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Abstract 

Recent MAVEN observations have shown unexpectedly large deuterium Lyman-α emissions near 

the Martian southern summer solstice. The deuterium Lyman-α brightness can reach ~ 10% of the 

hydrogen Lyman-α brightness below 200 km. In this paper, we propose a method to estimate the 

D/H ratio in the Martian upper atmosphere through analysis of the Lyman-α vertical profiles 

without the ability to spectrally separate the two atomic emission lines. Lyman-α vertical profiles 

measured by MAVEN/IUVS at four periods are analyzed. During southern summer, the derived 

D/H ratios at 200 km are larger than the HDO/H2O ratio measured in the lower atmosphere, yet the 

extrapolated D/H ratio from 200 to 80 km agrees with the HDO/H2O ratio. This larger D/H ratio at 

higher altitude is attributed to the more efficient escape of hydrogen atoms compared to deuterium 

atoms. The method we describe accounts for uncertainties related to constraining the temperature 

and density profiles of H and D in the lower thermosphere. Because spectrally-resolved D and H 

Lyman-α measurements are not always available, this method provides a way to estimate D/H 

variations in their absence. This method will be useful for analysis of relevant datasets from past 

and future Mars missions.  
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Plain Language Summary 

W ater vapor in the M artian atmosphere is enriched in deuterium, compared to the atmosphere and 

oceans of Earth.  This enrichment is caused by the preferential escape of atomic hydrogen over its 

deuterium isotope, as integrated over time, due to its lower mass. Therefore, measuring the D/H 

ratio and understanding its spatial and temporal variation is important for estimating the evolution 

of water escape from M ars over time. In this study, we use models to estimate the D/H ratio at 80 

and 200 km from low resolution Lyman-α  limb profiles measured by the Imaging U ltraviolet 

Spectrograph (IUVS) aboard the M ars A tmosphere and Volatile EvolutioN (MAVEN).  During the 

southern summer season at M ars, the derived D/H ratio profiles, extrapolated down to 80 km, agree 

w ith the HDO/H2O ratio measured by other instruments. However, at 200 km, the derived H/D 

ratios are larger than in the lower atmosphere due to the more efficient escape of lighter hydrogen 

atoms compared to deuterium atoms. The main sources of uncertainties in the D/H  ratio derivation 

are also presented.  

 

 

1. In t r od u ct ion  

Estimating the water escape rate throughout M ars’ history depends strongly on the water reservoirs 

available to exchange w ith the atmosphere, and the timescale for that exchange. The D/H ratio in 

a planetary atmosphere is a key parameter for diagnosing water loss from a planet. Hydrogen and 

deuterium atoms can escape through a variety of processes that need to be constrained to accurately 

estimate present and past water loss rates (e.g. Cangi et al. 2020). On M ars, the globally averaged 

D/H ratio is five times larger than that measured in the terrestrial oceans (Owen et al. 1988, 
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Encrenaz et al., 2018, Vandaele et al. 2019). The deuterium enrichment on Mars results from the 

long-term preferential escape of lighter hydrogen atoms over heavier deuterium atoms. Systematic 

measurement of the D/H ratio in the Martian upper atmosphere is one of the main goals of the 

Imaging Ultraviolet Spectrograph (IUVS) aboard the Mars Atmosphere and Volatile EvolutioN 

(MAVEN).  

The IUVS instrument has Far-UV (110-190 nm) and Mid-UV (180-340 nm) channels, with spectral 

resolutions of 0.6 and 1.2 nm, respectively. The Far-UV channel includes an echelle grating, with 

a spectral resolution of 80 mA, that can resolve the deuterium and hydrogen Lyman-α emissions 

(McClintock et al. 2015). In this study, we will refer to the Lyman-α observations obtained by the 

Far-UV channel as “low-resolution” and those obtained with the echelle grating as “high-

resolution”.  

Early in the MAVEN mission when Mars was close to perihelion, the deuterium Lyman-

αbrightness, observed with the IUVS high-resolution mode was ~ 1 kR (Clarke et al. 2017, Mayyasi 

et al. 2017). This brightness was much larger than the first two Martian deuterium detections from 

Earth, ~ 20-50 R while Mars was near aphelion (Bertaux et al., 1993, Krasnopolsky et al. 1998). 

Subsequent MAVEN observations showed consistently low deuterium emission brightnesses near 

aphelion (Mayyasi et al., 2017). Analysis of D and H high resolution profiles, obtained below 300 

km, showed significant seasonal variations of deuterium abundance at 200 km (Mayyasi et al. 2019, 

Bhattacharyya et al. 2020). D densities were found to increase from 1000±200 cm-3 near Ls=220°, 

to a peak density of 3000±1000 near Ls=290°, then to decrease once more, down to 1600±1000 

cm-3 toward the end of the dusty season (Ls=330°). Chaffin et al. (2018) fit several low-resolution 

profiles obtained above 500 km to estimate the deuterium density at 200 km. The fitted values were 
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1900±800 cm-3 at Ls=200° and 4600±1000 cm-3 at Ls = 260°, substantially larger than the densities 

estimated using high-spectral resolution data.  

Light species, such as hydrogen (H) and helium (He) are expected to be more abundant at night 

reaching peak abundance in the early morning during the southern summer season (Chaufray et al. 

2015a, 2018, Elrod et al. 2017). It is likely that a global enhancement of deuterium (D) will also 

occur on the nightside and that D will reach its maximum abundance in the early morning. D 

emissions are optically thin at Lyman-α thus the volume emission rate is the product of the 

excitation frequency (g-factor) and the local D atom number density. The excitation frequency is 

almost uniform except in the nightside shadow region (solar zenith angle > 105° at 110 km) where 

no excitation can occur. The optically thin D Lyman-α emission will be brighter during limb 

viewing near the terminator (outside the shadow) than at lower solar zenith angles (SZA) because 

the density and path length is at its peak and the excitation frequency not undimnished. For an 

optically thick emission like the H Lyman-α, the excitation frequency decreases with increasing 

SZA due to the scattering of the solar photons along their propagation path in the atmosphere. The 

volume emisson rate for H Lyman-α is therefore also expected to decrease with higher SZA (e.g. 

Chaffin et al. 2015). Due to these differences in D and H volume emission rates, the ratio of the 

deuterium brightness and the hydrogen brightness should be largest for limb-viewing near the 

morning terminator. 

In early 2015, it was found that IUVS low-resolution observations made near the morning 

terminator during southern summer season (solar longitude, Ls = 270°) were not reproducible with 

models that included only emission from the thermal H population (Chaffin et al. 2015). During 

this time, there were no simultaneous measurements made with IUVS high-resolution mode that 

could be used to constrain the additional D Lyman-α emissions. In this study, we further investigate 
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the possible contribution of the deuterium Lyman-α emission to low-resolution observations in 

order to explain the observed vertical profile of the brightness, including observations below 500 

km. To validate our method, we also consider other periods where the deuterium emission has been 

detected with high-resolution observations. In section 2, we describe a specific set of low-

resolution observations that were analyzed along with an overlapping subset of high-resolution 

observations that were used to validate our approach. Models used to interpret the observations are 

presented in section 3, validation results are presented in section 4, and effects of systematic 

uncertainties are presented in section 5. The deuterium and hydrogen densities, derived for four 

chosen periods, are presented and discussed in section 6 followed by conclusion in section 7. 

2. Observations 

MAVEN-IUVS observations of the Martian limb are used for this study (McClintock et al. 2015). 

The instrument line-of-sight is in the orbital plane of the spacecraft, with the slit parallel to the 

normal of the orbital plane (Chaffin et al. 2015, Deighan et al. 2015, Chaufray et al. 2020). 

Observations with a tangent altitude spanning the surface to ~250 – 400 km, obtained when 

MAVEN was on the outbound portion of its orbit, are referred to as “outlimb”, in the Planetary 

Data System (PDS) archives. Observations with tangent altitude spanning ~350 – 3200 km, also 

obtained when MAVEN was on the outbound portion of its orbit, are referred to as “outcorona” in 

the PDS. Limb-pointed observations are used (rather than disk-pointed) since they show brightness 

profiles with altitude that are needed to constrain the deuterium density from the low-resolution 

mode. Four periods are usedto study deuterium brightness with the low-resolution mode.  

The two first periods correspond to southern summer of Martian Years 33 and 34, respectively, 

where the deuterium emission was detected at the limb with thehigh-resolution mode. These two 
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observation periods are therefore used to validate the retrieval since separate D and H Lyman-α  

vertical profiles are available w ith sim ilar observing geometry for the low-resolution mode.  

The third observation period corresponds to a time when no deuterium was detected above the 

noise level of the high-resolution mode. The deuterium brightness at the limb is therefore likely to 

be less than the 3- detection threshold of the IUVS detector, ~300 R (M ayyasi et al., 2019). This 

period is used to test that the retrieval method confirms no deuterium  is needed to reasonably match 

these observations. 

The fourth observation period corresponds to southern summer of M artian Year 32. During this 

period, no contemporaneous high-resolution mode observations were taken while pointed at the 

limb, however there were disk-pointed observations (C larke et al. 2017). The observations from 

this period, near the morning term inator, were examined by Chaffin et al. (2015), and were found 

to be irreproducible by a model that used a single-hydrogen population.  

The M AVEN-IUVS observation geometry from each period is summarized in Table 1. 

 

Orbit # 
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Period 2: near southern solstice MY 34 with simultaneous high-resolution observations 
7780 
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F igure 1:  Exa mples of ver tica l profiles of Lyman-α  br ightness obta ined dur ing the four  per iods. 

Orbit #4359 from per iod 1 (blue), orbit #7788 from per iod 2 (green), orbit #1570 from per iod 

3(pink) a nd orbit #786 from per iod 4 (bla ck) a re shown. The integra tion time used for  the 

“ outlimb”  observa tions (below ~350-400 km) is shor ter  tha n the integra tion time used for  the 

“ outcorona ”  (above ~350 – 400 km) leading to a  noiser  profile but with finer  spa tia l resolution. 

F or  orbit #4359 only one outlimb of the a va ilable four  is diplayed, while for  orbit #7788, only the 

fir st (SZA =  79°, left green curve) and sixth outlimb (SZA= 54°, r ight green curve) a re displayed 

for  cla r ity. 

The integration time for the “outlimb” segment (below ~350 – 400 km) was shorter than the 

integration time for the “outcorona” segment (above ~350-400 km) in order to obtain better spatial 

sampling closer to the planet (~5 km  sampling for the limb scan and ~35 km for the coronal scan). 

Therefore, the data is noisier near the limb. A  bright limb is observed for orbits #4359 and #7788, 

and to a lesser extent in orbit #786 near 120 km mostly due to proton aurorae (Hughes et al. 2019).  

  

As already mentioned, during the two first studied periods, four and six limb scans were obtained 

for each orbit, respectively. Example brightness profiles from period 1for orbit #4351 , are shown 

in Figure 2. Variations from one limb scan to another are small and attributed to various solar zenith 
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angles of 80°, 84°, 87° and 90° (Fig. 2, left panel). D ata obtained w ith the FU V  1024x1024 pixel 

detector is b inned differently for d ifferent observation m odes. For the data used in th is study, data 

w ere consistently b inned into seven spatial b ins, with each bin as the sum  of 115 physical p ixels of 

the detector along the slit. The differences in the brightness betw een spatial b ins is sm all and m ostly 

due to the non-uniform  sensitiv ity of the detector (Fig. 2, right panel). O nly spatial b ins 1-5 are 

used in th is w ork due to  their h igher sensitiv ity. For the observations of the second period, the 

variability from  one lim b scan to another is larger (Fig. 1) due to the larger variations in SZA  (Table 

1) as expected for the H  Lym an-α  optically th ick em ission (C larke et al 2014, C haffin et al. 2015). 

 

F igure 2 Left pa nel:  Ver tica l profiles of the Lyma n-α  br ightness mea sured between 0 a nd 1000 km 

for  spa tia l bin 1. The four  limb sca ns obta ined a t SZA =  80° (limb 1), 84° (limb 2), 87° (limb 3) 

a nd 90° (limb 4) a nd the corona l sca n (SZA =  90°) are shown. The uncer ta inty a ssocia ted with 

ea ch mea surement is ~ 600 R for  the limb sca ns (not d ispla yed for  cla r ity) a nd ~ 300 R for  the 

corona l sca n. Middle pa nel:  Lyma n-α  br ightness profiles of orbit 4351 observed on 26 December  

2016 for  the fir st limb sca n (ta ngent a ltitude between 0 a nd 250 km) a nd for  the corona l sca n 

(ta ngent a ltitude grea ter  tha n 350 km) for  ea ch of the 7 spa tia l b ins. Right pa nel:  G eometr y of the 

observa tion dur ing orbit 4351 in the Ma rs Sun O rbit (MSO ) fr a me. All a xis a re in km. The Ma r tia n 

sur fa ce is r ed a t the da yside a nd blue a t the nightside. MAVEN is moving fr om the bottom to the 
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top a nd its position is represented by the black solid line. The lines of sight of IUVS dur ing the four  

limb sca ns (nea r  the Mar tian sur fa ce) a nd the corona l scan a re represented in green. The sun 

direction is shown by the yellow a r row (X a xis). 

Figures 3 and 4 show the average profile for the first two periods, respectively, derived from all 

observations using the low-resolution and high-resolution modes. The vertical sampling of the low-

resolution mode for one individual limb scan is 5 km. For the low-resolution mode, the average 

profile was obtained by binning the data w ith a vertical resolution of 40 km below 50 km, 20 km 

between 50 - 80 km altitude, 5 or 10 km between 80-160 km altitude, and 20 km above 160 km 

altitude. For the high-resolution data, the vertical binning was between 30 -40 km for period 1, and 

between 10 -50 km for period 2. Only observations where the SZA was between 80° – 90° and 50 

– 60° were used for period 1 and 2, respectively. 

   
        

F igure 3. Compar ison between the a vera ge Lyman-α  br ightness profile obta ined with the low-

resolution mode, labeled “ F UV”  (blue), obta ined from the subset of observa tions (SZA between 
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80 -90°) dur ing per iod 1, a nd the high-resolution high-resolution mode (able to spectra lly sepa ra te 

D a nd H Lyma n-α lines) for  a  simila r  geometr y. The er ror  ba rs cor respond to the sta nda rd 

devia tion of a ll observa tions done in ea ch a ltitude ra nge, a nd therefore include both rea l 

va r ia bility and da ta  noise. F or  the high-resolution mode, the sta tistic is limited to 2-6 observa tions 

in ea ch a ltitude bin, a nd so the sta nda rd devia tion is not sta tistica lly significant. Therefore, we 

compute the sta nda rd devia tion from a ll high-resolution da ta  between 0 to 300 km a nd a ssume the 

sa me va lue a t a ll a ltitudes for  both D a nd H. The two hor izonta l black lines on the r ight indica te 

the a pproxima te a ltitudes, where the ver tica l and limb view CO2 optica l depth is unity. 

 

F igure 4. Sa me as F igure 3 but for  per iod 2. F or  this per iod, the number  of observa tions inside 

ea ch a ltitude bin for  the high-resolution mode va r ies between 3 and 29 and therefore, the sta nda rd 

devia tion is der ived sepa ra tely for  ea ch a ltitude bin. The two hor izonta l bla ck lines on the r ight 

indica te the a pproxima te a ltitudes, where the ver tica l a nd limb view CO2 optica l depth is unity  

 

The differences in D+H brightness between the low-resolution and the high-resolution modes at 

these altitude ranges are less than 10%  and w ithin the range of the uncertainties of each channel 

(Chaffin et al., 2015; M ayyasi et al., 2017); this agreement is sufficient. The increase of the H  

Lyman-α emission from 100 km to 150 km is mostly due to the contribution of the interplanetary 
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medium (on the order of 100s R), and the planetary contribution of the hydrogen past the tangent 

line which is fully absorbed by the CO2 below ~ 100 km and not absorbed above 150 km. 

The bright limb near 120 km is evident in the average profiles derived from the low-resolution 

mode for the two periods. Limb brightening is not expected for the hydrogen emission because it 

is optically thick, but w ith moderate thickness (� ~10) the contribution of the spectral w ings is not 

important. Lyman-α  limb brightening can be produced by proton aurorae (Deighan et al. 2018, 

Hughes et al. 2019), and the deuterium bright limb observed w ith the high-resolution mode is 

present but rather weak (Fig. 3, Fig 4.). The bright limb is likely due to proton aurora, which is not 

accounted for in our models. Therefore, in this study, we only fit the data above 160 km where 

auroral emission should be 10 to 20 times less than the brightness at 120 km (G érard et al. 2019). 

3. M od els 

3.1 Den sity m od els 

 

In order to separate the deuterium signal from hydrogen in the low-resolution mode we use a 

forward approach, simulating the expected brightness for different hydrogen density profiles and 

looking for the profile which best matches the data. Contrary to Chaffin et al. (2018), we use a 

simple fit method w ith only two free parameters (density of hydrogen and density of deuterium at 

a reference altitude). Chaffin et al. (2018) have shown that the study of a large set of observations 

w ith a more accurate method would require a prohibitive amount of computational time. Our goal 

is to show that useful information on the D/H ratio in the Martian upper atmosphere can be derived 

from  the spectrally unresolved Lyman-α  lines of D  and H. The simple fit approach is therefore 

considered sufficient, and the effects of other unconstrained parameters are discussed in detail in 
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section 5. Improved estimates, using a larger set of free parameters could be performed in the 

future.  

The model density profiles (from 80 km to 50,000 km) used to compute the brightness profiles are 

parametrized by the hydrogen and deuterium densities at the exobase and the temperature at the 

exobase (see Chaufray et al. 2008, appendix A). The temperature is chosen in a range close to the 

temperature derived from the MAVEN Neutral Gas and Ion Mass Spectrometer (NGIMS) 

measurements using the first eight MAVEN dip-deep campaigns (Stone et al. 2018). The deuterium 

and hydrogen densities at the exobase are the two free parameters. Sensitivity of variations in the 

exospheric temperature on the derived D/H ratio are presented in section 4.2.  

Recently, it has been suggested that near southern summer, most of the atomic hydrogen in the 

upper atmosphere could come from water vapor dissociation in the Martian 

mesosphere/thermosphere (Chaffin et al. 2017, Stone et al. 2020). In this case the hydrogen density 

profile could be close to perfect mixing with CO2 between 80 and 120 km (Krasnopolsky 2019, 

Chaufray et al. 2021). Therefore, we have performed a set of simulations, solving the diffusion 

equation as done by Chaufray et al. (2008) but without imposing a constant density below 120 km 

(case 1). In Chaufray et al. (2008), the hydrogen density profile was constant between 80 and 120 

km to mimic the effects of the photochemical reactions (between H2 and CO2
+) on the density 

profiles. We performed another set of simulations with this assumption (case 2). The vertical 

profiles of the thermospheric temperature and the eddy diffusion coefficient are taken from 

Krasnopolsky (2002). Examples of H and D density profiles for an exospheric temperature of 180 

K are shown in Figure 5 for the two cases considered. These two cases can be considered as lower 

and upper estimates of the density below 120 km. The real profile should be in-between 

(Krasnopolsky 2019). 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

 

Figure 5. Top: Examples of the modeled hydrogen and deuterium density from 80 km to 50,000 
km. The temperature profile is also represented in black. Bottom: Model of the D/H ratio profile 
derived from the density profiles shown above. 

The simulated vertical D/H ratio is displayed in Fig. 5. Below 140 km, the D/H ratio increases with 

altitude up to a peak at ~140 km. This increase is due to Jeans escape which reduces the scale height 

of the density profile (e.g. Chamberlain and Smith 1971) in the lower thermosphere where the 

molecular diffusion coefficient Dmol is small due to collisions (Dmol = b/na where b is the diffusion 

parameter and na the atmospheric density). For H, this reductionis important because the vertical 

velocity w is large, but itis less important for deuterium at 180 K (the Jeans effusion velocity for H 

is ~ 150 cm/s while it is 0.16 cm/s for D). The diffusion equation that includes escape is given by:  
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The reduction of the hydrogen density scale height due to the escape rate (Eq. 3) explains the 

increase of the D/H ratio with altitude between 80 and 140 km by a factor 2 and 1.1 for cases 1 and 

2, respectively. 

At higher altitudes (above ~160 km), w(z) << u(z) and meff ~ mH, so the decrease in the D/H ratio is 

expected and due to the larger scale height of H. Non-thermal escape of atomic deuterium, expected 

to be large at low solar minimum (Krasnopolsky 2002, Cangi et al. 2020), should increase the 

deuterium vertical velocity and then reduce its scale height below 140 km (Eq. 2). Therefore, the 

simulated D/H increase between 80 and 140 km in this model is an overestimate.  

The density profiles above 200 km are computed using a Chamberlain model (Chamberlain 1963) 

up to 50,000 km. The full hydrogen and deuterium density profiles each depend on only two 

quantities, their density and temperature at the exobase.  

 3.2 Radiative transfer  model 

We use a Monte Carlo radiative transfer model to simulate the spectral volume emission rate of 

both H and D. This model has been validated with the matricial model of Chaufray et al. (2008) 

and was used to study the Venusian hydrogen corona (Chaufray et al. 2012, 2015b). This model 

considers the angle-dependent partial frequency redistribution and non-uniform temperature 

profiles. In all the simulations presented here, we use a version including only one thermal 

population, since non-thermal populations are negligible at the studied altitudes (Bhattacharyya et 

al. 2017). The hydrogen and deuterium spectral volume emission rates are simulated independently 

(the lines are separated by ~40 Doppler units at 200 K) and vary with altitude and solar zenith angle 

only.  
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The deuterium emission is optically thin; therefore, using a radiative transfer model should not be 

needed. However other effects such as partial absorption by CO2 and the Martian shadow need to 

be considered to properly describe the volume emission rates at large SZA or low altitudes. Since 

these effects are included in the radiative transfer model that can simulate the volume emission rate 

for an optically thin or th ick emission, we adapt it to simulate the deuterium  Lyman-α  emission. 

The D and H brightnesses depend linearly on the flux near the center of the solar Lyman-α line. 

The integrated solar Lyman-α  line is taken from the M AVEN Extreme U ltraviolet Monitor 

(EUVM ) measurements, assuming all the solar flux between 121 and 122 nm is due to the solar 

Lyman-α line, and using the relation of Emerich et al. (2005) to relate integrated solar flux to the 

solar flux at the center of the line. We use the same value to calculate the hydrogen and deuterium  

excitation frequency. Observations of the solar Lyman-α  spectral line by the Solar U ltraviolet 

M easurement of Emitted Radiation (SUM ER ) instrument on the Solar and Heliospheric 

Observatory (SOHO) show that the differences should be less than 20%  (Lemaire et al. 2005). An 

increase or decrease of the simulated deuterium brightness by 20%  will increase/decrease the total 

(hydrogen + deuterium) simulated brightness by less than 3% . The associated uncertainty is 

therefore considered to be negligible compared to other sources of uncertainty which arediscussed 

below. 

The interplanetary background is assumed to be 500 R , a sensitivity study of this parameter is 

performed in section 5. 

4. Validat ion of the method 

To validate this method, we simulate hypothetical deuterium and hydrogen Lyman-α  profiles 

assuming a hydrogen density of 2x105 cm-3, deuterium density of 103 cm-3, and a temperature of 
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200 K at the exobase w ith the geometric conditions of orbit #4370. A  contribution of 500 R due to 

the interplanetary hydrogen is added above 110 km.  A  Gaussian noise of magnitude σ I is added to 

the simulated profile which is then fitted using the same method for all observations. A  sample 

simulated profile and corresponding best fit are displayed in Figure 6. 

 

Fig. 6. Simulated vertical profile (black) of the Lyman-
α brightness assuming hydrogen and deuterium 

densities at the exobase equal to 200,000 and 1000 cm-3 respectively, an exospheric temperature equal to 
200K and an interplanetary background of 0.5 kR. A gaussian noise with a magnitude of 0.4 kR above 300 
km and 0.8 kR below 300 km was added to the simulated brightness. The best fit derived from the D 
brightness (blue), H brightness (green) and their sum (red) is also displayed. The observational geometry 
used for this test corresponds to MAVEN/IUVS orbit # 4370, and includes the four outbound limb scans 
below 200 km. 

For all orbits of period 3, the magnitude of the noise is ~0.8 kR below 300 km and ~ 0.4 kR above 

300 km. We perform this test 100 times using σI = 0.4 kR above 300 km and 0.8 kR below 300 km. 

The average, median, and 1st and 9th decile values derived from this test for the deuterium and 
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hydrogen densities at the exobase are given in Table 2. For this test the simulated D/H brightness 

ratio at the bright limb (without noise) is ~ 0.14. 

 

Parameter 
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The exospheric temperature is a crucial parameter to derive the hydrogen density from a Lyman-α  

observation w ith forward models (Chaufray et al. 2008). Here we consider different values of the 

exospheric temperature to determine how the derived D/H ratio vary. The best fit obtained for orbit 

#4355 (first period), band 1 are displayed in Fig. 7 for T = 160K, T=180K, and T = 200K. 

 

Fig. 7. Vertical variations of the Lyman-
α brightness observed by MAVEN/IUVS during orbit 

#4355 on spatial bin 1 (grey stars).The Lyman-α brightness of deuterium (diamonds, labeled “D”), 

hydrogen (diamonds labeled “H”) and the sum (triangles, labeled “H+D”) derived from the best 

fit, assuming different temperature at the exobase (T = 160 K in blue, T = 180 K in green and T = 

200 K in red). The four limb scans below 200 km are simulated. 

With all temperatures, we obtain a reasonable fit for the observed profile above 160 km. 

The average values of the D/H ratio at 80 and 200 km obtained for the first period for different 

values of the exospheric temperature are given in Table 3. 
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# T nH (80)  nD (80) D/H (80 km) nH (200) nD (200) D/H (200 km) <χ2> 

160 
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emissions may be very weak near the term inator, thereby requiring observations from in-situ 

instruments or models. In the follow ing sections, we consider Texo = 180K. 

5.2 Sensitivity to the density profiles in the lower thermosphere. 

W e have performed the same derivation using the hydrogen and deuterium density profiles given 

by case 2: constant hydrogen and deuterium densities between 80 and 120 km (see section 3) for 

the full set of observations during the period 3. The results are summarized in Table 4. 

case 
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Because the hydrogen Lyman-α emission is optically thick, a large change of hydrogen density 

leads to a small variation in brightness. Therefore, the derived atomic hydrogen density is very 

sensitive to the absolute calibration of a UV spectrograph and we expect the derived D/H ratio to 

be also very sensitive to the calibration. The uncertainty on the solar flux at the center of the 

Lyman-α has the same effect because the simulated brightness is proportional to it. 

To check the sensitivity of the derived densities and D/H, we consider an uncertainty of 20% in 

the absolute calibration and multiply the observed brightness by a factor A = 0.8 or 1.2. Such 

uncertainty is near the absolute calibration uncertainty as estimated by Chaffin et al. (2018). The 

derived parameters are summarized in Table 5. 

A nH (80)  
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increase of both D and H densities, the derived D/H ratio is less sensitive to the absolute calibration. 

The uncertainty on the derived D/H ratio associated to an uncertainty of 20% on the absolute 

calibration can be at most a factor of 10 and less than 2 for an uncertainty of 10% on the absolute 

calibration (or solar flux at Lyman-α). Fits of Lyman-α profiles, including a scaling factor “1/A” 

on the modeled brightness as a free parameter, suggest a value of ~ 0.9 is most likely (Chaffin et 

al. 2018). This is equivalent to multiplying the observed brightness by A=1.1, which indicates that 

case A=0.8 is unlikely. If we don’t consider this case, the uncertainty on the D/H ratio is reduced 

to a factor of 2.5. 

5.4) Sensitivity to the estimate of the interplanetary medium brightness 

We also perform a sensitivity study with the estimated brightness of the interplanetary medium, 

the derived parameters are less sensitive to it than the other parameters (Table 4). For this study we 

used a range of interplanetary hydrogen brightness (IPB) values expected at Mars (e.g. Chaufray 

et al. 2008). 

IPB 

(kR) 

nH (80)  
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All these factors are expected to be independent, the interplanetary medium brightness and IUVS 

calibration are obviously independent of the M artian atmosphere and one another, while the 

exospheric temperature is controlled by the EUV/FUV solar flux and the shape of the profile below 

120 km is controlled by the water vapor in the mesosphere. Their combined effects on the retrieved 

parameters however are not independent. For example, using a scale factor A=1.2 w ill reduce the 

sensitivity to the interplantery brightness since its relative brightness w ill decrease. Therefore, the 

overall systematic uncertainty is not straightforward to derive but the analysis above indicates the 

most important effects.  

6. R esu lts a n d  D iscussion  

 

6.1) P er iod  1:  Decem b er  2016 

W e first estimate the D/H ratio from the two first periods where simultaneous limb observations 

were performed w ith the two spectral modes by IUVS.  For period 1, using the empirical 

relationship between the solar Lyman-α  flux (~ 3.3x10-3 W/m2 for this period) and the dayside 

exospheric temperature from Bougher et al. (2017), leads to a temperature of 220K.  

A ll the observations are performed close to the term inator in the w inter hemisphere, i.e., close to 

regions unilluminated for an entire M artian season and partly heated by polar warming. The local 

exospheric temperature is expected to be lower than the dayside temperature. G lobal M artian 

Circulation M odels and MAVEN/NGIM S observations suggest exospheric temperature ~ 120 - 

140 K on the nightside (Gonzalez-Galindo et al. 2009, Bougher et al. 2015, Stone et al. 2018). W e 

therefore consider an exospheric temperature T between 160 – 200 K. This choice is also justified 

a-posteriori because for temperatures larger than 200 K, the derived D brightness is larger than the 

D brightness measured w ith the high-resolutionmode (as shown in section 5.1). This choice is also 
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in agreement with the temperature at SZA=90° used by Mayyasi et al. (2019). The derived D/H 

ratio is very sensitive to this choice which is one of the main limiting aspects of the method as 

discussed in section 5. 

The hydrogen and deuterium densities at the exobase are the free parameters used to fit the total 

Lyman-α brightness measured by IUVS. We perform such a fit for the 8 observations and 5 spatial 

bins (we excluded bin 0 and bin 6) of each observation independently. An example of the best fit 

of Lyman-α brightness for H, D and the sum is shown for T = 180K in Figure 8. The average values 

of the D and H brightness profiles measured with the high-resolutionmode (see section 2) are also 

shown. For clarity, we only display one limb scan, but similar results are obtained for other limb 

scans. Although, the deuterium brightness profile is closer to the deuterium average high-resolution 

mode profile for limb scan 1, and the hydrogen profile closer to the hydrogen average high-

resolution mode profile for limb scan 4.  
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Figure 8. Vertical variations of the Lyman-α brightness observed by MAVEN/IUVS during orbit 
#4370 (using band 1) compared to the hydrogen and deuterium Lyman-α brightness and their sum 
derived from the best fit. For clarity, only one of the four limb scans is shown. The average 
deuterium and hydrogen Lyman-α profiles derived from the high-resolution mode are also 
indicated (orange stars) for information. 

The different observations can be reproduced reasonably. Below 160 km, the observed brightness 

is slightly larger than the best-fit modeled brightness (see also Fig. 6). This difference could be due 

to emissions from proton aurorae, not included in the fit (Halekas et al. 2015, Deighan et al. 2018, 

Ritter et al. 2017; Hughes et al., 2019). The proton aurora brightness is sharply peaked near the 

bright limb with a scale height equal to the CO2 density scale height (~ 10km), much less than the 

deuterium scale height (~ 100 km).  
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The estimated deuterium and hydrogen Lyman-α brightness are in reasonable agreement with the 

high-resolution mode average profile (Fig. 8). This confirms that during this season, part of the 

observed bright limb with the low-resolution mode is likely due to deuterium, as expected, and 

allows constraining the properties of the deuterium emission from the Lyman-α brightness profile 

near the limb, even if the D and H Lyman-α lines are not spectrally resolved. Above 1000 km, the 

contribution of the deuterium brightness to the total brightness is negligible. No large variations 

are derived from this set of observations. The deuterium density at the exobase is between 2.3-

7.0x103 cm-3, mostly larger than the deuterium density at the subsolar point derived by Mayyasi et 

al. (2019) from a large set of high-resolution observations (3000±1000 cm-3). Such a difference can 

be attributed to local time variations, since an increase of the deuterium abundance from dayside 

to nightside is expected (Chaufray et al. 2015a). The derived deuterium and hydrogen densities at 

80 km (below the homopause) for an exospheric temperature of 160, 180 and 200 K are given in 

Table 3. The derived D/H ratio at 80 km is between 1.3 – 3.6 x10-3, which is larger than the D/H 

ratio measured in the water vapor (9±4x10-4) near the surface of Mars (Owen et al. 1988). Other 

effects due to HDO and H2O condensation and photochemistry (Bertaux and Montmessin 2001, 

Krasnopolsky 2002), and exospheric balistic transport (Chaufray et al. 2018), are not included in 

our simple models and should be included to better estimate the full vertical D/H profile. Assuming 

a constant D/H ratio below 120 km to roughly mimic the effect of photochemistry on the density 

profile would lead to an even larger derived D/H ratio at 80 km. 

6.2) Per iod 2: September 2018 

As for the previous period, simultaneous observations from low-resolution and high-resolution 

modes were performed during this period. Six “outlimb” scans were observed for each orbit, with 

tangent altitude moving from ~ 80 to 300 km with the low-resolution mode. During the same 
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period, four limb scans were performed with the high-resolution high-resolution mode. The SZA 

at the tangent point is different for each “outlimb” scan (Table 1). The expected dayside 

temperature derived from the empirical relation of Bougher et al. (2017) is 220 K. Best fits are 

obtained with an exospheric temperature of 180 K. An example of Lyman-α brightness for H, D 

and their sum, derived from the best fit, are shown for T = 180K in Figure 9. The average brightness 

profile of D and H, measured with the high-resolution mode (see section 2), is also shown for 

comparison in Figure 9. The derived deuterium and hydrogen brightnesses are in good agreement 

with the average profiles for the two species above 160 km.  

 

Figure 9. Vertical variations of the Lyman-α brightness observed by MAVEN/IUVS during orbit 
#7788 in spatial bin 1 compared to the hydrogen and deuterium Lyman-α brightness and their sum 
derived from the best fit. For clarity, we only show one of the four limb scans below 300 km. For 
this data SZA = 63° while the observations above 300 km were at SZA = 54° explaining the small 
discontinuity of the observed brightness near 300 km. The average deuterium and hydrogen 
Lyman-α profiles derived from the high-resolution mode (orange stars) are also shown for 
comparison. 
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The observed profile below 160 km, not used to derive the free parameters, is not well reproduced. 

A  better fit would be obtained w ith a weak proton aurorae (few  100s R) during this period. Table 

7 summarizes the derived parameters for exospheric temperatures between 180 – 220 K. Note that 

the derived D/H ratio is slightly less sensitive to the temperature inside this temperature range than 

at temperatures considered for the previous period (Table 2), and the derived D/H  ratio decreases 

w ith the temperature. 

# T 
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This period corresponds to a season without deuterium detection in the high-resolution mode data 

(Mayyasi et al. 2017). The deuterium brightness is expected to be less than 300 Rayleighs, much 

lower than the hydrogen brightness, and therefore, we do not expect to characterize the deuterium 

emission in the low-resolution mode. We use this period of observations to check that our method 

correctly predicts no deuterium detection. These observations had SZA ~ 60° (Table 1) and thus 

the exospheric temperature can be estimated directly from the empirical relation between the solar 

flux and the temperature derived by Bougher et al. (2017),  leadingto a temperature between 180 – 

220 K. Contrary to periods 1 and 2, for this period we consider the density profile case 2 because 

no water vapor is expected to reach the lower thermosphere and therefore the density profiles 

should be controlled by the photochemical reactions between H2 and ions (Krasnopolsky 2002, 

2019). For most of the observed profiles, the best fit is obtained without deuterium, for example as 

shown in Figure 10.  
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Figure 10. Vertical variations of the Lyman-α brightness observed by MAVEN/IUVS during orbit 
#1570 on spatial bin 1 compared to the hydrogen and deuterium Lyman-α brightness and their sum 
derived from the best fit, assuming an exospheric temperature of 200K. 

This result agrees with the absence of a strong deuterium signal (larger than 300 R) directly 

measured with the high-resolution mode. The derived hydrogen density at 200 km is between 0.8 

– 1.5 x 105 cm-3 depending on the exospheric temperature. Assuming a D/H ratio of 1x10-3 at 200 

km, close to the value measured in the lower atmosphere, we should expect a deuterium density of 

~ 80 – 150 cm-3 at 200 km, which gives us a lower limit estimate of the deuterium density at 200 

km detectable by our method. Using case 1 profiles does not change the results, in that case, the 

best fit is also obtained without deuterium and the derived hydrogen density at 200 km is between 

0.8 – 1.4 x 105 cm-3. This density is lower than the density derived from the other periods near 
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southern summer, as expected from the seasonal variations of the hydrogen density (Chaffin et al. 

2014, Bhattacharyya et al. 2017, Chaufray et al. 2021). 

 

6.4) P er iod  4:  F eb  – M ar ch  2015  

The observations for this period were made at the morning term inator near 30S latitude (see Table 

1), and, like periods 1 and 2, were near perihelion. A t this time, the solar flux at Lyman-α (and 

therefore the exobase temperature) was larger than the December 2016 or the September 2018 

period by ~ 20% (Table 1), and rescaling the temperature used for December 2016 by 20%  would 

lead to a temperature ~260 K. However, these observations were performed near the morning 

term inator where the horizontal temperature gradient is large and the temperature lower than other 

parts of the term inator (Stone et al. 2018). Therefore, for this period, we w ill consider an exobase 

temperature between 180 and 220 K. The sensitivity of the derived D/H ratio w ith the assumed 

exospheric temperature is given in Table 8. The fits are slightly better for T =180 K while for 

temperatures larger than 200 K, the deuterium  brightness reached 2 kR which is rather large 

compared to what has been observed w ith the high-resolution mode thus far (e.g. M ayyasi et al. 

2019). As indicated in Table 8, the derived D/H ratio at 80 km is closer to the value measured in 

the lower atmosphere when assuming T = 180 K. 

# T 
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confirming that these profiles, which could not be fit with a singlehydrogen population for these 

observations (Chaffin et al. 2015), can be fit by including the non-negligible D Lyman-α emission. 

As shown in Fig. 11, the brightness profile is also well reproduced below 160 km, suggesting that 

proton aurorae were negligible during this period. Includingthe profile below 160 km in the fit 

doesnot change the derived average deuterium and hydrogen densities for this period. 

 

 

Figure 11. Vertical variations of the Lyman-α brightness observed by MAVEN/IUVS during orbit 
#786 on band 1 compared to the hydrogen and deuterium Lyman-α brightness and their sum 
derived from the best fit, assuming an exospheric temperature of 180K. 

Chaffin et al. (2018) studied a set of profiles performed with the low-resolution mode in December 

2014 (Ls = 250-260°), at latitude 50° S and local time 3 pm, slightly before these observations. 

Only the Lyman-α brightness profile above 500 km was fitted for three different assumptions: only 
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a thermal hydrogen population, hydrogen and deuterium, and a thermal and non-thermal hydrogen 

population. For the second assumption, the derived average hydrogen density at 200 km was equal 

to 1.2x106 cm-3, the average exospheric temperature 190 K, and the average deuterium density at 

200 km equal to 4700 cm-3, resulting in a derived D/H ratio of ~ 4x10-3. The hydrogen and 

deuterium densities are slightly lower than those we derive for period 4, but are consistent with an 

increase of light species abundances near morning terminator. However, this comparison should 

be considered carefully since a scale parameter A = 0.87 was also derived from the fits, which 

would further reduce the derived densities (see section 5).  

As for period 1, the derived deuterium density at 200 km (between 4-9x103 cm-3) for the period 4 

data is larger than the derived density at the sub-solar point from high-resolution observations 

(Mayyasi et al. 2019), which can be explained due to a larger deuterium density at the terminator 

than the sub-solar point, especially at morning side (Chaufray et al. 2015, 2018). The ranges of the 

derived hydrogen and deuterium densities at 80 km (below the homopause) for the full set of 

observations are given in Table 8. The derived range of D/H at 80 km is between [0.6 – 3.7] x 10-

3 respectively, lower than the derived D/H ratio during period 1, but in the range of the D/H ratio 

measured during period 2 and in Martian water vapor. The derived hydrogen density at 200 km, 

between 0.6 – 4.5 x106 cm-3, is larger than the simulated hydrogen density (Chaufray et al. 2018) 

whichcould be attributed to a larger amount of wator vapor at high altitudes during this season 

(Chaufray et al. 2021). 

7. Conclusion 

In this paper, we present the first detailed estimates of the D/H ratio deduced from total Lyman-α 

vertical profiles observed with the low-resolution mode of MAVEN/IUVS for four different 
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periods. The D/H ratio can be derived from low-resolution data during the southern summer period, 

when the deuterium emission is at its brightest and represents ~ 10% of the hydrogen emission 

below 300 km. Most of the uncertainty in the derived densities and D/H ratio are not due to noise 

in the databut rather caused by assumptions made in the models to derive the D/H ratio, and the 

absolute calibration. Specifically, 1) the exospheric temperature, 2) the density profile below 120 

km and 3) absolute calibration used for the retrieval, can lead to systematic error in D/H at 80 km 

of a factor of ~ 10. This is currently the main limitation of our method however the two first 

assumptions could be improved in the future, (e.g., by using improved2D or 3D 

empirical/numerical temperature model distributions for different seasons, as done by 

Bhattacharyya et al. 2020). For the first two periods studied, near simultaneous observations were 

performed with the IUVS high-resolution mode and low-resolution mode making it possible to 

provide an estimate of the exospheric temperatures based on the best fit. For the third period, when 

the deuterium abundance is expected to be very low in the upper atmosphere, no deuterium is 

detected usingour method. For the fourth period, the presence of deuterium can explain the shape 

of the vertical brightness profiles and be used to estimate the D/H ratio even though no high-

resolution mode observations were performed. Although the systematic errors due to the retrieval 

method are rather large, these may be improved upon in the future. This method could be useful 

for estimating the D/H ratio in the upper atmosphere of Mars on future missions lacking high-

spectral resolution UV channels, such as for the Emirates Mars Mission launched in 2020. 
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