PAM model. The density and 212 

temperature profiles are scaled from the a priori MCD profile in each iteration. The sensitivity of 213 

the retrieved parameter to the measurement is assessed by an averaging kernel matrix, A, where 214 

A = (Sa
-1 + KT Se

-1 K)-1 KT Se-1 K. K is the Jacobian matrix obtained after the convergence of the 215 

iteration. The usefulness of A is described in Rodgers (2000). In short, each row of A (hereafter 216 

denoted as averaging kernel) represents the sensitivity of the retrieved parameter to the true state. 217 
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The vertical width of the averaging kernel tells us the vertical resolution of the retrieval. The area 218 

of the averaging kernel can be regarded as a measure of the fraction of the information that 219 

comes from the measurement, not from the a priori state. We denote this quantity as 220 

"measurement response" in this study. The trace of A is often called as a degree of freedom for 221 

the signal, indicating how much vertically-resolved parameters can be retrieved from the 222 

measurements. 223 

Figure 5 shows an example of the retrieval outputs from a limb profile. Figure 5a 224 

illustrates the measured (in green) and best-fit synthetic (in red) vertical profiles of the oxygen 225 

dayglow brightness. The agreement between measured and synthetic vertical profiles generally 226 

agrees within the 1-sigma uncertainty of the measurements. We note that both the measured and 227 

the synthetic vertical profile show two peaks: the lower peak is caused by solar flux of the solar 228 

Lyman-α emission at 121.6 nm and the upper peak is produced by solar EUV flux at other 229 

wavelengths. Figure 5b-c and 5d-e show the Jacobian and averaging-kernel matrices of density 230 

and temperature profiles, respectively. In Figure 5d-e, the total measurement response, which is 231 

calculated by the sum of each kernel, is shown in as the black curves. The degree of freedom is 232 

generally about 2 for density profile and about 1 for temperature profile. The averaging-kernel 233 

matrices suggest that the retrieved density profile contains information only at two altitudes 234 

around 90 km and 140 km, and the temperature profile has information only one around 80 km 235 

altitudes. This limited sensitivity of the density retrieval is consistent with the emission 236 

mechanism of the two peaks described above. The temperature retrieval is based on the fact that 237 

the quenching coefficient of 1S oxygen by CO2, which is dominant relative to other collisional 238 

deactivation processes in the lower thermosphere (Gkouvelis et al., 2018), is temperature 239 

dependent. Capetanakis et al., (1993) measured 𝑘 3.21 0.25 10 𝑒
. .

 cm-3s-240 
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1, in full agreement with earlier measurements by Atkinson and Welge (1972). We note that the 241 

temperature dependence of the quenching coefficient was measured between 200 K and 470 K 242 

(Capetanakis et al., 1993). We take advantage of this dependence and assume that this expression 243 

may be extrapolated down to Mars atmospheric temperature (down to 100 K). Figure 5f-g and 244 

Figure 5h-i show the retrieved CO2 density and temperature profiles. The scaler relative to the 245 

initial profile from MCD is presented in Figure 5d and Figure 5h, and the absolute CO2 number 246 

density and temperature are presented in Figure 5e and Figure 5i. The smallest error in the 247 

retrieved CO2 density profile is about 20% relative to the MCD initial guess around 90 km 248 

altitude. Figure 5i is the retrieved temperature profile. The error in the retrieved temperature is 249 

relatively large, about ± 40 K. It is noted that the retrieved temperature and the errors shown in 250 

Figure 5i are meaningful only at the altitude around 80 km. 251 

The retrievals have been applied to all of the NOMAD inertial limb observations (180 252 

scans). However, as discussed above, despite the fact that retrievals are done for the whole 253 

altitude between 50 km and 200 km, only one or two atmospheric layers contain the proper 254 

information. We thus apply the following criteria to pick up the valid retrievals:  255 

1. Solar zenith angle of the lower peak is less than 60° since the dayglow brightness of 256 

the data with higher solar zenith angles is not strong enough (thus low signal-to-noise 257 

ratio); 258 

2. More than 2/3 of the retrieved information comes from an appropriate altitude for a 259 

retrieved parameter. That is, the amplitude of the averaging kernel at the appropriate 260 

altitude is larger than 2/3 of the maximum value of that kernel; 261 

3. Retrieved information that comes from the measurements is larger than that from the 262 

a priori. Namely, the measurement response is greater than 0.5. 263 



manuscript submitted to JGR Planet 

 

In the following section, only the results meeting by these criteria are considered. 264 

 265 

3.2 Density variation 266 

Figures 6a-c show the seasonal variation of the retrieved CO2 density at 90 km (Figure 267 

6a), at 100 km (Figure 6b), and at 140 km altitude (Figure 6c). The red points in these figures 268 

are the retrieved densities and the black points are a priori densities obtained from MCD. The 269 

sensitive altitude is different and depends on season, thus the solar longitudes of the shown 270 

densities are different at 90 km and 100 km. Clear seasonal trends are found in the retrieved CO2 271 

densities as well as in the a priori densities at whole altitudes. In order to confirm that the 272 

information of the retrieved densities are not driven by the MCD a priori profile but from the 273 

NOMAD measurements, we performed the same analysis starting from the annual-averaged CO2 274 

density of MCD profile as a priori (i.e., the same “mean” profile is used for the all of the 275 

retrievals). Figures 7a-c show the results of this test at 90 km, 100 km, and 140 km. The 276 

retrieved CO2 densities starting from the annual-averaged density show very similar seasonal 277 

variations to the ones using individual MCD profile as a priori, which demonstrates that the 278 

information of the retrieved CO2 densities actually originate from the NOMAD measurements.  279 

 The retrieved CO2 densities at 90 km, 100 km, and 140 km show a similar seasonal trend, 280 

which have maximum values of ~ 2 × 1019 m-3 at 90 km, ~ 1 × 1019 m-3 at 100 km, and ~ 2 × 1016 281 

m-3 at 140 km in perihelion, and minimum values of ~ 3 × 1018 m-3 at 90 km, ~ 7 × 1017 m-3 at 282 

100 km, and ~ 2 × 1015 m-3 at 140 km near aphelion. These absolute values are consistent with 283 

the previous measurements (Forget et al., 2009; Montmessin et al., 2017; Gröller et al., 2018) 284 

and the values predicted by MCD. The seasonal variation of the CO2 densities obtained from the 285 
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NOMAD data is also very similar to the results of the analysis of the SPICAM/UV and 286 

MAVEN/IUVS measurements (Forget et al., 2009; Montmessin et al., 2017; Gröller et al., 2018). 287 

This seasonal variation can be explained by the relatively short distance between Mars and the 288 

Sun during the southern spring-summer that heats up the lower atmosphere and raises dust in the 289 

atmosphere (which also heats the atmosphere). Consequently, the atmosphere “expands” during 290 

this period of the year - in other words, the combination between dust content in the lower 291 

atmosphere and Sun-Mars distance controls the density in the upper atmosphere (Forget et al., 292 

2009; McDunn et al.,  2010). 293 

 294 

3.3 Temperature variation 295 

Figures 8a-d show the variability of the retrieved temperature at 80 km versus season 296 

(Fig. 8a), local solar time (Fig. 8b), latitude (Fig. 8c), and longitude (Fig. 8d). Even though the 297 

error values are relatively large (about ± 40 K), the retrieved temperature (the global mean value: 298 

173 ± 27 K) is systematically higher than those predicted by MCD (the global mean value: 147 ± 299 

7 K).  From this dataset, it is not possible to distinguish among seasonal, latitudinal, longitudinal, 300 

and local time variations. However, it is suggested that temperature is slightly higher in the 301 

northern spring-summer (the mean value: 182 ± 23 K at Ls=0-120°) than those in the rest of the 302 

year, and/or in the morning (the mean value: 191 ± 18 K in 8-9 h). The latitudes of the retrieved 303 

temperature are mostly within ±50°, and we do not find any particular latitudinal and 304 

longitudinal variations. 305 

Recently, analysis of nightside temperature profiles in the UMLT region retrieved from 306 

MAVEN/IUVS stellar occultations revealed a surprising enhancement (so-called “warm layer”) 307 

of up to 90 K above the previous model predictions at altitudes ~80 km (Nakagawa et al., 2020). 308 
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The high daytime temperature around 80 km observed by NOMAD/UVIS could suggest that 309 

such a warm layer might be present in daytime. However, as described above, this analysis is 310 

limited to only one altitude and therefore the observed high temperature could be either 311 

consistent with a warm layer in daytime, or alternatively due to a systematic error in the retrieval. 312 

As described in Section 3.1, the temperature retrieval relies on the temperature dependence of the 313 

quenching coefficient of 1S oxygen by CO2. The uncertainty in the quenching coefficient 314 

(𝑘 3.21 0.25 10 𝑒
. .

 cm-3 s-1) leads systematic error of about ± 5 K in the 315 

retrieved temperature. This is much smaller than the difference between measured temperature 316 

and GCM predictions, which supports that the retrieved higher temperature is true. However, the 317 

valid temperature range of the equation is between 210 and 450 K so that we cannot rule out the 318 

possibility that the retrieved temperature could be biased by the assumption that the 319 

𝑘  expression can be extrapolated down to 100 K. A further experimental verification of the 320 

equation in the range of Mars upper atmosphere is required to confirm the measured high 321 

temperature.  322 

The analysis of the slope of the oxygen dayglow profile at 297.2 nm with MAVEN/IUVS 323 

by Jain et al. (2021) discussed the temperature around ~ 90-105 km and is thus not directly 324 

comparable to the present results. However, the suggested temperatures at ~90-105 km are 325 

mostly between 120 K and 160 K. These are significantly lower than the observed temperature at 326 

80 km, which is consistent with the presence of the warm atmospheric layer. 327 

 328 

4. Conclusions 329 
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This study demonstrates that oxygen dayglow emitted at 557.7 nm is a good tracer to 330 

investigate the climatology of the upper mesosphere and lower thermosphere of Mars (UMLT; 331 

70-150 km altitude). The combined use of the 1-D PAM model and widely-used Bayesian 332 

inversion algorithm allows us to retrieve density around 90, 100 and 140 km and temperature 333 

around 80 km from the oxygen dayglow acquired by TGO/NOMAD limb observations. We 334 

found that retrieved daytime densities at 90, 100 and 140 km have a significant seasonal 335 

variation, which is controlled by temperature and dust content in the lower atmosphere. Such 336 

variations have already been found during nighttime by MEx/SPICAM (Forget et al., 2009; 337 

Montmessin et al., 2017) and partially in daytime by MAVEN/IUVS (Gröller et al., 2018). This 338 

TGO/NOMAD analysis supports those findings with a full seasonal coverage in daytime through 339 

a Mars year. The temperature retrieval is sensitive to only a limited altitude range around 80 km, 340 

and its uncertainty is limited to ± 40 K. However, it is suggested that the temperature at 80 km in 341 

daytime is higher than the GCM predictions. It is tentatively consistent with the warm 342 

atmospheric layer recently discovered in nightside. For the verification of the retrieved high 343 

temperature, further experimental studies are needed to quantify the quenching coefficient of 1S 344 

oxygen by CO2 at the temperature range of the Mars upper atmosphere. Another limitation of 345 

this analysis is its poor vertical resolution. This can be improved by combining with other 346 

dayglow emissions (such as the CO2
+ UV doublet) in the future. 347 
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 563 

Figure 5. Example of the outputs from the retrieval analysis. (a) The vertical profiles of the OI 564 
dayglow brightness measured by NOMAD/UVIS and calculated by the model with the retrieved 565 
best-fit parameters (the red curve). (b) Jacobian matrix for density scaler. Each profile shows the 566 
sensitivity of the vertical profile of the dayglow brightness with respect to the CO2 density scaler 567 
for specific altitude (labelled in the legend). (c) Jacobian matrix for temperature scaler. (d) 568 
Averaging kernel matrix for density scaler. (e) Averaging kernel matrix for temperature scaler. 569 
Black curves in Figs. (d) and (e) present the total measurement response. (f) Retrieved CO2 570 
density in the unit of scaler with 1-σ retrieval errors (red) relative to the initial vertical profile 571 
given by MCD (blue). (g) Retrieved CO2 density in the unit of number density from 572 
NOMAD/UVIS (red), and the a priori CO2 number density given by MCD (blue). (h) Retrieved 573 
temperature in the unit of scaler. (i) Retrieved temperature in the unit of Kelvin from 574 
NOMAD/UVIS (red), and the a priori temperature given by MCD (blue).  575 
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