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 34 
The oxygen emission at 557.7 nm1 is a ubiquitous component of the spectrum of 35 
the terrestrial polar aurora and the reason of its usual green colour. It is also 36 
observed as a thin layer of glow surrounding the Earth near 90 km in the dayside 37 
atmosphere2,3 but so far it has eluded detection in other planets. Here we report 38 
the first dayglow observations of the green line outside the Earth. They have been 39 
performed with the NOMAD-UVIS instrument on board ESA’s ExoMars Trace Gas 40 
Orbiter. Using a special observation mode, scans of the dayside limb provide the 41 
altitude distribution of the intensity of the 557.7-nm line and its variability. Two 42 
intensity peaks are observed near 80 and 120 km, corresponding to 43 
photodissociation of CO2 by solar Lyman-alpha and extreme ultraviolet radiation 44 
respectively. A weaker emission, originating from the same upper level of the 45 
oxygen atom, is also observed in the near ultraviolet at 297.2 nm. These 46 
simultaneous measurements of both oxygen lines make it possible to directly 47 
derive a ratio of 16.5 between the visible and the UV emissions. They clarify a 48 
persistent controversy between discordant ab initio calculations and atmospheric 49 
measurements despite multiple efforts. This ratio is considered a standard for 50 
measurements connecting the ultraviolet to the visible spectral regions. This 51 
result has consequences for the study of auroral and airglow processes and for 52 
spectral calibration.  53  54 The presence of the Martian green line dayglow emission has been predicted about 55 40 years ago4.  However, so far no observations dedicated to the Martian dayglow have 56 been sensitive to radiation beyond 340 nm, thus they focused on the ultraviolet 57 spectrum5,6,7,8., including the OI 297.2 nm emission. The OI 557.7 and 297.2 nm 58 forbidden emissions have the same 1S upper state so that their intensity ratio is equal to 59 that of their transition probability. The two transition probabilities and their ratio R = 60 I(557.7-nm/I(297.2-nm) have been obtained from ab-initio calculations. The value 61 currently recommended by NIST1 is R = 16.7. However, atmospheric observations of the 62 two emissions have led to lower values: R =9.8 ±1.0 in the terrestrial nightglow9 and 63 9.3±0.5 in the aurora10. These values depend on the instrumental calibration of two 64 spectral windows bridged with the O2 Herzberg I transition. Since this ratio is invariant 65 at low pressure, it is a useful standard for measurements connecting the ultraviolet to 66 the visible regions.  67 



A new possibility to explore the visible Martian dayglow opened with the NOMAD-68 UVIS instrument on board the Trace Gas Orbiter (TGO). The TGO spacecraft has been 69 orbiting Mars since October 2016 on a circular orbit at ~400 km inclined 74° to the 70 planetary equator. The Nadir and Occultation for Mars Discovery (NOMAD)11 suite of 71 instruments includes the Ultraviolet/Visible spectrometer (UVIS)12,13, an ultra-light 72 instrument covering the 200-650 nm spectral range that can observe in the nadir and 73 solar occultation modes. It has recently been operated in a special limb mode to collect 74 spectra at the dayside limb. The UVIS characteristics are summarized in the Methods 75 section. Since no airglow signal could be observed in the (limb) occultation channel, it 76 was proposed14 to tilt the TGO spacecraft in such a way to orient the line of sight of the 77 nadir channel in the limb direction. This procedure was implemented as a test in April 78 2019.  79 So far, a total of 24 dayside orbital segments have been analysed, corresponding 80 to 48 altitude scans in the limb mode.  During the inertial pointing mode used for these 81 measurements, the line of sight of the instrument was fixed in inertial space and 82 scanned altitudes between about 20 and 400 km twice during each orbit as a 83 consequence of the orbital motion. The observations reported here were made during 84 the period extending between 24 April and 1 December 2019. The Mars solar longitude 85 (Ls) varied between 16° and 115°, from near northern Spring equinox to past Summer 86 solstice. During this period, the Mars distance from the Sun varied from 1.59 AU to 1.67 87 AU (aphelion).  In this observing mode, the altitude resolution at the tangent point 88 depends on the spacecraft altitude, the field of view of the instrument and the 89 integration time. The spectra used in this study were integrated over 15 s. The 90 combination of these factors yields a vertical resolution of 10±5 km. The data 91 processing is described in the Methods section. From the 24 analysed orbits, two were 92 collected at high solar zenith angle and did not show any measurable green line signal 93 above the 1-σ background level. All other orbits exhibit a clear signature at 557.7 nm. 94 As an example, Figure 1 shows the average of 9 spectra collected between 70 and 95 100 km during the ingress on April 28, 2019 (Ls = 18°) The main observed spectral 96 feature is the OI 557.7 nm emission that clearly appears above the background level. The 97 intensity distribution around 557.7 nm is fully consistent with the instrumental point 98 spread function and the spectral sampling. Also present at a weaker level are the OI 99 297.2 nm emission and the CO2+ doublet at 288-289 nm and the long-wavelength tail of 100 



the CO Cameron bands. In this case, the 557.7 nm peak intensity at 76 km integrated 101 over the line spread function is 245 kR (1 kiloRayleigh corresponds to a surface 102 brightness of 109 photons cm-2 s-1 emitted in 4π steradians). 103 The evolution between 70 and 160 km of the dayglow spectrum binned over 10 104 km for the same limb scan as Figure 1 is illustrated in Figure 2. It confirms the persistent 105 presence of the OI 557.7 nm, OI 297.2 nm and CO2+ UV doublet emissions observed with 106 IUVS-MAVEN15,16. The intensity of the two oxygen lines steadily decreases in parallel 107 above 90 km. In contrast, the brightness of the CO2+ doublet peaks near 120 km and 108 becomes barely visible at 160 km in agreement with the IUVS-MAVEN observations. The 109 peak brightness of the UV doublet intensity reaches 57 kR at 118 km, in full agreement 110 with typical intensities and altitudes observed by MAVEN during this season.  111 The altitude distribution of the 557.7-nm brightness is best illustrated in Figure 3a 112 showing the intensity distribution at the limb collected during the TGO ingress on 28 113 April 2019. The latitude varied between 25° S at 180 km and 6° S at 60 km and the local 114 time between 9:45 and 10:26. The brightness of the lower peak has been normalized to 115 unity in Figure 3b so that the shape of the vertical distribution clearly appears. A second, 116 weaker peak is also seen near 130 km with an intensity about half the primary 117 maximum. A similar altitude variation is observed for the weaker 297.2 nm emission 118 (Figure 3c) with a peak brightness reaching 14 kR at 80 km. This emission is not 119 absorbed by Martian constituents in the altitude range of the observations. Below 70 km, 120 scattered solar light rapidly exceeds the airglow contribution and makes the intensity 121 estimates somewhat uncertain. The upper peak in the distribution is mainly produced 122 by dissociation of CO2 by solar EUV radiation leaving a fraction of the O atoms in the 1S 123 state. The lower peak results from the deeper penetration of the solar Lyman-α 124 radiation caused by the reduced value of the CO2 absorption cross section at 121.6 125 nm4,15,17. Its altitude is a proxy of the location of the 39  level if the small variation of 126 the gravity in the mesosphere is neglected and assuming a constant mean molecular 127 mass in the overhead atmospheric column. This makes it a powerful tool to remotely 128 follow the altitude variations in the mesosphere of the pressure level with latitude, 129 season and atmospheric dust load15,18.   130   131       A further remark is related to the absence in the UVIS spectra (at the 1-σ level) of the 132 O (1D  3P) 630-636 nm red doublet, a major component of the terrestrial airglow and 133 



aurora. Model predictions have indicated that the total production rate of O(1D) atoms 134 exceeds that of the O(1S) by nearly an order of magnitude4. However, they predicted an 135 intensity ratio I(630 nm)/I(557.7 nm) as low as 0.01, a consequence of the long 136 radiative lifetime (110 s) of O(1D) and of its more efficient collisional deactivation. The 137 lack of any detectable signal at 630 nm is thus consistent with their conclusions. 138       A comparison of the UVIS 297.2 nm observations with those from IUVS-MAVEN15,18 139 provides indirect additional confirmation of the detection of the green line. 140 Simultaneous and co-located observations from MAVEN were not possible since the 141 periapsis of MAVEN was on the nightside during the period of the TGO limb 142 observations. However, statistical analysis of IUVS limb scans made for similar solar 143 longitudes show a main peak mean altitude at 77±2 km and a peak intensity of 18±2 kR, 144 in reasonably good agreement with the UVIS limb profile in panel 3c with a peak value of 145 14 kR at 80 km. Consequently, the unambiguous detection of the green line emission in 146 the Martian dayglow is fully confirmed by the absolute brightness and the resemblance 147 between the observed limb profiles and the IUVS observations of the 297.2 nm dayglow. 148 This identification is further demonstrated by the comparison shown in Figure 3a 149 between the observations and simulations for similar conditions based on a 150 photochemical model9. The calculations use neutral atmospheric densities and 151 temperature profiles from the Mars Climate Database (MCD)19,20 and known sources of 152 O(1S) atoms. The MCD CO2 density has been scaled down by a factor of 0.518. The solar 153 flux is provided by the synthetic spectra with a 1-nm resolution normalized to the three-154 channel measurements of the EUV monitor (EUVM) on board MAVEN21. Future UVIS 155 dayglow observations collected at different seasons, latitudes and local times will make 156 it possible to characterise the CO2 density variations in the mesosphere, a region 157 otherwise not accessible to in situ measurements. 158       The mean I(557.7 nm)/I(297.2 nm) ratio is determined from the intensities of the 159 two lines measured in the UVIS spectra in the vicinity of the main emission peak. Based 160 on a total sample of N=104 measurements collected over 16 limb scans, the weighted 161 mean ratio μ is 16.5±0.4, where 0.4 is the standard error on the weighted mean 162 
= × ×∑  , with wi the weights of the N individual ratio values xi. This 163 

intensity ratio value is remarkably close to the value of 16.7 recommended by NIST and 164 the relativistic ab initio calculation22 of 15.5, but not with the indirect terrestrial airglow 165 



determinations that are substantially lower. This result has consequences for future 166 studies of auroral and airglow processes and for spectral calibration. The discordant 167 values from the terrestrial observations were likely the consequence of the lack of Earth 168 observations with a single calibrated instrument. We recommend that this value be used 169 in planetary and cometary research as well as laboratory calibration procedures.  170  171  172 173 
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Figure legends 284 
 285 
Figure 1: example of UVIS dayside limb spectrum observed on 28 April 2019 286 
averaged between 70 and 100 km. The insets show the two spectral regions of the 287 CO2+ UV doublet and the OI 297.2 nm emissions, and the OI 557.7 nm green line (vertical 288 dotted lines). The solar longitude was 18°, the latitude of the 80 km tangent point 10° S 289 and the solar zenith angle 28°. The signal above 300 nm is a combination of solar 290 scattered light and dayglow emission from the CO2+ FDB bands. The error bars denote  291 the statistical errors in radiance of individual spectral elements. 292 
 293 
Figure 2: evolution with altitude of the tangent point of the UVIS dayglow spectra 294 
observed during the ingress of the same TGO orbit as Figure 1. The origin of the Y-295 axis at each altitude below 150 km has been offset by 1x10-2 mW m-2 sr-1 nm-1 to 296 improve visibility. The error bars denote  the statistical errors in radiance of  individual 297 spectral elements. 298 
 299 
Figure 3: limb profiles observed on 28 April 2019. (a) OI 557.7 nm dayglow intensity 300 measured with UVIS on 28 April 2019 (green dots). The red line shows model 301 simulations for the same conditions (see text). The horizontal bars indicate the one-302 sigma uncertainty of the intensity. (b) 557.7 nm limb profile (solid line) averaged over 303 16 limb scans using a 5-km running mean. The dotted line shows the 1-sigma variability 304 inside each bin. (c) OI 297.2 nm emission observed simultaneously with (a).  305 
 306 
 307 
  308 



Methods 309 
 310 
The UVIS spectrometer  311  312 
 The UVIS instrument is composed of two telescopes corresponding to the two 313 geometries of observation. The light from the sun or the nadir direction is sent through 314 optic fibers to a plane grating and a collimating mirror on the 1024x256 pixel CCD 315 detector. The light is fed to the spectrometer through a single fiber in solar occultation 316 observations or a bundle of optic fiber cables when performing nadir or limb 317 observations. The circular field of view is 2 arcmin for solar occultations and 43 arcmin 318 for the nadir/limb observations. The spectral resolution varies from 1.2 nm at 200 nm to 319 1.6 nm at 650 nm. The full spectrum is always observed and the only tunable 320 parameters are the integration time (from 0.2 s to a nominal value of 15 s), the spectral 321 binning of the CCD rows and the range of the spectrum sent via the telemetry. Although 322 they use a common detector, the nadir channel is several orders of magnitude more 323 sensitive than the solar occultation. 324 
 325 
Processing of UVIS spectra and noise removal  326 
  327 The calibration of the UVIS data is performed routinely following several steps. 328 The first one is the removal of the instrumental background or dark current (DC) on the 329 CCD frame. The dark current is estimated for each measurement using an interpolation 330 between two “dark” measurements (i.e. measurements recorded with the shutter in 331 front of the slit entrance in order to work without illumination) taken at the beginning 332 and end of each UVIS orbit. The dark current varies linearly with the integration time 333 and exponentially with the temperature of the CCD. The temperature of the CCD is 334 recorded for each measurement, but must be interpolated across a complete orbit as the 335 temperature discretization is 0.4°C. The second step is the noise correction, which 336 consists in identifying in the CCD frame the cosmic ray detections and the remaining 337 anomalous or hot pixels that have not been well corrected by the DC removal. The 338 detection of a real signal must appear in all lines of the illuminated region of the CCD 339 while noisy pixels only appear randomly on the CCD frame. Therefore we use a routine 340 that compares the CCD lines in order to identify the noisy pixels to be excluded. An 341 



example of noise removal is illustrated in the supplementary data that confirms the 342 detection of the OI 557.7 nm green line and the OI 297.2 nm emissions. Binning of the 343 CCD lines is then performed, excluding all “bad” pixels from the noise removal. In the 344 present case, the binning is made on the 81 fully illuminated CCD lines to increase the 345 signal-to-noise ratio of the observation. 346 The calibration procedure ends with the conversion of the count rate to radiance 347 (W m-2 nm-1 sr-1) or brightness (kiloRayleigh) units. The conversion is calculated from 348 laboratory measurements obtained during the calibration campaign. Two lamps with 349 known radiometric response were used to cover the full UVIS spectral range and obtain 350 a count to radiance conversion. Note that solarisation of the instrument had been 351 performed previously in order to avoid suffering from ageing. 352 The present case of limb measurements at high altitude is not illuminated and does not 353 require any stray light correction. This is different from standard operation modes 354 (dayside nadir or solar occultation) where the incoming radiation is important. The 355 critical step here is the noise removal, where the noisy pixel values can reach several 356 orders of magnitude larger than the faint dayglow signal. In addition to the statistical 357 error on the mean ratio given before, a possible systematic error is associated with the 358 uncertainties of the relative instrumental calibration. These are estimated to be less 359 than 10%.  360 
  361 



Data availability 362  363 The data that support the plots within this paper and other findings of this study are 364 available from BIRA-IASB repository 365 https://repository.aeronomie.be/?doi=10.18758/71021055 or from the corresponding 366 author upon reasonable request.  367   368 
Additional references used only in the Methods.   369  370 None. 371  372 
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