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 42 
 43 
Key points  44 
 45 
 46 

 The oxygen 630 nm emission has been detected in the Mars dayglow with the UVIS-47 
NOMAD/UVIS instrument on board the ExoMars Trace Gas Orbiter  48 

 49 
 The 630 nm emission is broadly distributed in the thermosphere with a maximum 50 

intensity at the limb of 4 kiloRayleighs near 150 km 51 
 52 

 Photochemical model simulations predict O(
1
D) and O(

1
S) densities in agreement with 53 

the observed limb profiles 54 
 55 
 56 
 57 
 58 

59 
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Abstract 60 
 61 
Following the recent detection of the oxygen green line airglow on Mars, we have improved 62 

the statistical analysis of the data recorded by the NOMAD/UVIS instrument on board the 63 

ExoMars Trace Gas Orbiter mission by summing up hundreds of spectra to increase the signal 64 

to noise ratio. This led to the observation of the OI 630 nm emission, a first detection in a 65 

planetary atmosphere outside the Earth. The average limb profile shows a broad peak intensity 66 

of 4.8 kR near 150 km. Comparison with a photochemical model indicates that it is well 67 

predicted by current photochemistry, considering the sources of uncertainty. The red/green line 68 

intensity ratio decreases dramatically with altitude as a consequence of the efficient quenching 69 

of O(
1
D) by CO2. Simultaneous observations of the green and red dayglow will provide 70 

information on variations in the thermosphere in response to seasonal changes and the effects 71 

of solar events.   72 

 73 
Plain language summary 74 
 75 
 76 
The green and red oxygen emissions at 557.7 and 630 nm are among the dominant spectral 77 

features of the terrestrial dayglow and aurora. Recently, the presence of the green emission was 78 

also observed in the Martian dayglow using the NOMAD/UVIS instrument on board the 79 

ExoMars Trace Gas Orbiter mission. The red line was expected to be significantly weaker as 80 

the long-lived upper state of the transition is deactivated by collisions with ambient CO2. 81 

Further statistical treatment of the spectra collected during a 1.5-year period near solar 82 

minimum has lead to the discovery of the presence of the 630 nm dayglow emission. The 83 

averaged limb profile shows a maximum limb brightness near 150 km about 30 times weaker 84 

than the green line. The altitude and brightness of the red emission are in agreement with those 85 

simulated with a photochemical model for the same conditions as the observations. The same 86 

model also matches the characteristics of the averaged 557.7-nm dayglow profile observed 87 

simultaneously. Variations in the characteristics of the oxygen emissions are related to changes 88 

in the composition of the Martian upper atmosphere such as those generated by seasons and 89 

energetic solar events. 90 

  91 
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 92 
1. Introduction 93 

 94 

The first Martian dayglow observations were collected with the ultraviolet spectrometers 95 

on board Mariner 6, 7 and 9 flown to Mars in the early 1970s (Barth, 1974). They identified the 96 

presence of a series of oxygen and carbon lines and molecular bands originating from CO and 97 

CO2
+
. They obtained limb profiles of the strongest emissions. High quality extreme ultraviolet 98 

disk spectra were collected with the Hopkins Ultraviolet Telescope (HUT) by Feldman et al. 99 

(2000). Later, limb observations with the SPICAM instrument on board Mars Express 100 

identified N2 Vegard-Kaplan emissions in the middle ultraviolet (Leblanc et al., 2007). A major 101 

step forward was made with the Imaging Ultraviolet Spectrograph (IUVS) spectral imager on 102 

board the Mars Atmosphere and Volatile EvolutioN (MAVEN) spacecraft, which has collected 103 

a wealth of ultraviolet limb scans (Jain et al., 2015).  104 

The possible presence of visible dayglow emissions in the Martian dayglow was 105 

investigated by Fox and Dalgarno (1979) who modeled the sources and sinks of O(
1
S) 106 

metastable atoms that produce emission of the green line and trans-auroral emissions at 555.7 107 

nm and 297.2 nm respectively. They also predicted the presence of the doublet at 630-636.4 nm 108 

produced by radiative relaxation through the O 
1
D  

3
P forbidden transition. The O(

1
D) state 109 

has a long radiative life of about 120 seconds, which makes it subject to collisional deactivation 110 

by CO2, O, N2 and CO in most of the thermosphere. A consequence is that, although O(
1
D) 111 

atoms are produced in larger amounts than O(
1
S), the intensity of the 630 nm dayglow was 112 

expected to be significantly dimmer than the green line. The oxygen red and green lines have 113 

been detected in comets since 1966 (Swings, 1962) and in Io’s atmosphere (Schneider et al., 114 

1989), but none of them had been observed in planetary atmospheres until Gérard et al. (2020) 115 

first reported measurements of the green line airglow with the UltraViolet  and Visible 116 

Spectrometer (NOMAD/UVIS) on board the Trace Gas Orbiter (TGO) mission of the European 117 

Space Agency. Those observations were performed between 24 April and 1 December 2019 118 

when the Mars solar longitude ranged from 16° and 115°. They found that the [OI] 557.7 nm 119 

limb profiles present two peaks with the lower and brightest one near 80 km and the upper one 120 

in the vicinity of 110 km. They modeled the O(
1
S) steady state density distribution and 121 

simulated limb observations in close agreement with the UVIS observations. They were not 122 

able to identify any spectral features associated with the [OI] 630 nm line at a one-sigma level 123 

above the background noise. This absence of red line detection was in agreement with its 124 

expected small intensity and the lower instrumental sensitivity at longer wavelengths.  125 
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In this study, we present new results related to the search for the presence of the 630 nm 126 

emission in spectra obtained by averaging a large fraction of the dayside limb scans made with 127 

the UVIS instrument, which is part of the NOMAD suite of instruments (Patel et al., 2017; 128 

Vandaele et al., 2018) on board the TGO spacecraft. We determine its peak intensity and 129 

provide an estimate of its altitude distribution in the thermosphere. Finally, we compare the 130 

observations with those expected from a model simulation adapted to low solar activity periods 131 

at aphelion and perihelion.  132 

2. Limb observations of oxygen lines 133 
 134 
The methodology adopted for this study is similar to the approach described by Gérard et al. 135 

(2020). The TGO spacecraft is on a circular Martian orbit at ~400 km inclined by 74° on the 136 

planetary equator since October 2016. The UVIS-NOMAD, an ultra-light instrument covering 137 

the 200-650 nm spectral range, has both nadir and solar occultation modes. It has been 138 

occasionally operated to collect spectra in the ‘inertial limb’ mode where the ‘nadir channel’ 139 

points at the dayside limb in a fixed orientation in the inertial space (López-Valverde et al., 140 

2018). By virtue of the spacecraft latitudinal motion along its orbit, the line of sight scans 141 

through the atmosphere from 400 km down to a predetermined altitude of the tangent point, 142 

generally close to 20 km. It generates a second limb profile when moving back up again. The 143 

integration time of each spectrum is 15 s.  The combination of the view angle and the 144 

spacecraft motion yields a vertical resolution of 10 ± 5 km near the tangent point.  145 

This procedure has been applied during approximately four orbits per month. A total of 777 146 

spectra at a spectral resolution of 1.5 nm have been gathered between April 2019 and October 147 

2020. Following calibration in physical units and background subtraction using spectra 148 

collected at high altitudes, the spectra collected between 100 and 200 km have been co-added 149 

to improve the signal-to-noise ratio. The resulting mean spectrum is shown in Figure 1. We 150 

observe that the background level increases beyond 300 nm as a consequence of the 151 

contribution of scattered solar light. The spectrum shows molecular features such as the CO 152 

Cameron bands (180-280 nm), the CO2
+
 UV doublet at 298-299 nm, and several CO2

+ 
Fox-153 

Duffendack-Barker (FDB) bands between 300 and 400 nm. The [OI] green line at 557.7 nm 154 

stands out with a peak brightness of 173 kR at a tangent height of 82 km (see Table 1). 155 

We now examine the spectrum in the region of the 630 nm line and the insert covering the 156 

region 620-640 nm of Figure 1. The background level in the visible part the spectrum is mostly 157 

caused by scattered sunlight from the lower atmosphere. The 1- standard deviation of the 158 
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background at 620-640 nm (except 630 nm) is equivalent to a radiance of ~2.8x10
-7

 mW m
-2

  159 

sr
-1 

nm
-1

 or 1.1 kR nm
-1

. The counts of an atomic line are distributed over 3 to 4 pixels 160 

corresponding to the instrumental point spread function. Radiances exceeding the level of the 161 

background standard deviation level are observed in the three adjacent channels extending from 162 

629 to 630.5 nm. The largest of the three values reaches 3.5 times the background 1- level. 163 

More important, the signal extends over 3 spectral channels (as expected from the line spread 164 

function) and the sum of the radiances in the 3 channels is equal to 2.3 times the 1-level of 165 

the background integrated over 3 channels, corresponding to a confidence interval of 98 %. We 166 

thus conclude that the 630 nm [OI] emission has been detected with a high level of confidence. 167 

Further reliance is provided when comparing the limb intensity distribution with model 168 

simulations discussed in section 3. 169 

     The 630 nm emission is too weak to determine limb profiles based on spectra collected 170 

during a single TGO orbit. Instead, we have averaged the observed limb distribution of the 171 

global dataset and determined the intensity inside 20 km wide altitude bins. The results of the 172 

combined spectra are shown in Figure 2 between 100 and 200 km, including a zoom on the 173 

620-640 nm region. We note that the 630 nm feature is observed in all altitude bins, an 174 

additional element confirming the reality of its detection. It shows a much broader peak than 175 

other emissions such as CO2
+
 UVD or the [OI] green line. Table 1 lists the limb intensities 176 

averaged in the altitude bins. A 630 nm peak brightness of 4.8 kR is observed in the 120-140 177 

km tangent altitude bin. The 1- variability in each altitude bin is indicated in column 4. The 178 

large values compared to the mean intensity are a consequence of both the low observed 179 

brightness and the true variability due to the combination of observations at different latitudes, 180 

solar longitudes and solar zenith angles. A similar treatment has been applied to the averaged 181 

OI 557.7 limb profile with 5-km bins. As described previously by Gérard et al. (2020), the 182 

green line limb profile generally show two peaks. The main one reaches 174 kR and is located 183 

at 82 km. The upper peak only appears as an inflexion in the limb brightness at 75 kR near 120 184 

km. The 557.7nm/630 nm intensity ratio decreases from 33 between 100 and 120 km to about 185 

unity at 180-200 km. 186 

     The O (
1
D  

3
P) transition is a doublet with a second component at 636.4 nm that is factor 187 

of 3 to 3.1 weaker than the one at 630 nm (Froese-Fischer and Tachiev, 2004; Sharpee and 188 

Slanger, 2006). Based on this ratio, this second line is expected to have a peak limb intensity of 189 

1.6 kR, a value nearly equal to one  variation of the background in this spectral 190 

region, not observed in Figure 1. 191 
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 192 

3. Model simulations for UVIS observing conditions 193 

 194 

Numerical simulations have been made using the model described by Gkouvelis et al. (2018, 195 

2020) and Gérard et al. (2019, 2020). The sources of O(
1
D) in the Martian upper atmosphere 196 

are listed in Table 2. In this Table, eth represents thermal electrons and epe photoelectrons.  197 

Process (1) is photodissociation of CO2 leading to CO + O(
1
D) fragments. The wavelength 198 

dependent CO2 photodissociation rate is calculated as described by Gkouvelis et al. (2018). It is 199 

multiplied by the wavelength-dependent quantum yield () for the production of O(
1
D) 200 

fragments. The quantum yield of O(
1
D) in the CO2 photodissociation was investigated by 201 

Slanger et al. (1977) and Slanger and Black (1978). We adopt the compilation by Jain (2013).  202 

The extreme ultraviolet solar flux involved in dissociative excitation process (1) and other 203 

O(
1
D) sources that depend on the EUV flux is calculated using the reconstructed spectra 204 

(Thiemann et al., 2017) for the appropriate date, based on EUVM-MAVEN measurements in 205 

three ranges made at aphelion, available at  206 

https://pds-ppi.igpp.ucla.edu/search/view/?f=yes&id=pds://PPI/maven.euv.modelled.  207 

The EUVM instrument provides FISM-M spectrally resolved solar EUV irradiance at Mars 208 

from 0.5 to 190 nm every minute at a resolution of 1 nm.  209 

Processes (2), (3) and (4) correspond to photoelectron impact on ground state O, CO2 210 

and CO. They are calculated similarly to Gérard et al. (2020), using cross sections taken from 211 

Jackman et al. (1977). Laboratory experiments have shown that the quantum yield of O(
1
D) by 212 

dissociative recombination of O2
+
 (process 5) depends to some extent on the vibrational level 213 

of the ion (Fox and Hac, 2009). The value by Kella et al. (1997) for v=0 is 1.090.15, while 214 

Petrignani et al. (2005) obtained 0.95 for v=0 and Te= 500K, and Peverall et al. (2001) 215 

measured 1.170.05. We adopt a value equal to unity, coupled with a total recombination 216 

coefficient 5 = 2.4x10
-7

 (300/Te)
0.7

 cm
3
 s

-1
 (Peverall et al., 2001). This value closely agrees 217 

with the ab initio recombination coefficient into the O(
1
D) state of 2.2x10

-7 
(300/Te)

0.46
 218 

calculated by Guberman (1988). For process (6), the recombination coefficient of CO2
+
 from 219 

Viggiano et al. (2005) equal to 4.2x10
-7

 (300/Te)
0.75  

is combined with the O(
1
D) quantum yield 220 

of 0.6 adopted from Jain (2013). Process (6) is a secondary source due to the relatively low 221 

abundance of CO2
+
 ions compared to O2

+
. Source (7), radiative cascade from the 

1
S to the 

1
D 222 

level, is equal to the volume emission rates at 557.7 nm. The coefficient k8 for the quenching of 223 

O(
1
S) leading to O(

1
D) is taken from Berrington and Burke (1981).  224 

https://pds-ppi.igpp.ucla.edu/search/view/?f=yes&id=pds://PPI/maven.euv.modelled
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Loss processes (9) and (10) are emissions of 630 and 636.4 nm photons. The rate coefficients 225 

for collisional deactivation with CO2, O2 and N2 (11 to 14) are taken from NASA-JPL 226 

recommendation–evaluation 19 by Burkholder et al. (2020).  The rate coefficient k14 for 227 

quenching by CO is adopted from Schofield et al. (1978) and k15 from Yee  et al. (1990). 228 

The neutral density and temperature distributions are adopted from the Mars Climate 229 

Database (MCD) based on the Laboratoire de Météorologie Dynamique (LMD) three-230 

dimensional model (Forget et al., 1999; González-Galindo et al., 2005). They correspond to the 231 

low latitude and low solar activity conditions of the UVIS observations at aphelion (25 August 232 

2019, Ls = 71°) and perihelion (3 August 2020, Ls = 251°). Figure 3 (a) shows the altitude 233 

distribution of the main constituents at the equator for solar minimum condition at aphelion and 234 

a solar zenith angle of 30°. The O(
1
D) sources are represented in panel (b). The main 235 

production below ~130 km is photodissociation of CO2, followed by radiative cascade from 236 

O(
1
S) and O2

+
 dissociative recombination. Panel (c) presents the O(

1
D) loss frequency, 237 

dominated by processes (9), (10) and (11), with negligible contributions from quenching with 238 

other species than CO2. At photochemical equilibrium, the O(
1
D) number density n(O 

1
D) is 239 

given by the total production rate divided by the loss frequency and the volume emission rate is 240 

equal to the A630 nm n(O 
1
D) product. The vertical distribution of the O(

1
D) emission rate  is 241 

presented in panel (d). It show a broad peak near 170 km resulting from the combination 242 

between a production peak at 80 km and a large quenching rate by CO2 at low altitude.  243 

  244 

4. Comparison with UVIS dayglow model 245 

 246 
The 630 nm emission rate integrated along the line of sight is shown in Figure 4 for aphelion 247 

and perihelion and solar zenith angles of 30° and 70° respectively. These conditions encompass 248 

those prevailing during the period of observations of the limb profiles averaged here. All curves 249 

monotonically increase with altitude up to 150 km where they reach peak values between 4.5 250 

and 5.8 kR. Only the intensities corresponding to SZA = 30° at perihelion are somewhat higher 251 

than the other three cases. For comparison, the mean intensities in 20-km bins of the UVIS 630 252 

nm emission are represented by the red dots, together with their associated 1-uncertainty. The 253 

model intensities are in good agreement with the UVIS measurements, considering the 254 

uncertainties on the UVIS calibration and the cross sections and the rate coefficients, usually 255 

unclaimed, used in the model. 256 

 For comparison, the 557.7 nm simulated limb profiles for a range of conditions met 257 

during the observations are also shown in Figure 4 for aphelion and perihelion, together with 258 
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the UVIS averaged limb profile, also based on the same 777 spectra as used in Figure 1. The 259 

mean value in 5-km wide bins is shown with the one-sigma uncertainty on the mean. The 260 

modeled green line limb profile has been smoothed to account for the finite value of the UVIS 261 

view angle. In this case, the peak intensity and the modeled value are in close agreement with a 262 

calculated altitude in the model ranging from 65 to 85 km, dependent on the distance to the sun 263 

and solar zenith angle. 264 

 265 

5. Conclusions 266 
 267 

  We report the first measurement of the [OI] 
1
D  

3
P transition at 630 nm in the 268 

dayglow of another planet performed with the NOMAD/UVIS spectrograph on board TGO. 269 

This result is based on 777 co-added spectra binned into 20-km altitude intervals. This emission 270 

is considerably weaker than the 557.7 nm line, but the combination of a large number of 271 

spectra collected over an 18-month period makes it possible to specify some of the dayglow 272 

characteristics. The emission shows a broad peak around 150 km reaching about 4 kR. The 273 

same group of combined spectra exhibits a 557.7-nm peak emission of 150 kR. The large 274 

difference between the distribution of the two oxygen lines is not caused by a lower O(
1
D) 275 

production rate, but results from the much longer radiative lifetime of O(
1
D) atoms relative to 276 

1
S. The weakness of the 630 nm emission does not allow the determination of its latitudinal-277 

seasonal variation at this point. Variability is expected in response to solar activity, distance 278 

from the sun and changes in the atmospheric structure and composition.  279 

 Comparison with photochemical modeling indicates that the production and loss of 280 

metastable O(
1
D) and O(

1
S) atoms in the Martian thermosphere appear well understood. 281 

Therefore, future observations from UVIS and future space missions will be able to remotely 282 

monitor the simultaneous variability of the three oxygen lines (297.2 nm, 557.7 nm and 630 283 

nm) in complement to molecular bands probing lower altitudes. In particular, it is expected that 284 

large-scale perturbations of the thermosphere during solar energetic events, aurora or possibly 285 

global dust storms (Gkouvelis et al., 2020b) may modify the vertical distribution of the 286 

dayglow visible emissions.  High-resolution measurements of the red line profile are also a 287 

potential tool to monitor the temperature of the Martian thermosphere. 288 

 289 
  290 
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 440 
 441 
 442 

Table 1: limb intensity of the [OI] 630 and 557.7 nm dayglow emissions 443 
 444 
 445 

line 

(nm) 

altitude 

(km) 

          intensity  

           (kR) 

            1- 

   

         #spectra 

630  80-100 3.0 2.9 290 

630  100-120 3.2 2.6 193 

630 120-140 4.8 2.7 160 

630 140-160 4.1 2.4 145 

630 160-180 4.4 2.0 142 

630 180-200 2.0 1.7 137 

 

557.7 60-80 133 17 111 

557.7 80-100 153 4.7 290 

557.7 100-120 84 3.6 193 

557.7 120-140 57 4.6 160 

557.7 140-160 20 4.3 145 

557.7 160-180 6 3.4 142 

557.7 180-200 3 4.4 137 

 446 
 447 

  448 
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 449 

 450 

 451 
Table 2: Sources and losses of O(

1
D) atoms in the Martian upper atmosphere in the model 452 

  453 

Number Process Rate coefficient 

Sources   

(1) CO2 + photons  CO + O(1D)   CO2(), () (see text) 

(2) epe  + O(3P)   O(1D) + epe 2 

(3) epe  + CO2   CO + O(1D) + epe 3 

(4) epe  + CO   C + O(1D) + epe  4 

(5) O2
+ + eth  O(*) + O(1D)  5 = 2.4x10

-7
 (300/Te)

0.7 cm3 s-1 

(6) CO2
+ + eth  CO + O(1D) 6=2.5x10

-7
 (300/Te)

0.46  cm3 s-1 

(7) O(1S)   O(1D) + h557.7 nm  557.7 nm  

(8) O(1S) + eth  O(1D) + eth k8=8.6x10-9 cm3 s-1 

Loss processes   

(9) O(1D)  O(3P) + h630 nm 630 nm  

(10) O(1D)  O(3P) + h636.4 nm  636.4 nm  

(11) O(1D) + CO2  O(3P) + CO2 k11=7.5x10-11  exp(115/T) cm3 s-1 

(12) O(1D) + O2  O(3P) + CO k12=3.3x10-11  exp(55/T) cm3 s-1 

(13) O(1D) + N2  O(3P) + N2 k13=2.15x10-11 exp(110/T) cm3 s-1 

(14) O(1D) + CO  O(3P) + O2 k14=1x10-11
 cm3 s-1 

(15) O(1D) + O(3P)   2 O(3P) k15= 2.13 x 10-12 + 2.6 x 10-13 T0.5  

- 2.24x10-15 T  cm3 s-1 

 454 
 455 

 456 
 457 

 458 
 459 
 460 
 461 

 462 
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 463 

 464 

 465 

 466 

 467 

 468 
 469 

Figure 1: UVIS mean limb spectra averaged between 100 and 200 km of tangent point 470 

altitude. The insert is a zoom between 620 and 640 nm showing the detection of the 630 nm 471 

forbidden oxygen line (dotted line) reaching 2.3 times the background one-sigma level.  472 

 473 

 474 

 475 

  476 
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 477 

 478 

 479 

 480 

 481 

  482 

Figure 2: UVIS mean limb spectra averaged in 20-km altitude bins. The insert is a zoom on the 483 

620-640 nm spectral region in the different altitude bins. The dotted line at 630 nm confirm the 484 

presence of the oxygen line peak at all five altitudes. 485 

 486 

 487 

  488 
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 490 

 491 

 492 

 493 
 494 

 495 
Figure 3: altitude distribution of the number densities of neutral species (a), O(

1
D) main 496 

sources (b), O(
1
D) sinks (c) and 630 nm volume emission rate (d) in the Martian dayglow 497 

calculated for solar minimum conditions at aphelion, for a solar zenith angle of 30°. 498 
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 501 

 502 
 503 

Figure 4: model calculation of the [OI] 630 nm dayglow limb intensity for two different solar 504 

zenith angles (orange and brown curves) at aphelion (solid lines) and perihelion (dashed lines). 505 

The 20-km binned brightness of the UVIS observations is shown by the red dots. The green 506 

dots are the observed 557.7 nm intensities and the green and blue lines show the modeled 507 

profiles for different solar zenith angles and distance from the sun. 508 
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