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Abstract

Recent MAVEN observations have shown unexpectedly large deuterium Lyman-o, emissions near
the Martian southern summer solstice. The deuterium Lyman-a brightness can reach ~ 10% of the
hydrogen Lyman-a 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-a vertical profiles
without the ability to spectrally separate the two atomic emission lines. Lyman-a. 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/H20 ratio measured in the lower atmosphere, yet the
extrapolated D/H ratio from 200 to 80 km agrees with the HDO/HZ2O ratio. Thislarger 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-a measurements are not aways 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

Water vapor in the Martian atmosphere is enrichedeuterium, compared to the atmosphere and
oceans of Earth. This enrichment is caused bypttederential escape of atomic hydrogen over its
deuterium isotope, as integrated over time, duéddower mass. Therefore, measuring the D/H
ratio and understanding its spatial and temporalatéon is important for estimating the evolution
of water escape from Mars over time. In this study use models to estimate the D/H ratio at 80
and 200 km from low resolution Lymaam-limb profiles measured by the Imaging Ultraviolet
Spectrograph (IUVS) aboard the Mars Atmosphere ¥othtile EvolutioN (MAVEN). During the
southern summer season at Mars, the derived D/ld pabfiles, extrapolated down to 80 km, agree
with the HDO/HO ratio measured by other instruments. However2@® km, the derived H/D
ratios are larger than in the lower atmosphere ttuthe more efficient escape of lighter hydrogen
atoms compared to deuterium atoms. The main souws€escertainties in the D/H ratio derivation

are also presented.

1. Introduction

Estimating the water escape rate throughout Maistdry depends strongly on the water reservoirs
available to exchange with the atmosphere, andtithescale for that exchange. The D/H ratio in
a planetary atmosphere is a key parameter for ddagrg water loss from a planet. Hydrogen and
deuterium atoms can escape through a variety of@sees that need to be constrained to accurately
estimate present and past water loss rates (e.ggiCet al. 2020). On Mars, the globally averaged

D/H ratio is five times larger than that measuredthe terrestrial oceans (Owen et al. 1988,
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Encrenaz et al., 2018, Vandaele et al. 2019). Butedium enrichment on Mars results from the
long-term preferential escape of lighter hydrogems over heavier deuterium atoms. Systematic
measurement of the D/H ratio in the Martian uppgerasphere is one of the main goals of the
Imaging Ultraviolet Spectrograph (IUVS) aboard tars Atmosphere and Volatile EvolutioN

(MAVEN).

The IUVS instrument has Far-UV (110-190 nm) and-JM (180-340 nm) channels, with spectral
resolutions of 0.6 and 1.2 nm, respectively. ThelWd channel includes an echelle grating, with
a spectral resolution of 80 mA, that can resoheedhuterium and hydrogen Lymaremissions

(McClintock et al. 2015). In this study, we willfez to the Lyman observations obtained by the
Far-UV channel as “low-resolution” and those obgdinwith the echelle grating as “high-

resolution”.

Early in the MAVEN mission when Mars was close teripelion, the deuterium Lyman-
abrightness, observed with the IUVS high-resolutimrde was ~ 1 kR (Clarke et al. 2017, Mayyasi
et al. 2017). This brightness was much larger tharfirst two Martian deuterium detections from
Earth, ~ 20-50 R while Mars was near aphelion @ectet al., 1993, Krasnopolsky et al. 1998).
Subsequent MAVEN observations showed consisteotlydeuterium emission brightnesses near
aphelion (Mayyasi et al., 2017). Analysis of D ahthigh resolution profiles, obtained below 300
km, showed significant seasonal variations of dauteabundance at 200 km (Mayyasi et al. 2019,
Bhattacharyya et al. 2020). D densities were faondcrease from 1000+200 Pmear Ls=220°,

to a peak density of 3000+1000 near Ls=290°, tbetetcrease once more, down to 1600+1000
cm3toward the end of the dusty season (Ls=330°). fZheff al. (2018) fit several low-resolution

profiles obtained above 500 km to estimate theeteuh density at 200 km. The fitted values were
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1900+800 cn# at Ls=200° and 4600+1000 cnat Ls = 260°, substantially larger than the dépsit

estimated using high-spectral resolution data.

Light species, such as hydrogen (H) and helium @fe)expected to be more abundant at night
reaching peak abundance in the early morning duhiegouthern summer season (Chaufray et al.
2015a, 2018, Elrod et al. 2017). It is likely tlaaglobal enhancement of deuterium (D) will also
occur on the nightside and that D will reach itsximmum abundance in the early morning. D
emissions are optically thin at Lymanthus the volume emission rate is the product ef th
excitation frequency (g-factor) and the local Dmatoumber density. The excitation frequency is
almost uniform except in the nightside shadow redgwlar zenith angle > 105° at 110 km) where
no excitation can occur. The optically thin D Lyraaremission will be brighter during limb
viewing near the terminator (outside the shadowai tht lower solar zenith angles (SZA) because
the density and path length is at its peak andeiuitation frequency not undimnished. For an
optically thick emission like the H Lymam-the excitation frequency decreases with incregasin
SZA due to the scattering of the solar photonsatbrir propagation path in the atmosphere. The
volume emisson rate for H Lymanis therefore also expected to decrease with hi§zéy (e.g.
Chaffin et al. 2015). Due to these differences iarid H volume emission rates, the ratio of the
deuterium brightness and the hydrogen brightneeslghoe largest for limb-viewing near the

morning terminator.

In early 2015, it was found that IUVS low-resolutimbservations made near the morning
terminator during southern summer season (solgitiaate, Ls = 270°) were not reproducible with
models that included only emission from the therkhgdopulation (Chaffin et al. 2015). During

this time, there were no simultaneous measuremmatie with 1UVS high-resolution mode that

could be used to constrain the additional D Lymamissions. In this study, we further investigate
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the possible contribution of the deuterium Lymaemission to low-resolution observations in
order to explain the observed vertical profile lné brightness, including observations below 500
km. To validate our method, we also consider gtieeiods where the deuterium emission has been
detected with high-resolution observations. In isec2, we describe a specific set of low-
resolution observations that were analyzed alorty am overlapping subset of high-resolution
observations that were used to validate our apprddodels used to interpret the observations are
presented in section 3, validation results areeortesl in section 4, and effects of systematic
uncertainties are presented in section 5. The deateand hydrogen densities, derived for four

chosen periods, are presented and discussed iars6dbllowed by conclusion in section 7.

2. Observations

MAVEN-IUVS observations of the Martian limb are dsfer this study (McClintock et al. 2015).
The instrument line-of-sight is in the orbital ptaof the spacecraft, with the slit parallel to the
normal of the orbital plane (Chaffin et al. 2015%i@ghan et al. 2015, Chaufray et al. 2020).
Observations with a tangent altitude spanning tiiéase to ~250 — 400 km, obtained when
MAVEN was on the outbound portion of its orbit, aeferred to as “outlimb”, in the Planetary
Data System (PDS) archives. Observations with taingkitude spanning ~350 — 3200 km, also
obtained when MAVEN was on the outbound portioiit®brbit, are referred to as “outcorona” in
the PDS. Limb-pointed observations are used (rdkfaer disk-pointed) since they show brightness
profiles with altitude that are needed to constthm deuterium density from the low-resolution

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

The two first periods correspond to southern sumofidvlartian Years 33 and 34, respectively,

where the deuterium emission was detected at i@ With thehigh-resolution mode. These two
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observation periods are therefore used to validhteretrieval since separate D and H Lyman-

vertical profiles are available with similar obsérg geometry for the low-resolution mode.

The third observation period corresponds to a tiwmleen no deuterium was detected above the
noise level of the high-resolution mode. The deiusr brightness at the limb is therefore likely to
be less than the 8-detection threshold of the IUVS detector, ~300NRafyyasi et al., 2019). This
period is used to test that the retrieval methodfoons no deuterium is needed to reasonably match

these observations.

The fourth observation period corresponds to southsummer of Martian Year 32. During this
period, no contemporaneous high-resolution modeeoba&tions were taken while pointed at the
limb, however there were disk-pointed observati¢g@sarke et al. 2017). The observations from
this period, near the morning terminator, were exasd by Chaffin et al. (2015), and were found

to be irreproducible by a model that used a sinlgyelrogen population.

The MAVEN-IUVS observation geometry from each peatie summarized in Table 1.

Orbit #
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| Period 2: near southern solstice MY 34 with simgtaus high-resolution observations
7780
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Figure 1: Examples of vertical profiles of Lymanbrightness obtained during the four periods.
Orbit #4359 from period 1 (blue), orbit #7788 froperiod 2 (green), orbit #1570 from period
3(pink) and orbit #786 from period 4 (black) areosim. The integration time used for the
“outlimb” observations (below ~350-400 km) is shertthan the integration time used for the
“outcorona” (above ~350 — 400 km) leading to a rweiprofile but with finer spatial resolution.

For orbit #4359 only one outlimb of the availabtuf is diplayed, while for orbit #7788, only the

first (SZA = 79°, left green curve) and sixth omb (SZA=54°, right green curve) are displayed
for clarity.

The integration time for the “outlimb” segment (bal ~350 — 400 km) was shorter than the
integration time for the “outcorona” segment (abo¥350-400 km) in order to obtain better spatial
sampling closer to the planet (~5 km sampling foe timb scan and ~35 km for the coronal scan).
Therefore, the data is noisier near the limb. Aghtilimb is observed for orbits #4359 and #7788,

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

As already mentioned, during the two first studieriods, four and six limb scans were obtained
for each orbit, respectively. Example brightneseffes from period 1for orbit #4351 , are shown

in Figure 2. Variations from one limb scan to anetlare small and attributed to various solar zenith
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angles of 80°, 84°, 87° and 90° (Fig. 2, left pan&ata obtained with the FUV 1024x1024 pixel
detector is binned differently for different obsation modes. For the data used in this study, data
were consistently binned into seven spatial binghveach bin as the sum of 115 physical pixels of
the detector along the slit. The differences in brightness between spatial bins is small and myostl
due to the non-uniform sensitivity of the detec{®iig. 2, right panel). Only spatial bins 1-5 are
used in this work due to their higher sensitivifyor the observations of the second period, the
variability from one limb scan to another is larg&ig. 1) due to the larger variations in SZA (Tabl

1) as expected for the H Lymameoptically thick emission (Clarke et al 2014, Chiafet al. 2015).

Orbit #4351

1000 1000
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— limb 1 — binl
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£ — limb 4 — bin4
2 600 600 bin 5 2000
2 — bin6
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200 200 g —4000 4000
A —zoooo 000
e —— 4]
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8 10 12 14 8 10 12 14 40004000
Brightness (kR) Brightness (kR) 000 km

for spatial bin 1. The four limb scans obtainedSiaA = 80° (limb 1), 84° (limb 2), 87° (limb 3)
and 90° (limb 4) and the coronal scan (SZA = 90fg ahown. The uncertainty associated with
each measurement is ~ 600 R for the limb scans ¢hsplayed for clarity) and ~ 300 R for the
coronal scan. Middle panel: Lymambrightness profiles of orbit 4351 observed on 2éclember
2016 for the first limb scan (tangent altitude beem 0 and 250 km) and for the coronal scan
(tangent altitude greater than 350 km) for eaclth&f 7 spatial bins. Right panel: Geometry of the
observation during orbit 4351 in the Mars Sun OrMtSO) frame. All axis are in km. The Martian

surface is red at the dayside and blue at the msiglet MAVEN is moving from the bottom to the
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top and its position is represented by the bladkdsline. The lines of sight of IUVS during the fou
limb scans (near the Martian surface) and the calassctan are represented in green. The sun

direction is shown by the yellow arrow (X axis).

Figures 3 and 4 show the average profile for thretftwo periods, respectively, derived from all
observations using the low-resolution and high-lasion modes. The vertical sampling of the low-
resolution mode for one individual limb scan is B1kFor the low-resolution mode, the average
profile was obtained by binning the data with atveal resolution of 40 km below 50 km, 20 km
between 50 - 80 km altitude, 5 or 10 km betweenl®® km altitude, and 20 km above 160 km
altitude. For the high-resolution data, the vertibmning was between 30 -40 km for period 1, and
between 10 -50 km for period 2. Only observationsene the SZA was between 80° — 90° and 50

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

Figure 3. Comparison between the average Lymalrightness profile obtained with the low-
resolution mode, labeled “FUV” (blue), obtained finathe subset of observations (SZA between
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80 -90°) during period 1, and the high-resolutiaghresolution mode (able to spectrally separate
D and H Lymane lines) for a similar geometry. The error bars camspond to the standard
deviation of all observations done in each altitudenge, and therefore include both real
variability and data noise. For the high-resolutimnde, the statistic is limited to 2-6 observations
in each altitude bin, and so the standard deviai®mot statistically significant. Therefore, we
compute the standard deviation from all high-resmln data between 0 to 300 km and assume the
same value at all altitudes for both D and H. Thw thorizontal black lines on the right indicate
the approximate altitudes, where the vertical aimibl view COp optical depth is unity.

Figure 4. Same as Figure 3 but for period 2. Fads fheriod, the number of observations inside
each altitude bin for the high-resolution mode wwsrbetween 3 and 29 and therefore, the standard
deviation is derived separately for each altitude.bThe two horizontal black lines on the right
indicate the approximate altitudes, where the \eatiand limb view CQ optical depth is unity

The differences in D+H brightness between the l@gealution and the high-resolution modes at
these altitude ranges are less than 10% and withénrange of the uncertainties of each channel
(Chaffin et al., 2015; Mayyasi et al., 2017); tregreement is sufficient. The increase of the H

Lyman-a emission from 100 km to 150 km is mostly due te @ontribution of the interplanetary
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medium (on the order of 100s R), and the planetargtribution of the hydrogen past the tangent

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

The bright limb near 120 km is evident in the awpgaprofiles derived from the low-resolution
mode for the two periods. Limb brightening is nodpected for the hydrogen emission because it
is optically thick, but with moderate thickness+10) the contribution of the spectral wings is not
important. Lymane limb brightening can be produced by proton auro(Beighan et al. 2018,
Hughes et al. 2019), and the deuterium bright limbserved with the high-resolution mode is
present but rather weak (Fig. 3, Fig 4.). The btiilmb is likely due to proton aurora, which is not
accounted for in our models. Therefore, in thisdstuwe only fit the data above 160 km where

auroral emission should be 10 to 20 times less tth@nbrightness at 120 km (Gérard et al. 2019).

3. Models
3.1 Density models

In order to separate the deuterium signal from logem in the low-resolution mode we use a
forward approach, simulating the expected brightnfs different hydrogen density profiles and

looking for the profile which best matches the da@aontrary to Chaffin et al. (2018), we use a

simple fit method with only two free parameters fidéy of hydrogen and density of deuterium at
a reference altitude). Chaffin et al. (2018) hahe@wn that the study of a large set of observations
with a more accurate method would require a protivkeiamount of computational time. Our goal

is to show that useful information on the D/H ratiothe Martian upper atmosphere can be derived
from the spectrally unresolved Lymaniines of D and H. The simple fit approach is thfere

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

future.

The model density profiles (from 80 km to 50,000) kreed to compute the brightness profiles are
parametrized by the hydrogen and deuterium dessitighe exobase and the temperature at the
exobase (see Chaufray et al. 2008, appendix A)tdieerature is chosen in a range close to the
temperature derived from the MAVEN Neutral Gas dod Mass Spectrometer (NGIMS)
measurements using the first eight MAVEN dip-demppaigns (Stone et al. 2018). The deuterium
and hydrogen densities at the exobase are theréggparameters. Sensitivity of variations in the

exospheric temperature on the derived D/H ratiqpaesented in section 4.2.

Recently, it has been suggested that near souslusnmer, most of the atomic hydrogen in the
upper atmosphere could come from water vapor d&soc in the Martian
mesosphere/thermosphere (Chaffin et al. 2017, Stbale 2020). In this case the hydrogen density
profile could be close to perfect mixing with €8@etween 80 and 120 km (Krasnopolsky 2019,
Chaufray et al. 2021). Therefore, we have performest of simulations, solving the diffusion
equation as done by Chaufray et al. (2008) butomittmposing a constant density below 120 km
(case 1). In Chaufray et al. (2008), the hydrogemsdy profile was constant between 80 and 120
km to mimic the effects of the photochemical reawdi (between Hand CQ*) on the density
profiles. We performed another set of simulatiorithvthis assumption (case 2). The vertical
profiles of the thermospheric temperature and ttidyediffusion coefficient are taken from
Krasnopolsky (2002). Examples of H and D densitfif@s for an exospheric temperature of 180
K are shown in Figure 5 for the two cases consitleFaese two cases can be considered as lower
and upper estimates of the density below 120 kne Téal profile should be in-between

(Krasnopolsky 2019).
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The reduction of the hydrogen density scale hetyle to the escape rate (Eg. 3) explains the
increase of the D/H ratio with altitude betweera®d 140 km by a factor 2 and 1.1 for cases 1 and

2, respectively.

At higher altitudes (above ~160 km), w(z) << u(zjlaref~ mH so the decrease in the D/H ratio is
expected and due to the larger scale height ofdA-thermal escape of atomic deuterium, expected
to be large at low solar minimum (Krasnopolsky 20G2ngi et al. 2020), should increase the
deuterium vertical velocity and then reduce itdesteight below 140 km (Eq. 2). Therefore, the

simulated D/H increase between 80 and 140 km mrttudel is an overestimate.

The density profiles above 200 km are computedguai@hamberlain model (Chamberlain 1963)
up to 50,000 km. The full hydrogen and deuteriumsity profiles each depend on only two

guantities, their density and temperature at tlubase.

3.2 Radiative transfer model

We use a Monte Carlo radiative transfer model moutate the spectral volume emission rate of
both H and D. This model has been validated withrttatricial model of Chaufray et al. (2008)
and was used to study the Venusian hydrogen cd@naufray et al. 2012, 2015b). This model
considers the angle-dependent partial frequencystrdmition and non-uniform temperature
profiles. In all the simulations presented here, wge a version including only one thermal
population, since non-thermal populations are gdgk at the studied altitudes (Bhattacharyya et
al. 2017). The hydrogen and deuterium spectralmelamission rates are simulated independently
(the lines are separated by ~40 Doppler units @t@nd vary with altitude and solar zenith angle

only.
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The deuterium emission is optically thin; therefpusing a radiative transfer model should not be
needed. However other effects such as partial giismr by CQ2and the Martian shadow need to
be considered to properly describe the volume ermissates at large SZA or low altitudes. Since
these effects are included in the radiative trangiedel that can simulate the volume emission rate

for an optically thin or thick emission, we adapto simulate the deuterium Lymamemission.

The D and H brightnesses depend linearly on the fiear the center of the solar Lymanline.
The integrated solar Lymaa-line is taken from the MAVEN Extreme Ultraviolet ditor
(EUVM) measurements, assuming all the solar fluxween 121 and 122 nm is due to the solar
Lyman-u line, and using the relation of Emerich et al. QB0 to relate integrated solar flux to the
solar flux at the center of the line. We use themgsavalue to calculate the hydrogen and deuterium
excitation frequency. Observations of the solar lamr spectral line by the Solar Ultraviolet
Measurement of Emitted Radiation (SUMER) instrumeon the Solar and Heliospheric
Observatory (SOHO) show that the differences shdaddess than 20% (Lemaire et al. 2005). An
increase or decrease of the simulated deuteriumhitniess by 20% will increase/decrease the total
(hydrogen + deuterium) simulated brightness by I¢lsan 3%. The associated uncertainty is
therefore considered to be negligible comparedtteeosources of uncertainty which arediscussed

below.

The interplanetary background is assumed to be BQ@& sensitivity study of this parameter is

performed in section 5.
4. Validation of the method

To validate this method, we simulate hypothetic&luterium and hydrogen Lymaam-profiles

assuming a hydrogen density of 2)(5l<0m'3, deuterium density of ﬁ)cm'3, and a temperature of
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200 K at the exobase with the geometric conditiofsrbit #4370. A contribution of 500 R due to
the interplanetary hydrogen is added above 110 KmGaussian noise of magnitudeis added to
the simulated profile which is then fitted usingetbame method for all observations. A sample

simulated profile and corresponding best fit arepdayed in Figure 6.
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hydrogen densities at the exobase are given ineTalFor 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 parameteatetrive the hydrogen density from a Lyman-
observation with forward models (Chaufray et al08). Here we consider different values of the
exospheric temperature to determine how the derivéd ratio vary. The best fit obtained for orbit

#4355 (first period), band 1 are displayed in Figfor T = 160K, T=180K, and T = 200K.
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| #T [ nH(80) | nD(80) | D/H (80 km) | nH (200) | nD(200) | D/H (200 km) | <y
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emissions may be very weak near the terminatoryethg requiring observations from in-situ

instruments or models. In the following sections wonsider Exo= 180K.

5.2 Sensitivity to the density profiles in the lomt&ermosphere.

We have performed the same derivation using therbgdn and deuterium density profiles given
by case 2: constant hydrogen and deuterium derssiiegween 80 and 120 km (see section 3) for

the full set of observations during the period JeTresults are summarized in Table 4.

case
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Because the hydrogen Lymaremission is optically thick, a large change offoggn density
leads to a small variation in brightness. Thereftite derived atomic hydrogen density is very
sensitive to the absolute calibration of a UV spegiaph and we expect the derived D/H ratio to
be also very sensitive to the calibration. The wagety on the solar flux at the center of the

Lyman-o has the same effect because the simulated brigghte@roportional to it.

To check the sensitivity of the derived densitied B/H, we consider an uncertainty of 20% in
the absolute calibration and multiply the observedhtness by a factor A = 0.8 or 1.2. Such
uncertainty is near the absolute calibration udety 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 latt is less sensitive to the absolute calibratio
The uncertainty on the derived D/H ratio associdte@n uncertainty of 20% on the absolute
calibration can be at most a factor of 10 and fleas 2 for an uncertainty of 10% on the absolute
calibration (or solar flux at Lymaa}. Fits of Lymane profiles, including a scaling factor “1/A”
on the modeled brightness as a free parameteresuggalue of ~ 0.9 is most likely (Chaffin et
al. 2018). This is equivalent to multiplying thesebved brightness by A=1.1, which indicates that
case A=0.8 is unlikely. If we don’t consider thisse, the uncertainty on the D/H ratio is reduced

to a factor of 2.5.

5.4) Sensitivity to the estimate of the interplamgtmedium brightness

We also perform a sensitivity study with the estedabrightness of the interplanetary medium,
the derived parameters are less sensitive tonttth@other parameters (Table 4). For this study we

used a range of interplanetary hydrogen bright(i€3) values expected at Mars (e.g. Chaufray

et al. 2008).
IPB nH (80)
(kR)
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All these factors are expected to be independdrd,ihterplanetary medium brightness and IUVS
calibration are obviously independent of the Mamtiatmosphere and one another, while the
exospheric temperature is controlled by the EUV/FBdlar flux and the shape of the profile below
120 km is controlled by the water vapor in the mgstoere. Their combined effects on the retrieved
parameters however are not independent. For examyslieg a scale factor A=1.2 will reduce the
sensitivity to the interplantery brightness sinterielative brightness will decrease. Therefore th
overall systematic uncertainty is not straightfomnddo derive but the analysis above indicates the

most important effects.

6. Results and Discussion

6.1) Period 1: December 2016

We first estimate the D/H ratio from the two firgeriods where simultaneous limb observations
were performed with the two spectral modes by IUVS:or period 1, using the empirical
relationship between the solar Lymanflux (~ 3.3x103W/m? for this period) and the dayside

exospheric temperature from Bougher et al. (201¢3ds to a temperature of 220K.

All the observations are performed close to themt@rator in the winter hemisphere, i.e., close to
regions unilluminated for an entire Martian seasord partly heated by polar warming. The local
exospheric temperature is expected to be lower ttten dayside temperature. Global Martian
Circulation Models and MAVEN/NGIMS observations gept exospheric temperature ~ 120 -
140 K on the nightside (Gonzalez-Galindo et al. 20Bougher et al. 2015, Stone et al. 2018). We
therefore consider an exospheric temperature T betwl60 — 200 K. This choice is also justified
a-posteriori because for temperatures larger th@ad R, the derived D brightness is larger than the

D brightness measured with the high-resolutionméakeshown in section 5.1). This choice is also
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in agreement with the temperature at SZA=90° useMayyasi et al. (2019). The derived D/H
ratio is very sensitive to this choice which is afehe main limiting aspects of the method as

discussed in section 5.

The hydrogen and deuterium densities at the exdd@&sthe free parameters used to fit the total
Lyman-o brightness measured by IUVS. We perform suchfarfithe 8 observations and 5 spatial
bins (we excluded bin 0 and bin 6) of each obsemandependently. An example of the best fit
of Lyman-o brightness for H, D and the sum is shown for BEKLin Figure 8. The average values
of the D and H brightness profiles measured withhigh-resolutionmode (see section 2) are also
shown. For clarity, we only display one limb schuot similar results are obtained for other limb
scans. Although, the deuterium brightness prddildaser to the deuterium average high-resolution
mode profile for limb scan 1, and the hydrogen itgofloser to the hydrogen average high-

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

The different observations can be reproduced reddpnBelow 160 km, the observed brightness
is slightly larger than the best-fit modeled brigtgs (see also Fig. 6). This difference could lee du
to emissions from proton aurorae, not includedheftt (Halekas et al. 2015, Deighan et al. 2018,
Ritter et al. 2017; Hughes et al., 2019). The praarora brightness is sharply peaked near the

bright limb with a scale height equal to the 8f@nsity scale height (~ 10km), much less than the

deuterium scale height (~ 100 km).
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The estimated deuterium and hydrogen Lymarightness are in reasonable agreement with the
high-resolution mode average profile (Fig. 8). Tbamfirms that during this season, part of the
observed bright limb with the low-resolution modelikely due to deuterium, as expected, and
allows constraining the properties of the deuteramission from the Lyman-brightness profile
near the limb, even if the D and H Lymanrines are not spectrally resolved. Above 1000 tma,
contribution of the deuterium brightness to thaltrightness is negligible. No large variations
are derived from this set of observations. The @&uh density at the exobase is between 2.3-
7.0x1PcnmS mostly larger than the deuterium density at th@seslar point derived by Mayyasi et
al. (2019) from a large set of high-resolution glaagons (3000+1000 cf%. Such a difference can
be attributed to local time variations, since arréase of the deuterium abundance from dayside
to nightside is expected (Chaufray et al. 2015k derived deuterium and hydrogen densities at
80 km (below the homopause) for an exospheric teatypes of 160, 180 and 200 K are given in
Table 3. The derived D/H ratio at 80 km is betw&eh— 3.6 x13 which is larger than the D/H
ratio measured in the water vapor (9143€blﬁear the surface of Mars (Owen et al. 1988). Othe
effects due to HDO and 2 condensation and photochemistry (Bertaux and Messin 2001,
Krasnopolsky 2002), and exospheric balistic transfihaufray et al. 2018), are not included in
our simple models and should be included to betgmate the full vertical D/H profile. Assuming

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

profile would lead to an even larger derived D/iHaat 80 km.
6.2) Period 2: September 2018

As for the previous period, simultaneous obserwatitom low-resolution and high-resolution
modes were performed during this period. Six “ooltii scans were observed for each orbit, with

tangent altitude moving from ~ 80 to 300 km witle tiow-resolution mode. During the same
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period, four limb scans were performed with thehkigsolution high-resolution mode. The SZA
at the tangent point is different for each “outlimfcan (Table 1). The expected dayside
temperature derived from the empirical relatiorBougher et al. (2017) is 220 K. Best fits are
obtained with an exospheric temperature of 180 K.efample of Lyman brightness for H, D

and their sum, derived from the best fit, are shéw = 180K in Figure 9. The average brightness
profile of D and H, measured with the high-resa@ntimode (see section 2), is also shown for

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

with the average profiles for the two species alia@ km.
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Figure 9. Vertical variations of the Lymanbrightness observed by MAVEN/IUVS during orbit
#7788 in spatial bin 1 compared to the hydrogen daaterium Lymar-brightness and their sum

derived from the best fit. For clarity, we only shone of the four limb scans below 300 km. For
this data SZA = 63° while the observations above 3 were at SZA = 54° explaining the small
discontinuity of the observed brightness near 360 Khe average deuterium and hydrogen

Lymane profiles derived from the high-resolution modeafuge stars) are also shown for
comparison.
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The observed profile below 160 km, not used to detthe free parameters, is not well reproduced.
A better fit would be obtained with a weak protoararae (few 100s R) during this period. Table

7 summarizes the derived parameters for exosphemperatures between 180 — 220 K. Note that
the derived D/H ratio is slightly less sensitivethee temperature inside this temperature range than
at temperatures considered for the previous pe(iable 2), and the derived D/H ratio decreases

with the temperature.

#T
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This period corresponds to a season without deutedetection in the high-resolution mode data
(Mayyasi et al. 2017). The deuterium brightnessxigected to be less than 300 Rayleighs, much
lower than the hydrogen brightness, and therefeeedo not expect to characterize the deuterium
emission in the low-resolution mode. We use thrsopleof observations to check that our method
correctly predicts no deuterium detection. Thesseolations had SZA ~ 60° (Table 1) and thus
the exospheric temperature can be estimated direoth the empirical relation between the solar
flux and the temperature derived by Bougher g28l17), leadingto a temperature between 180 —
220 K. Contrary to periods 1 and 2, for this penael consider the density profile case 2 because
no water vapor is expected to reach the lower thepinere and therefore the density profiles
should be controlled by the photochemical reactioetsveen H and ions (Krasnopolsky 2002,
2019). For most of the observed profiles, the et obtained without deuterium, for example as

shown in Figure 10.
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Figure 10. Vertical variations of the Lymanbrightness observed by MAVEN/IUVS during orbit
#1570 on spatial bin 1 compared to the hydrogendewerium Lymar-brightness and their sum
derived from the best fit, assuming an exospherigerature of 200K.

This result agrees with the absence of a strongedam signal (larger than 300 R) directly
measured with the high-resolution mode. The derhlwattogen density at 200 km is between 0.8
— 1.5 x 16 cn® depending on the exospheric temperature. AssumDiH ratio of 1x16 at 200

km, close to the value measured in the lower atimergy we should expect a deuterium density of
~ 80 — 150 cmi at 200 km, which gives us a lower limit estimatéhe deuterium density at 200
km detectable by our method. Using case 1 profitess not change the results, in that case, the
best fit is also obtained without deuterium anddbaved hydrogen density at 200 km is between

0.8 — 1.4 x 1Bcnt. This density is lower than the density deriveahfrthe other periods near
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southern summer, as expected from the seasonahtvamis of the hydrogen density (Chaffin et al.

2014, Bhattacharyya et al. 2017, Chaufray et a0

6.4) Period 4: Feb — March 2015

The observations for this period were made at thogmng terminator near 3® latitude (see Table
1), and, like periods 1 and 2, were near perihelidn this time, the solar flux at Lymaa-(and
therefore the exobase temperature) was larger thenDecember 2016 or the September 2018
period by ~ 20% (Table 1), and rescaling the tenapere used for December 2016 by 20% would
lead to a temperature ~260 K. However, these obetéons were performed near the morning
terminator where the horizontal temperature gradisiarge and the temperature lower than other
parts of the terminator (Stone et al. 2018). Theref for this period, we will consider an exobase
temperature between 180 and 220 K. The sensitigftyhe derived D/H ratio with the assumed
exospheric temperature is given in Table 8. The fite slightly better for T =180 K while for
temperatures larger than 200 K, the deuterium hriges reached 2 kR which is rather large
compared to what has been observed with the higlitgion mode thus far (e.g. Mayyasi et al.
2019). As indicated in Table 8, the derived D/Hioaat 80 km is closer to the value measured in

the lower atmosphere when assuming T = 180 K.

#T

This article is protected by copyright. All rights reserved.



confirming that these profiles, which could notflievith a singlehydrogen population for these
observations (Chaffin et al. 2015), can be fitigiuding the non-negligible D Lymamemission.

As shown in Fig. 11, the brightness profile is aksal reproduced below 160 km, suggesting that
proton aurorae were negligible during this peribatludingthe profile below 160 km in the fit

doesnot change the derived average deuterium airddsn densities for this period.

Figure 11. Vertical variations of the Lymanbrightness observed by MAVEN/IUVS during orbit
#786 on band 1 compared to the hydrogen and deutetiymans brightness and their sum
derived from the best fit, assuming an exosphengerature of 180K.

Chaffin et al. (2018) studied a set of profilesfpened with the low-resolution mode in December
2014 (Ls = 250-260°), at latitude 50° S and logakt3 pm, slightly before these observations.

Only the Lymane. brightness profile above 500 km was fitted foethdifferent assumptions: only
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a thermal hydrogen population, hydrogen and dauterand a thermal and non-thermal hydrogen
population. For the second assumption, the deavetdage hydrogen density at 200 km was equal
to 1.2x16 cn13, the average exospheric temperature 190 K, andwbeage deuterium density at
200 km equal to 4700 cfn resulting in a derived D/H ratio of ~ 4x30The hydrogen and
deuterium densities are slightly lower than thosederive for period 4, but are consistent with an
increase of light species abundances near moremmgriator. However, this comparison should
be considered carefully since a scale parameterQ88# was also derived from the fits, which

would further reduce the derived densities (se&meb).

As for period 1, the derived deuterium density@@ 2m (between 4-9x£@&nt?) for the period 4
data is larger than the derived density at thesal@r point from high-resolution observations
(Mayyasi et al. 2019), which can be explained dua targer deuterium density at the terminator
than the sub-solar point, especially at morning $€haufray et al. 2015, 2018). The ranges of the
derived hydrogen and deuterium densities at 80 ey the homopause) for the full set of
observations are given in Table 8. The derivedearfd/H at 80 km is between [0.6 — 3.7] x 10

3 respectively, lower than the derived D/H ratioidgrperiod 1, but in the range of the D/H ratio
measured during period 2 and in Martian water vapbe derived hydrogen density at 200 km,
between 0.6 — 4.5 x8@n?3, is larger than the simulated hydrogen densitya(@tay et al. 2018)
whichcould be attributed to a larger amount of watapor at high altitudes during this season

(Chaufray et al. 2021).

7. Conclusion

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

vertical profiles observed with the low-resolutiomode of MAVEN/IUVS for four different
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periods. The D/H ratio can be derived from low-te8on data during the southern summer period,
when the deuterium emission is at its brightest mmlesents ~ 10% of the hydrogen emission
below 300 km. Most of the uncertainty in the dediviensities and D/H ratio are not due to noise
in the databut rather caused by assumptions matteimodels to derive the D/H ratio, and the
absolute calibration. Specifically, 1) the exospheEmperature, 2) the density profile below 120
km and 3) absolute calibration used for the retdiezan lead to systematic error in D/H at 80 km
of a factor of ~ 10. This is currently the main ikation of our method however the two first
assumptions could be improved in the future, (elyy, using improved2D or 3D
empirical/numerical temperature model distributiofr different seasons, as done by
Bhattacharyya et al. 2020). For the first two pesistudied, near simultaneous observations were
performed with the IUVS high-resolution mode and-@solution mode making it possible to
provide an estimate of the exospheric temperathased on the best fit. For the third period, when
the deuterium abundance is expected to be veryirotlie upper atmosphere, no deuterium is
detected usingour method. For the fourth periog pilesence of deuterium can explain the shape
of the vertical brightness profiles and be use@dtmate the D/H ratio even though no high-
resolution mode observations were performed. Algjinoilne systematic errors due to the retrieval
method are rather large, these may be improved uptre future. This method could be useful
for estimating the D/H ratio in the upper atmosghef Mars on future missions lacking high-

spectral resolution UV channels, such as for th@&ies Mars Mission launched in 2020.
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