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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 Lan guage Sum m ary

W ater v apor in the M artian atm osph ere is enrich ed in deuterium , co m pared to the atm osph ere and
oceans of E arth. This en richm ent is caused b y th e preferential escape of atom ic h ydrogen over its
deuterium isotope, as integrated over tim e, due to its low er m ass. T herefore, m easurin g the D /H
ratio and understanding its spatial and tem poral variation is im portant for estim atin g th e evolution
of w ater escape fro m M ars over tim e. In this study, w e use m od els to estim ate the D /H ratio at 80
and 200 km from low resolution Lym an-α lim b profiles m easured b y the Im agin g U ltraviolet
Spectrograph (IU V S) abo ard the M ars A tm osphere and V olatile E volutioN (M A V E N ). D urin g the
southern sum m er season at M ars, the derived D /H ratio profiles, ex trapolated dow n to 80 km , agree
w ith the H D O /H 2O ratio m easu red b y other instrum ents. H ow ever, at 20 0 km , the derived H /D
ratios are larger than in the low er atm osph ere due to the m ore efficient escape of lighter h ydro gen
atom s co m pared to d euterium atom s. T he m ain sources o f uncertainties in the D /H ratio derivation
are also presented.

1. I n t r od u ct ion

E stim atin g the w ater escape rate throu ghout M ars’ history dep ends stron gly on the w ater reservoirs
available to ex chan ge w ith the atm osphere, and the tim escale for that ex chan ge. The D /H ratio in
a planetary atm osphere is a key param eter for diagnosing w ater loss from a planet. H ydrogen and
deuterium ato m s can escape through a variety of processes that need to be constrained to accurately
estim ate present and past w ater loss rates (e.g. C an gi et al. 2020). O n M ars, the glob ally averaged
D /H ratio is five tim es larger than that m easured in the terrestrial oceans (O w en 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 “highresolution”.
Early in the MAVEN mission when Mars was close to perihelion, the deuterium Lymanαbrightness, 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 lowresolution 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 therefo re used to validate the retrieval since sep arate D and H Lym an-α
vertical profiles are available w ith sim ilar observin g geo m etry for the low -resolution m ode.

T he third observation period corresponds to a tim e w hen no deuterium w as detected above the
noise level o f the high-resolution m ode. T he d euterium b rightness at the lim b is th erefore likely to
be less than the 3- detection threshold of the IU V S d etector, ~300 R (M ayyasi et al., 2019). This
period is used to test that the retrieval m ethod confirm s no deuterium is need ed to reasonably m atch
these observations.

T he fourth observation period corresponds to southern sum m er of M artian Y ear 32. D urin g this
period, no contem poraneous high-resolution m od e observ ations w ere taken w hile pointed at the
lim b, how ever there w ere disk-pointed observations (C larke et al. 2017 ). T he observ ations from
this period, near the m ornin g term inator, w ere ex am ined b y C h affin et al. (2015), and w ere found
to be irreproducible b y a m odel that used a sin gle-hydro gen population.

T he M A V E N -IU V S observation geom etry from each period is sum m arized in T able 1.

O rbit #
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Period 2: near southern solstice MY 34 with simultaneous high-resolution observations
7780
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F igur e 1: Exa mples of ver tica l pr ofiles of Lyma n -α br ightness obta ined dur ing the four per iods.
O r bit # 4359 fr om per iod 1 (blue), or bit #7788 fr om per iod 2 (gr een ), or bit # 1570 fr om per iod
3(pink) a nd or bit #786 fr om per iod 4 (bla ck) a r e shown. The integr a tion time used for the
“ outlimb” obser va tions (below ~350-400 km) is shor ter tha n the integr a tion time used for the
“ outcor ona ” (a bove ~350 – 400 km) lea ding to a noiser pr ofile but with finer spa tia l r esolution.
F or or bit #4359 only one outlimb of the a va ila ble four is dipla yed, while fo r or bit # 7788, only the
fir st (SZA = 79°, left gr een cur ve) a nd sixth outlimb (SZA= 54°, r ight gr een cur ve) a r e displa yed
for cla r ity.
T he integration tim e for the “outlim b ” segm ent (below ~350 – 400 km ) w as shorter than the
integration tim e for the “outcorona” segm ent (above ~35 0-400 km ) in order to obtain better spatial
sam plin g closer to the planet (~5 km sam pling for the lim b scan and ~35 km fo r the coronal scan).
T herefo re, the data is noisier near the lim b. A bright lim b is observed for orbits #4359 and #7788,
and to a lesser ex tent in orbit #786 near 120 km m ostly due to proton au rorae (H u ghes et al. 2019).

A s alread y m entioned, durin g the tw o first studied periods, four and six lim b scans w ere obtained
for each orbit, respectively. E xam ple brightness p rofiles from period 1fo r orbit #4351 , are show n
in Figure 2. V ariations from one lim b scan to another are sm all and attributed to various solar zenith
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d etecto r is b in n ed d ifferen tly fo r d ifferen t o b serv atio n m o d es. Fo r th e d ata u sed in th is stu d y, d ata
w ere co n sisten tly b in n ed in to sev en sp atial b in s, w ith each b in as th e su m o f 1 1 5 p h ysical p ix els o f
th e d etecto r alo n g th e slit. T h e d ifferen ces in th e b righ tn ess b etw een sp atial b in s is sm all an d m o stly
d u e to th e n o n -u n ifo rm sen sitiv ity o f th e d etecto r (Fig. 2 , righ t p an el). O n ly sp atial b in s 1 -5 are
u sed in th is w o rk d u e to th eir h igh er sen sitiv ity. Fo r th e o b serv atio n s o f th e seco n d p erio d , th e
v ariab ility fro m o n e lim b scan to an o th er is larger (Fig. 1 ) d u e to th e larger v ariatio n s in S Z A (T ab le
1 ) as ex p ected fo r th e H L ym an -α o p tically th ick em issio n (C lark e et al 2 0 1 4 , C h affin et al. 2 0 1 5 ).

F ig u r e 2 Left p a n el: Ver tica l p r o files o f th e Lyma n -α b r ig h tn ess m ea su r ed b etween 0 a n d 1 0 0 0 km
fo r sp a tia l bin 1 . Th e fo u r limb sca n s o b ta in ed a t SZA = 8 0 ° (limb 1 ), 8 4 ° (limb 2 ), 8 7 ° (limb 3 )
a n d 9 0 ° (limb 4 ) a n d th e co r o n a l sca n (SZA = 9 0 °) a r e sh o wn . Th e u n cer ta in ty a sso cia ted with

ea ch m ea su r em en t is ~ 6 0 0 R fo r th e limb sca n s (n o t d isp la yed fo r cla r ity) a n d ~ 3 0 0 R fo r th e
co r o n a l sca n . M id d le p a n el: Lyma n -α b r ig h tn ess p r o files o f o r b it 4 3 5 1 o b ser ved o n 2 6 D ecemb er
2 0 1 6 fo r th e fir st limb sca n (ta n g en t a ltitu d e b etween 0 a n d 2 5 0 km) a n d fo r th e co r o n a l sca n
(ta n g en t a ltitu d e g r ea ter th a n 3 5 0 km) fo r ea ch o f th e 7 sp a tia l b in s. Rig h t p a n el: G eo m etr y o f th e
o b ser va tio n d u r in g o r b it 4 3 5 1 in th e M a r s Su n O r b it (M SO ) fr a me. All a xis a r e in km. Th e M a r tia n
su r fa ce is r ed a t th e d a ysid e a n d b lu e a t th e n ig h tsid e. M AVE N is mo vin g fr o m th e b o tto m to th e

This article is protected by copyright. All rights reserved.

Accepted Article

top a nd its position is r epr esented by the bla ck solid line. The lines of sight of IU VS dur ing the four
limb sca ns (nea r the Ma r tia n sur fa ce) a nd the cor ona l sca n a r e r epr esented in gr een. The sun
dir ection is shown by the yellow a r r ow (X a xis).

Figures 3 and 4 show the average profile fo r the first tw o periods, respectively, deriv ed from all
observations usin g the lo w -resolution and high-resolution m odes. The vertical sam plin g of the low resolution m ode for one individual lim b scan is 5 km . For the low -resolution m ode, the average
profile w as obtained b y binning the data w ith a vertical resolution of 40 km below 50 km , 20 km
betw een 50 - 80 km altitude, 5 or 10 km betw een 80-160 km altitude, and 20 km above 160 km
altitude. For the high-resolution data, the vertical binnin g w as betw een 30 -40 km fo r period 1, and
betw een 10 -50 km fo r p eriod 2. O nly observation s w here the SZ A w as betw een 80° – 90° and 50
– 60° w ere used for period 1 and 2, respectively.

F igur e 3. C ompa r ison between the a ver a ge Lyma n-α br ightness pr ofile obta ined with the lowr esolution mode, la beled “ F U V” (blue), obta ined fr om the subset of obser va tions (SZA between
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80 -90°) dur ing per iod 1, a nd the high-r esolution h igh-r esolution mode (a ble to spectr a lly sepa r a te
D a nd H Lyma n-α lines) for a simila r geometr y. The er r or ba r s cor r espond to the sta nda r d
devia tion of a ll obser va tions done in ea ch a ltitude r a nge, a nd ther efor e include both r ea l
va r ia bility a nd da ta noise. F or the high-r esolution mode, the sta tistic is limited to 2-6 obser va tions
in ea ch a ltitude bin, a nd so the sta nda r d devia tion is not sta tistica lly significa nt. Ther efor e, we
compute the sta nda r d devia tion fr om a ll high-r esolution 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 bla ck lines on the r ight indica te
the a ppr oxima te a ltitudes, wher e the ver tica l a nd limb view C O 2 optica l depth is unity.

F igur e 4. Sa me a s F igur e 3 but for per iod 2. F or this per iod, the number of obser va tions inside
ea ch a ltitude bin for the h igh-r esolution mode va r ies between 3 a nd 29 a nd ther efor e, the sta nda r d
devia tion is der ived sepa r a tely for ea ch a ltitude b in. The two hor izonta l bla ck lines on the r ight
indica te the a ppr oxima te a ltitudes, wher e the ver tica l a nd limb view C O 2 optica l depth is unity

T he differences in D +H brightness betw een the low -resolution and the high-resolution m odes at
these altitude ran ges are less than 10% and w ithin the ran ge of the uncertainties of each channel
(C haffin et al., 2015; M ayyasi et al., 2017 ); this agreem ent is sufficient. The in crease o f the H
L ym an -α em ission from 100 km to 150 km is m o stly due to the contribution of the interplan etary
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m ediu m (on the order of 100s R ), and the planetary contribution of the h ydrogen past the tangent
line w hich is fully absorbed b y th e C O 2 below ~ 1 00 km and not abso rbed above 150 km .

T he bright lim b near 12 0 km is evident in the average profiles derived from the low -resolution
m ode for the tw o periods. Lim b b rightening is not ex pected for the h ydrogen em ission because it
is optically thick, but w ith m oderate thickness ( ~10) th e contribution of the spectral w in gs is not

im portant. L ym an -α lim b brightenin g can be pro duced b y proton aurorae (D eighan et al. 2018,

H u ghes et al. 2019), and the deuterium bright lim b observed w ith the high-resolution m ode is
present but rather w eak (Fig. 3, Fig 4.). The bright lim b is likely due to proton aurora, w hich is not
accounted for in our m o dels. Therefo re, in this stud y, w e only fit the data above 160 km w h ere
auroral em ission should be 10 to 20 tim es less than the brightness at 120 km (G érard et al. 2019).

3. M od els
3.1 D en sit y m od els

In order to separate the deuterium signal fro m hyd ro gen in the low -resolution m ode w e use a
forw ard approach, sim ulatin g th e expected brightness for different h yd ro gen density pro files and
looking fo r the profile w hich best m atch es the data. C ontrary to C haffin et al. (2018), w e use a
sim ple fit m ethod w ith only tw o free param eters (density of h ydro gen and density of deuterium at
a referen ce altitude). C haffin et al. (2018) have sh ow n that the stud y of a large set of observations
w ith a m ore accu rate m ethod w ould require a p rohibitive am ount o f com putational tim e. O ur goal
is to show that useful info rm ation on the D /H ratio in the M artian upper atm osphere can be derived
from the sp ectrally un resolved Lym an-α lines of D and H . T he sim ple fit approach is therefo re

considered su fficient, an d the effects of other un constrained param eters are discussed in detail in

This article is protected by copyright. All rights reserved.

Accepted Article

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).
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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 tr ansfer 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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T he deuteriu m em ission is optically thin; therefore, using a radiative transfer m odel should not be
needed. H ow ever other effects such as partial absorption by C O 2 and the M artian shadow need to
be considered to p roperly describ e the volu m e em ission rates at large SZA or low altitudes. Since
these effects are includ ed in the radiative transfer m odel th at can sim ulate the volum e em ission rate
for an optically thin or th ick em ission, w e adapt it to sim ulate the deuterium Lym an -α em ission.

T he D and H brightnesses depend linearly on the flux near the center of the solar Lym an -α line.
T he integrated solar L ym an-α line is taken fro m the M A V EN Ex trem e U ltraviolet M onitor

(E U V M ) m easurem ents, assum ing all the solar flux betw een 121 and 122 nm is due to the solar
L ym an -α line, and using the relation of E m erich et al. (2005) to relate integrated solar flux to the
solar flux at the center of the line. W e use the sam e value to calculate the h yd ro gen and deuterium
ex citation frequency. O b servations of the solar L ym an -α spectral line by the Solar U ltraviolet
M easurem ent of E m itted R adiation (SU M ER ) instrum ent on the S olar and H eliospheric
O bservatory (SO H O ) sho w that the differences sh ould be less than 20% (Lem aire et al. 2005). A n
increase or d ecrease of the sim ulated deuterium b rightness b y 20% w ill increase/decrease the total
(h ydrogen + deuteriu m ) sim ulated brightness by less than 3% . T he associated uncertainty is
therefore considered to b e negligible com p ared to other sources o f uncertainty w hich arediscussed
below .

T he interplan etary b ackground is assu m ed to be 500 R , a sensitivity study o f this param eter is
perform ed in section 5.

4. Valid ation of th e m ethod

T o validate this m ethod, w e sim ulate h ypothetical deuterium and h ydro gen Lym an-α profiles
assum in g a h ydrogen density o f 2x10 5 cm -3, deuterium d ensity of 10 3 cm -3, and a tem perature of
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200 K at the ex obase w ith the geom etric conditions of orbit #4370. A contribution of 500 R due to
the interplanetary h ydro gen is added above 110 km . A G aussian noise of m agnitude σ I is added to

the sim ulated profile w h ich is then fitted using the sam e m ethod fo r all observations. A sam ple
sim ulated profile and correspondin g b est fit are displayed in Figure 6.

α brightness assuming hydrogen and deuterium
Fig. 6. Simulated
vertical
profile
(black) and
of the
Lymandensities
at the exobase
equal
to 200,000
1000
cm-3 respectively, an exospheric temperature equal to
200K and an interplanetary background of 0.5 kR. Agaussian 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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T he ex ospheric tem perature is a crucial param eter to derive the h ydrogen density from a Lym an-α
observation w ith forw ard m odels (C haufray et al. 2008). H ere w e consider different values o f the
ex ospheric tem perature to determ ine how the derived D /H ratio vary. The b est fit obtained for orbit
#4355 (first period), b and 1 are displayed in Fig. 7 for T = 160K , T =180K , and T = 200K .

α brightness observed by MAVEN/IUVS during orbit
Fig. 7. Vertical variations of the Lyman#4355 onspatial bin1(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 kmare simulated.
Withall 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 givenin Table 3.
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em issions m ay be very w eak near the term inator, thereb y requirin g observations fro m in-situ
instrum ents or m odels. In the follow ing sections, w e consider T exo = 180K .

5.2 Sensitivity to the density profiles in the low er therm osphere.

W e h ave perform ed the sam e derivation usin g the h ydro gen and deuteriu m density profiles given
b y case 2: constant h ydro gen and deuteriu m densities betw een 80 and 120 km (see section 3) for
the full set of observation s durin g the period 3. Th e results are sum m arized 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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A ll these factors are expected to be independent, the interplanetary m edium b rightness and IU V S
calibration are obviously ind ependent of th e M artian atm osphere and o ne another, w hile the
ex ospheric tem p erature is controlled b y th e E U V /FU V solar flux and the shape of the profile b elow
120 km is controlled b y the w ater vapor in the m esosphere. T heir co m bined effects on the retrieved
param eters how ev er are not independent. Fo r ex am ple, using a scale facto r A = 1.2 w ill reduce the
sensitivity to the interplantery brightn ess since its relative brightness w ill decrease. Therefore, the

overall system atic uncertainty is not straightforw ard to deriv e but the analysis above indicates the
m ost im portant effects.

6. R esu lt s a n d D iscu ssio n

6.1) P er iod 1: D ecem b er 2016
W e first estim ate the D /H ratio fro m the tw o first periods w h ere sim ultan eous lim b observations
w ere perform ed w ith the tw o sp ectral m odes by IU V S.

For p eriod 1 , usin g the em pirical

relationship betw een the solar L ym an-α flux (~ 3.3x10 -3 W /m 2 for this period) and the dayside
ex ospheric tem p erature from B ougher et al. (2017 ), leads to a tem perature of 220 K .

A ll the observations are perform ed close to the term inator in the w inter hem isphere, i.e., close to
regions unillum inated for an entire M artian season and partly heated b y polar w arm in g. The local
ex ospheric tem perature is expected to be low er than the dayside tem perature. G lobal M artian
C irculation M odels and M A V E N /N G IM S observations su ggest ex ospheric tem perature ~ 120 140 K on th e nightside (G onzalez-G alindo et al. 2009, B ough er et al. 2015, Stone et al. 2018). W e
therefore consider an ex ospheric tem perature T b etw een 160 – 200 K . This choice is also justified
a-posteriori because fo r tem peratures larger than 200 K , the deriv ed D brigh tness is larger than the
D brightness m easured w ith the high-resolutionm ode (as show n in section 5.1). T his 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 highresolution 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 2.37.0x103 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) Period 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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T he observed p rofile below 160 km , not used to d erive the free p aram eters, is not w ell reproduced.
A better fit w ould be obtained w ith a w eak proton aurorae (few 100s R ) du rin g this period. Table
7 sum m arizes the deriv ed param eters for ex ospheric tem peratures betw een 1 80 – 220 K . N ote that
the derived D /H ratio is slightly less sensitive to the tem p erature inside this tem perature range than
at tem peratures considered for the previous perio d (Table 2), and the derived D /H ratio d ecreases
w ith the tem perature.

#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 sum m er, as ex pected from the season al variations of the hydro gen density (C haffin et al.
2014, B hattacharyya et al. 2017, C haufray et al. 2021).

6.4) P er iod 4: F eb – M a r ch 2015
T he observations for this period w ere m ad e at the m ornin g term inator near 30S latitude (see Table
1), and, like periods 1 and 2, w ere near perihelion. A t this tim e, the solar flux at L ym an-α (and
therefore the ex obase tem perature) w as larger than the D ecem ber 2016 or the Septem ber 2018
period by ~ 20% (Table 1), and rescalin g the tem perature used for D ecem ber 2016 b y 20% w ould
lead to a tem peratu re ~260 K . H ow ever, these observations w ere perform ed near the m ornin g
term inato r w here the horizontal tem p erature gradient is large and the tem perature low er than other
parts of the term inator (Stone et al. 2018). T herefo re, for this period, w e w ill consider an ex obase
tem perature betw een 180 and 220 K . The sensitivity of the d erived D /H ratio w ith the assum ed
ex ospheric tem perature is given in T able 8. T he fits are slightly better fo r T = 180 K w hile fo r
tem peratures larger than 200 K , the deuterium brightness reached 2 kR w hich is rather large
com pared to w hat has been observ ed w ith the high-resolution m od e thus far (e.g. M ayyasi et al.
2019). A s indicated in Table 8, the derived D /H ratio at 80 km is closer to the value m easured in
the low er atm osphere w hen assum ing 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 103

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