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Abstract The D/H ratio and its implications on the atmospheric escape, make it an essential observable
to study the current and past inventory of water on Mars. With the arrival of the Trace Gas Orbiter around
Mars, new measurements of the D/H ratio are now available and require tools to interpret the observations
and understand the HDO cycle. We here present simulations of an updated version of the Laboratoire de
Meétéorologie Dynamique Mars Global Climate Model which includes HDO and in particular the fractionation
processes it undergoes. We compare our model simulations with the HDO observations in solar occultation
from the Atmospheric Chemistry Suite mid-infrared channel on board the Trace Gas Orbiter (Alday et al.,
2021; https://doi.org/10.5281/ZENODOQ.5100448). The model successfully reproduces the general trends

of the D/H ratio, indicating that the main physical processes are captured by theory. A consistent simulation
of condensation processes is found to be key in the representation of the D/H ratio. Improvements in the
representation of clouds and on the water cycle will help improving the representation of the HDO cycle and
better help extrapolate back in times the conditions of water escape on Mars.

Plain Language Summary Understanding how the Martian climate affects the isotopic ratio of
water is key to understand the history of water on the planet. We use a general circulation model to simulate the
cycle of HDO, an isotope of water, in the atmosphere of Mars. We compare our model results with spacecraft
observations from the Atmospheric Chemistry Suite spectrometer on board the Trace Gas Orbiter, currently in
orbit around Mars. Our model provides a good qualitative agreement with the observations. We find that the
condensation of water vapor into ice is a critical process for determining the isotopic ratio of the vapor phase.

1. Introduction

The study of HDO is important to understand the history of water on Mars. The D/H ratio is an indicator of the
escape of water, since D atoms are heavier and escape less easily than H atoms. Compared to the Earth value,
the current D enrichment in H,O isotopologues suggests water was initially 6 times more abundant on Mars than
nowadays (Villanueva et al., 2015).

But different phenomena can modify the local D/H ratio. In particular, the vapor pressure isotope effect, that is
caused by the lower vapor pressure of HDO compared to H,O, leading to an enrichment of the ice phase in deute-
rium (Bertaux & Montmessin, 2001; Fouchet & Lellouch, 2000).

It is therefore important to model the HDO cycle in order to understand its transport and the physical processes
affecting it. Previous theoretical work on Mars' HDO cycle was conducted by Bertaux and Montmessin (2001);
Fouchet and Lellouch (2000) and a first implementation of HDO in a Global Climate Model (GCM) was described
in Montmessin et al. (2005), using the Mars GCM from the Laboratoire de Météorologie Dynamique (LMD).
With the Trace Gas Orbiter (TGO) mission, HDO has been profiled in altitude for the first time on Mars. These
new data are of unprecedented value for constraining the processes at work that control the fate of HDO mole-
cules in the atmosphere of Mars in comparison to that of water.
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Rossi et al. (2021) (hereafter Rossi21) presented an updated version of the GCM used for the study of Montmessin
et al. (2005). The model presented in Rossi21 was using a simplified cloud formation scheme, not taking into
account the radiative effect of clouds nor the details of the microphysics. In Rossi21 we assessed the reimplemen-
tation by studying the effect on the HDO cycle and the D/H ratio of a scenario for dust opacity reproducing the
dust conditions (through the dust column opacity) encountered during the Global Dust Storm of 2018 (martian
year 34).

In this study we present an improved version of the model with respect to the one in Rossi21, and compare its
predictions to observations in solar occultation performed by ACS onboard TGO. A companion paper (Vals et al.,
2022 this issue) is dedicated to studying the impact of the different physical parametrizations affecting HDO on
the D/H ratio.

We start by presenting the model, and in particular the representation of HDO, dust and clouds in the GCM
(Section 2). This also includes the improvements to the model with respect to Rossi21. In Section 3 we present the
data used for the comparison. We present the results of the model and compare them with the data in Section 4.
We'll end with Section 5 for the discussion and conclusions.

2. Presentation of the Model
2.1. Representation of HDO

We use the Mars GCM from the LMD (Forget et al., 1999). In the model HDO is treated independently from H,O
with tracers following it under its vapor and ice phases, but also their amount on the surface.

Despite being independent tracers in the physical part of the model, HDO vapor and ice tracers are not transported
independently by the dynamical part of the model. Instead, it is the isotopic ratio of the vapor or ice phase with
respect to that of H,O that is advected. This allows for the conservation of the ratio and reduces numerical errors.
Details about this scheme can be found in Risi et al. (2010) and Rossi21.

The fractionation occurring at condensation is based on a fractionation factor that depends on the temperature,
following Lamb et al. (2017):
(HDO/H>0) 13525

_ ice — _ -2
a(T)_—(HDO/HZO) exp( T2 5.59 % 10 ) 1)

vap

In Rossi21, this fractionation factor is used as such. However, considering that this improved version of the model
includes detailed microphysics of cloud formation and interactions with dust which can lead to the presence of
large supersaturations (Navarro et al., 2014), we also consider the effect of kinetics, with the formula derived by
Jouzel and Merlivat (1984):

a(T)S

% W% (Di,0/Dipo) (S — 1) +1 @

where S is the water vapor saturation ratio, and Dy,o and Dy, are the diffusion coefficients for H,0O and HDO
respectively. This means that the fractionation factor is made dependent on the saturation state of water vapor,
which in turn means that supersaturation reduces the fractionation factor (cf. Vals et al., 2022 (this issue) for a
detailed study on the effect of kinetics).

The amount of HDO being condensed in the ice is then given by:

dMp = a.(T, S)d My X Mp 3)
My
where M indicates the mass in the vapor phase, dM the mass condensing, with subscript H referring to water and

D to HDO.

Finally we also include in this study the effect of photochemistry. The chemical evolution of H,0O and HDO is
calculated by the latest version of the photochemical module coupled to the LMD GCM, as described in Lefévre
et al. (2021). The photodissociation rates of HDO are based on the absorption cross-sections measured at 295 K
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by Cheng et al. (2004) and Chung et al. (2001). For HDO the photolysis introduces another fractionation effect,
opposite to that due to condensation, because the absorption cross-section of HDO in the UV is lower than that of
H,O. This process has little impact in the lower atmosphere, but is significant above 40 km, where H,0O and HDO
are more intensely exposed to sunlight and are strongly photolyzed, in particular around perihelion. As discussed
in the companion paper, including the photochemistry can increase the D/H ratio in the upper atmosphere, which
is why we include it in this study.

2.2. Representation of Dust and Clouds

While Rossi21 was focused on the reimplementation of the HDO cycle described in Montmessin et al. (2005) in
the LMD GCM, with simplified cloud physics, this study includes more physical processes in order to produce a
more realistic HDO cycle, allowing comparisons with observations.

The water and dust cycles are following the settings and physical parametrizations described in Navarro
et al. (2014). We use the two-moments scheme of Madeleine et al. (2011), in which the dust is fully described
with two tracers: the dust mixing ratio and the dust number density. This scheme is said to be semi-interactive
since the vertical distribution of the dust particles is free, but the optical depth of the column is constrained
following dust scenarios based on observations (Montabone et al., 2015).

Regarding the cloud formation, Rossi21 used a simplified scheme in which all vapor above saturation was
condensing. With the detailed microphysics of cloud formation, two additional tracers are considered to repre-
sent cloud condensation nuclei (CCN) mass and number density. This scheme also represents the interactions
between clouds and dust (via nucleation and scavenging) which are tracked by the model thanks to the dedicated
tracers. In this scheme, dust is necessary to provide CCN, which allows for the representation of the observed
supersaturation conditions.

Finally this study also includes the radiative effect of the clouds (Madeleine et al., 2012; Navarro et al., 2014),
which was absent from Rossi21. Including this effect globally warms up the middle atmosphere, reducing the
condensation and the isotopic fractionation allowing for a higher D/H ratio above the cloud level. A detailed
exploration on the influence of the radiative effect of clouds can be found in the companion paper Vals et al.,
2022 (this issue).

2.3. Simulation Settings

The model is run using 64 cells in longitude (corresponding to 5.625° of longitude for each cell), 48 cells in
latitude (3.75° each) and 32 vertical levels (up to ~120 km). The physical timestep is 15 min, with a time-step of
30 s for the microphysical processes, which require a finer temporal resolution.

The initialization of the model starts with assuming a D/H ratio of 5 times the Earth's value (VSMOW
[in the rest of the text, unless otherwise noted, all isotopic ratios are expressed in terms of VSMOW.
D/HVSMOW = 1.5576 x 10~#]) on the whole planet. The isotopic ratio of the perennial ice cap is set at a value of
5. The model is run using the “climatology” dust scenario for 10 years, in order to have a stabilized HDO cycle.
This scenario represents the dust conditions of a typical martian year, without dust storm. Then the simulations
are conducted using the scenarios for 2 years of interest: martian year 34 (MY34) during which occurred a
global dust storm and martian year 35 (MY35). These reference dust scenarios are being provided by Montabone
et al. (2020).

2.4. Comparison With Other Models

Besides the LMD Mars GCM used in Montmessin et al. (2005) and Rossi et al. (2021), there is another model
in which the representation of HDO has been implemented, the GEM-Mars GCM. A recent study by Daerden
et al. (2022) presents results of their implementation of the HDO cycle. We mention here some of the technical
differences, which need to be taken into account prior to a comparison of the results from the two models.

The version of the GEM-Mars GCM used in Daerden et al. (2022) does not include the complete microphysics
of cloud formation. In the LMD Mars GCM, the so-called “simplified” cloud formation scheme lead to exces-
sive amounts of clouds near the poles. This excess of ice caused the model to be significantly too wet when the
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radiative effect of clouds was taken into account. The implementation of the microphysical scheme was shown to
solve the issue (Navarro et al., 2014). Daerden et al. (2022) solve this issue by prescribing a very large radius for
ice particles over the north polar cap during summer, leading to a quick sedimentation of the particles. The ice
radius being also prescribed in the rest of the atmosphere depending on the altitude range of the model grid cell.

In our model, the inclusion of the microphysics of cloud formation allows us to not put any restriction on the
ice particle size, which is determined by the model itself based on the amount of ice and of available CCN
(Madeleine et al., 2012; Montmessin et al., 2004).

Another important difference is the representation of the dust vertical distribution. In both the LMD Mars
GCM and the GEM-Mars GCM, the total column opacity of dust is prescribed following the scenarios provided
by Montabone et al. (2020), while the vertical distribution is free. As Neary et al. (2020) have shown, and as
discussed in Rossi21, this representation is not capable of correctly representing the amount of dust particles at
high altitude during the GDS of MY34. This is why Neary et al. (2020) and Daerden et al. (2022) use a prescribed
dust profile, following a Conrath distribution.

Finally, the spin-up phase used by Daerden et al. (2022) starts from a dry atmosphere, with water only coming
from the permanent northern cap, which has its isotopic ratio set to a higher value than ours (6 instead of 5).

3. Presentation of the Observations

The ExoMars TGO arrived to Mars on October 2016, and after an aerobraking phase, TGO lowered its altitude
into its final orbit on March 2018, starting its science operations phase. The science payload of the ExoMars
TGO comprises two spectrometers allowing the measurements of the D/H ratio: ACS (Atmospheric Chemistry
Suite, Korablev et al. (2018)) and NOMAD (Nadir and Occultation for Mars Discovery, Vandaele et al. (2018)).

In this study, we compare the model simulations against the vertical profiles of different atmospheric parame-
ters (i.e., temperature, water vapor mixing ratio and D/H ratio) measured by the mid-infrared channel (MIR) of
the ACS reported in Alday et al. (2021). The analysis of the observations in Alday et al. (2021) focused in the
ACS MIR solar occultations covering a spectral range between 2.65 and 2.77 pm, which correspond to approx-
imately 14% of the total available number of observations. In total, the data set comprises 572 solar occultation
observations expanding approximately 1.5 Martian Years, from L, = 165° in MY34 to L, = 356° in MY35. Due
to the geometry of TGO's orbit, most of the solar occultations (~73%) occur at high latitudes (>45°) in both
hemispheres, while latitudes in the range 45°S—45°N are only sampled in approximately 27% of the observations.

The data products reported in Alday et al. (2021) comprise vertical profiles of pressure, temperature and water
vapor mixing ratio up to ~100 km. On the other hand, the highest altitude at which the ACS measurements are
sensitive to HDO and the D/H is largely dependent on the water abundance, varying seasonally from ~70 km
close to perihelion, and ~30 km close to aphelion. On the other hand, the lowermost altitude of the retrieved
profiles of all atmospheric parameters is largely dependent on the dust abundance, which also varies seasonally,
being most prominent close to perihelion.

4. Results
4.1. General Trends in the Model

Figure 1 presents the seasonal evolution of the zonally averaged column quantities, for MY 34 and 35. The main
features are the latitudinal variations: in the summer hemisphere, the sublimation of water from the polar regions
releases water vapor along with HDO. The released vapor has an isotopic ratio of 5, the prescribed value for
the isotopic ratio of the perennial ice. As observed in Rossi21, fractionation at condensation occurs in the polar
winters, trapping HDO in the ice phase and therefore depleting the vapor phase and causing a strong decrease
of the D/H ratio. Adding microphysics and the radiative effect of clouds has not altered significantly the cycle,
although the transition between the high and low values of D/H is less abrupt in this simulation. In the simulations
with simplified cloud physics (Rossi et al., 2021) the D/H ratio during the solstice season was quite stable from
the summer pole down to the tropics in the winter hemisphere. In the simulations presented here, the decrease
starts close to the equator with values down to ~4, then decreasing further in the polar regions with ratios of ~3.
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Figure 1. Simulated seasonal cycle of the zonal average, for the integrated column of H,O vapor (top), HDO vapor (middle)
and the associated D/H ratio (below), for MY34 and MY35.
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As discussed in the companion paper Vals et al., 2022 (this issue), the minimum reached in the polar region is
higher than with the simulation with simplified clouds, where it could go as low as ~1.

As discussed in Rossi21 and in the companion paper, the global dust storm of MY34 has a strong effect on the
distribution of deuterium in the atmosphere: it warms up the atmosphere, reducing the cloud formation and
therefore the fractionation; it amplifies the atmospheric circulation, bringing more water vapor (and more HDO
vapor) to higher altitudes.

This can clearly be seen in Figure 2 which shows the zonally averaged mixing ratio of HDO at an altitude of
30 and 60 km. We decide to define the deuteropause as the altitude above which the mixing ratio of HDO is
lower than 50 ppb. If the whole vertical profile is lower than 50 ppb, then we consider that the deuteropause is
not defined. This is a somewhat arbitrary, but consistent definition, allowing us to compare the latitudinal and
seasonal evolution of the deuteropause, as in the lower panel of Figure 2, considering here the zonal average of
the HDO vapor.

The effect of the dust storm is clearly visible in the model with a strong increase of the HDO mixing ratio at high
altitude (here 60 km) around L, = 210°, during the peak of the dust storm of MY34. At the same period in MY35,
an increase in the deuteropause altitude is visible, but is not as pronounced.

Figure 3 illustrates this effect on the D/H ratio, by comparing the two dust scenarios for MY34 and MY35. In both
years, at L. = 180° we can see the deuteropause as a strong decrease of the D/H ratio above the cloud formation
region (around 30 km). At L = 180° the D/H ratio is already much higher above 70 km. This can be explained by
an already weakened hygropause, with more water vapor reaching altitudes above 75 km in MY34 compared to
MY35. This excess water vapor is photodissociated which strongly increases the isotopic ratio, even in areas with
only a few ppm of water. As we move forward into the dust season, the martian year 34 stands out with clouds
forming at much higher altitudes (>50 km) and a much higher D/H ratio above the clouds. As the dust storm
decays, the cloud formation occurs at lower altitudes and the deuteropause becomes more effective, bringing the
D/H ratio within similar values for the two scenarios. We can see here and in Figure 2 that the storm leaves the
atmosphere relatively unperturbed below 30 km. Since most of atmospheric mass in located in the lower atmos-
phere, this explains why the D/H ratio of the column seems overall unaffected by the GDS in MY34 as seen in
Figure 1.

This is similar to what was observed in Rossi21 and is illustrated in Figure 4: the radiative effect of clouds warms
up the upper atmosphere and increases the strength of the circulation, allowing more water vapor to reach the
upper atmosphere. The detailed microphysics of the cloud formation has the effect of reducing the amount of ice
particles forming and allows for supersaturation. Both also favor a wetter upper atmosphere. In terms of D/H,
the decreased efficiency of the hygropause also leads to less fractionation by condensation and therefore to a
more porous deuteropause. In addition, the integration of the kinetics for the fractionation factor also leads to a
weaker fractionation in the upper atmosphere. The net effect of these is to allow more HDO to go through the
condensation area and to higher values of the D/H ratio.

A more detailed analysis of the effects of individual processes (microphysics, radiative effect of clouds and the
supersaturation) can be found in the companion paper (Vals et al., 2022; this issue).

4.2. Comparison With Data

We now compare the H,O and HDO profiles obtained from ACS MIR with the GCM simulations. The GCM
outputs are colocated with the position (latitude and longitude) and date of the observations, after some processing.

The GCM simulations are first interpolated in terms of latitude, in order to increase the latitude resolution near
the polar circle. This interpolation reduces errors in some cases where occultation coordinates would wrongly be
considered in the polar night due to the model's coarse grid resolution. They are then interpolated in terms of solar
zenith angle (SZA) to match the geometry of a solar occultation (SZA = 90°). The observations and the GCM
outputs are also resampled on a vertical grid of 100 points between —1 and 100 km above the areoid, facilitating
the comparison.

Figure 5 shows the comparison of ACS with GCM profiles for the temperature. The model reproduces well the
trends seen in the observations, but it also presents many areas in which it is warmer than the observations. In
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altitude below which [HDO] <50 ppb. The deuteropause is therefore not defined if the whole profile is lower than 50 ppb.
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Figure 3. Meridional profile of the D/H ratio of the zonal average, for L, = 180, 200, 210, 260 for MY34 and MY35 (left and center). The white contours indicate the
mass mixing ratio of HDO ice in ppb. The last column shows the difference of the D/H ratio between MY 34 and MY 35.
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Figure 4. Meridional profile of the D/H ratio of the zonal average, temporally averaged over the L, € [240°-270°] period for the “climatology” scenario. The model
presented here with the detailed microphysics of cloud formation and the radiative effect of clouds is shown on the left panel as “Micro,” the simplified model used in
Rossi21 is shown in the middle as “Simple.” The white contours indicate the mass mixing ratio of HDO ice in ppb. The last column shows the difference of the D/H
ratio between the two versions of the model.
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Figure 5. Comparison between model and data temperatures in the northern (left column) and southern (right) hemispheres, for MY34 (from L, = 160°) and MY35.
The coordinates (latitude and solar longitude) of the observations are given in the top panels. The corresponding profiles are shown for the GCM (second line) and ACS
(third line). The difference between the model and the observations is shown in the last line.

particular above 50 km at high latitudes (>60°). In both hemispheres, the period L, = 180-250° shows overall
higher temperatures.

Regarding the water vapor, the model reproduces well the general trends (Figure 6). But it is also clear that the
model is too wet at high altitudes, above 50 km, in the northern hemisphere. In the southern hemisphere, espe-
cially for MY35, the model is instead lacking water at these altitudes. Interestingly, this effect exists also for
MY35, showing that it is not only due to the increased amount of dust in the atmosphere that occurred during
MY34. In both years and both hemispheres, the dusty season shows the largest differences between the model and
the observations in water vapor mixing ratio.

Finally we can look at the profiles for the D/H ratio (Figure 7). Due to the relative weakness of the HDO lines
compared to the H,O lines, the HDO mixing ratio is not always available concomitantly with the H,0O mixing
ratio despite being measured simultaneously, explaining the sparse temporal and vertical coverage of the D/H
ratio profiles. The observations and the model both show the seasonal variability with higher values of the
D/H ratio during the perihelion season, in contrast to the aphelion season where the D/H ratio is usually lower
and decreases more quickly with altitude. At high altitudes (above 75 km), the model shows an increase of the
D/H ratio, with values above 6. This is the consequence of the photodissociation, which preferentially destroys
H,O over HDO and therefore tends to increase the D/H ratio, contrarily to condensation.

The difference between MY34 and MY 35 is also apparent with higher values of the D/H ratio between L, = 160°
and 220° in MY34 than in MY35. This is true in the model, as seen earlier, but also the ACS observations, with
HDO being detected at higher altitudes during this period in MY34 than in MY35. The difference between the
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Figure 6. Same layout as Figure 5, but for the water vapor (in ppmv).

model and the observations shows an underestimation of the D/H ratio in the model in cases where the observed
value is close to its maximum between 5 and 6. Around aphelion, where the observed values are lower, the model
tends to overestimate the ratio.

Since the D/H ratio is mostly affected by the fractionation at condensation, it is interesting to look at the overall
behavior of the D/H ratio with respect to the main drivers of the fractionation: the water vapor mixing ratio and
the temperature. Figure 8 shows the distribution of values of D/H against the water vapor mixing ratio, for the
observations and the model output. In both cases, the D/H ratio is globally lower at low values of water vapor.
This is expected since the lower values of H,O vapor are usually due to the condensation, which will reduce the
D/H ratio through fractionation.

The same relation can be seen in Figure 9, this time with respect to temperature. Once again, the low temperatures
are related to low values of the D/H ratio because these low temperatures are related to regions where fractiona-
tion has depleted the vapor phase of its HDO.

The figures also show the difference between the distributions from the GCM and the observations. The range
of D/H values observed by ACS is larger than that from the GCM, even taking into account the observation bias,
since the GCM values shown here are collocated with ACS observation coordinates, including regarding alti-
tudes. While the ACS data and the GCM share a similar mean ratio (~3.9), observations show a broader distribu-
tion. In particular, we note that the tail of the observed distribution extends to lower values than in the simulation,
meaning that the model fails to reproduce low values of the D/H ratio in the altitude ranges probed by ACS-MIR.

There is also a difference in the slope of the distributions, especially in Figure 8. Since the D/H ratio depends
on the temperature, the water mixing ratio and the saturation ratio, following Equation 3, the global relationship

ROSSIET AL.

10 of 19

8518017 SUOWILIOD BATeR1D) 3ol dde aup Aq peusenob a e sajolke YO ‘SN JO Sa|nJ Joj Akeiq18UIIUO AB|IM UO (SUORIPUOD-PUR-SLLBYW0D A8 | IM"AReiq Ul Uo//Sdhy) SUORIPUOD pue swie | 8us88s *[£202/20/0z] Uo AkeiqiTauliuo ABIM ‘NSNISYNOA!E [BHod Aq T02200302202/620T 0T/I0p/w0d A8 1M Areiqiputjuosqndnfey/sdny wo.j pepeojumod ‘g ‘2202 ‘00T669T2



A7 l .
N\ Journal of Geophysical Research: Planets 10.1029/2022JE007201
o Northern hemisphere Southern hemisphere
0 - i - N
N 4 8t 20 cett 0 R 20
g1 . rAragan g -30- .l e ST R g
2 . R e Rt = T T fy N0 R S
30 1 o e e ttiltle 1og -60{ ° -, .:':! gi o 10§
o ° %
0 0
6 6
3 5 5
2
< 4 n
2 2
s 2
Observations 30 Observations 30
90 A z 90 =
2° | 2°
B 60 1 60 !
£ ll | i e
S 4 ] r 1 ] | ‘ | ‘| 1
25 1““ 'II" 'I o1 (1PN 1 "", 0l (1 |
0 - 0 o r - - 0
1.0 1.0
05 4 05 &
3 o o
2 , ., ‘ 0.0 5 0.0
E ol ! |,} |' i 058 oS
f |’~ y I“ i&";l)nl.. D= S=
-1.0 -1.0

0
160 220 280 340 40 100 160 220 280 340
Solar longitude

Figure 7.

0 L
160 220 280 340 40 100 160 220 280 340
Solar longitude

Same layout as Figure 5, but for the D/H ratio.

shown in Figures 8 and 9 can also depend on the saturation ratio and the coefficients used in the formula for the
fractionation factor. In particular, it could be interesting to investigate possible deviations of the fractionation
factor @ in the martian conditions from the formula derived by Lamb et al. (2017), which was already an improve-
ment over that of Merlivat and Nief (1967).

This difference between model and observations can be best addressed by considering individual profiles. For
this comparison, we complete the HDO data set with retrievals of water ice mass loading by solar occulta-
tion from the ACS data. Methodology of aerosol properties retrieval as well as corresponding aerosol profiles
retrieved from the combination of the TIRVIM and NIR spectra covering the period L, € [170°-255°] of MY 34
were published in Luginin et al. (2020). Here, together with previously published data we use additional TIRVIM
and NIR aerosol profiles as well as completely new profiles retrieved from the combination of the MIR and NIR
spectra (Figure 11, bottom).

In orbit 2556 (Figure 10, top), the simulated water profile is overall in agreement with the observations. But the
observed temperatures present oscillations that are not reproduced by the model. This and the misrepresentation
of the ice content between 10 and 30 km lead to variations of the D/H ratio not reproduced by the model.

For the orbit 3513 (Figure 10, middle) the water vapor below 50 km, while overestimated by the model, is not
observed to be fractionated, thus the D/H ratio below the cloud level is well reproduced by the model. On the
other hand, the condensation level is poorly represented, with a much sharper decrease of water vapor around
55 km in the observations. This is consistent with the underestimation of the ice content by the model, leaving
the upper atmosphere with too much water vapor in a supersaturated state. As a consequence the fractionation is
incorrect and the D/H ratio above 50 km no longer matches the observation.
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Figure 8. 2D histogram of the values of the D/H ratio against the water vapor mixing ratio. The marginal normalized distributions are visible on the sides, with a black
line showing the median and a red line showing the mean. The left panels show the distributions for the ACS observations. The right panels are for colocated GCM

simulations.

A similar issue occurs with orbit 12059 (Figure 11, bottom) where the profiles for water agree up to 40 km, above
which the model sees a decrease in water vapor. In the observed profile, the hygropause occurs higher, around
55 km. Once again, the comparison between the modeled and observed ice profiles shows that the model under-
estimates the amount of ice above 50 km and consequently the amount of condensation-induced fractionation.
This explains the sharp decrease of the D/H ratio observed by ACS, but not reproduced by the model. Another
example of this, but in a different season and latitude is given by orbit 8401 (Figure 11, middle) where the ice
observed between 20 and 40 km is not predicted by the model, which therefore cannot predict the sharp decrease
of the isotopic ratio in the same altitude range.

In orbit 4409 (Figure 10, bottom), the D/H values before and after the deuteropause are relatively well reproduced,
but the location of the hygropause is incorrectly located around 30 km in the model, instead of the observed
45 km. In this case the cloud formation seems to occur higher in the observations (maximum of ice around 60 km)
than in the model (maximum around 50 km). The ice mass load is also higher in the observations. This leads to a
higher hygropause and a higher deuteropause than in the model.

Orbit 6844 (Figure 11, top) shows a case in the polar region where the model overestimates the amount of ice
below 20 km. This lead to a model drier than the observations and to a stronger fractionation which explains why
the ratio predicted by the model is lower than that of the observations.
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In order to compensate the irregular temporal and spatial (notably vertical) sampling in the data and to investigate
better the seasonal variations, we averaged the observed and collocated GCM profiles in bins of latitude and of
months, as in Figure 12.

We can start by comparing the ACS profiles from MY34 and MY35. In particular, the profiles corresponding to
the GDS show higher values of the D/H ratio in MY34 than in MY35, with the isotopic ratio decreasing only at
higher altitudes, as already identified previously (Alday et al., 2021; Vandaele et al., 2019).

It is also interesting to note that the global mean of the GCM (red curves) follows closely the mean of the collo-
cated GCM profiles, with a few exceptions of the polar areas. This indicates that the observational sampling
of ACS is representative of the conditions of the atmosphere for the bins considered. In the polar regions, the
sampling in local-time could explain the differences.

The model shows a good qualitative agreement, successfully capturing the trend in the vertical evolution of the
D/H ratio, in particular at mid- and equatorial latitudes, but less so in the polar regions.

During the perihelion season, the model is in quantitative agreement with the observations in the middle atmos-
phere, with similar maximal values of the D/H ratio. But during the aphelion season of M Y35, the model predicts
a much higher value of the D/H ratio in the polar regions, despite the vertical trend being reproduced. As seen
in Figure 5, the model tends to overestimate the amount of water vapor in this time period, in particular in the
northern hemisphere. This excess water vapor, associated with a lack of ice at low altitudes, could explain the
discrepancy. Processes linked to the surface ice could also play a role and would need further exploration.
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Figure 10. Profiles of temperature, water vapor, water ice mass loading, HDO vapor, D/H ratio and saturation ratio, for ACS observations and GCM colocated
simulations. Here are shown orbits 2556, 3513 and 4409. The dashed lines in the second panel show colocated ACS water ice mass loading retrievals.

In general the model seems to fail to represent the observed decrease of the D/H ratio above 50 km and closer
to the surface. It seems that the model does not reproduce the amplitude of the variation of the D/H ratio with
altitude, suggesting that while the processes are understood, their efficiency might be lower than what is needed.

A likely explanation for this discrepancy is the insufficient condensation at high altitudes or close to the surface.
This is visible in Figures 10 and 11, but is also apparent in Figure 13 where observed and simulated profiles of
temperature, water ice, water vapor and D/H ratio are presented, averaged over the period L, € [240°-300°] of
MY34 and latitude range [—45° to 45°]. The model does not predict enough ice in the 10-20 km range, which
would lead to an underestimation of the fractionation. As a result, the model doesn't reproduce the decrease of the

ROSSIET AL.

14 of 19

8518017 SUOWILIOD BATeR1D) 3ol dde aup Aq peusenob a e sajolke YO ‘SN JO Sa|nJ Joj Akeiq18UIIUO AB|IM UO (SUORIPUOD-PUR-SLLBYW0D A8 | IM"AReiq Ul Uo//Sdhy) SUORIPUOD pue swie | 8us88s *[£202/20/0z] Uo AkeiqiTauliuo ABIM ‘NSNISYNOA!E [BHod Aq T02200302202/620T 0T/I0p/w0d A8 1M Areiqiputjuosqndnfey/sdny wo.j pepeojumod ‘g ‘2202 ‘00T669T2



| ¥eld .
A\ Journal of Geophysical Research: Planets 10.1029/2022JE007201
Ice mass load (g/m?3)
60 107®  107% 107 Ls=35.46 Lat=67.6 LT=3.5 orbit 6844
70 1 1 - 1
60 - - - 1 -

50 1

30 1

Altitude (km)
I
o

20
10 1

— GCM
— ACS

W
V.

0 T T
100 150 200

Temperature (K)

0 5 10 20 40 O 2 4 6 1072 10° 102
Water vapour (ppmv) HDO vap [ppb] D/H ratio Saturation

oA

Ice mass load (g/m?3)
107% 1073 107° Ls=91.64 Lat=48.0 LT=20.1 orbit 8401

80
70
60
50

Altitude (km)
IN
o

30 1
20 1
10

—— GCM
—— ACS

7\,\%\/

0 T
100 200

Temperature (K)

80
70
60 1
50

30 1

Altitude (km)
IN
o

20
10 1

— GCM
— ACS

0 100 0 1000 0 2 4 6 102 10° 102
Water vapour (ppmv) HDO vap [ppb] D/H ratio Saturation

Ice mass load (g/m3)
10715 10.‘12 10-° Ls=252.91 Lat=-23.0 LT=5.3 orbit 12059

S

0 T T
100 150 200

Temperature (K)

0 100 200 0 200 0o 2 4 6 1072 100 102
Water vapour (ppmv) HDO vap [ppb] D/H ratio Saturation

Figure 11. Profiles of temperature, water vapor, water ice mass loading, HDO vapor, D/H ratio and saturation ratio, for ACS observations and GCM colocated
simulations. Here are shown orbits 6844, 8401 and 12059. The dashed lines in the second panel show colocated ACS water ice mass loading retrievals.

D/H ratio close to the surface. At high altitudes, a similar issue is observed with a lack of ice above 60 km. This
ice at high altitude explains the sharp decrease of the D/H ratio above 60 km, which the model cannot reproduce.

This would be consistent with the excessive values of supersaturation seen in the model, and with the lack of dust
at high altitude (cf. companion paper for a more detailed discussion on that aspect). With less dust being avail-
able to act as CCN, ice particles cannot form, leaving the upper atmosphere supersaturated with respect to ice.
Since the fractionation by condensation is the main factor controlling the isotopic ratio, less condensation leads
to higher values of the D/H ratio at these altitudes.
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bins: high latitudes (I > 45°), mid-equatorial latitudes (I < 45°). They are also averaged by periods of L. The green curves show the ACS profiles averaged with
weights based on the errors and the amount of water vapor. The blue curves represent the collocated GCM profiles, weighted by the amount of water vapor. The red
curves represent the overall average GCM profiles, over the whole bin, providing an indication of the bias due to the spatial and temporal sampling in the observations.
For all curves, the shaded area corresponds to the standard deviation of the profiles in the bin.

5. Discussion

As illustrated by the individual and averaged profiles, the GCM performs essentially well in reproducing the
general trends of variation of the D/H ratio. This reflects the capacity of the model to reproduce the condensation
and the related fractionation. This in turn, relies on the model correctly representing the temperature profile and
the conditions of condensation, in particular the amount of dust available to act as CCN. The difficulties of the
model to reproduce the condensation occurring at high altitude likely explain why the distributions of D/H shown
in Figure 8 differ regarding the lower values, with a larger number of instances of D/H ratios below two in the
observations. These low values correspond to a heavy fractionation, and therefore to a strong condensation.

The detailed microphysics of the condensation and the inclusion of the radiative effect of clouds improves signif-
icantly the simulations when compared with the model used in Rossi21. In Figure 13, both the model with the
detailed physics (“Micro”) and the simplified scheme from Rossi21 (“simple”) are shown. The “Micro” model
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Figure 13. Averaged profiles of the ice mass load, water volume mixing ratio, D/H ratio and temperature for the period L, € [240°-300°] and latitude range [-45° to
45°] —(corresponding to Figure 12g). Both colocated GCM and data from ACS are shown. For the GCM profiles, both the version with the detailed cloud microphysics
and the simplified scheme are shown.

used in this study improves significantly the water cycle (as discussed in more details in the companion paper),
and it is a clear improvement on the D/H ratio as well.

The main limitation of the improved model seems to be a correct representation of the condensation, in particular
the lack thereof. This can be related to possible issues in the speed of the condensation, once nucleation is initi-
ated. But the lack of dust to act as CCN would also strongly limit the formation of ice particles. This is a known
problem in the GCM, which is unable to transport dust to high altitudes, creating a lack of condensation nuclei
at high altitude.

A logical consequence of the lack of condensation at high altitudes, is the supersaturation which, as illustrated by
the companion paper, also plays an important role. First because it has an impact on the porosity of the deutero-
pause, thus increasing the amount of water vapor and reducing the condensation. Second because the inclusion of
the effect of kinetics means that the fractionation factor depends on the saturation ratio. Therefore supersaturation
will tend to further decrease the efficiency of the fractionation.

Another limitation of this study is the limited vertical range where HDO is reliably measured and can be compared
to the model. Only a few profiles reach altitudes above 50-60 km, where the porosity of the deuteropause controls
the D/H ratio, making difficult to understand what happens to HDO itself, beyond what we can see from H,O
alone.

6. Conclusion

We have used a GCM of Mars to simulate the HDO cycle. The model includes realistic representation of the
microphysics of cloud formation, the radiative effect of clouds and the photochemistry.

We have compared the model simulations with solar occultation data from the MIR channel of the Atmospheric
Chemistry Suite, on board the TGO. The model shows a good qualitative agreement with the observations,
successfully capturing the effects of condensation-induced fractionation, which appears to be the main factor
controlling the D/H ratio. The misrepresentation of condensation appears to be the main cause of disagreement in
the D/H ratio between the model and the data. The known issues in the transport of dust particles at high altitude
by the model are a likely cause of misrepresentation of the condensation, although not the only one.
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Improvements in the representation of the water and dust cycles in the LMD Mars GCM are on-going, and are
expected to lead to improvements in the representation of related physical processes, such as the isotopic ratios
and the HDO cycle.

The recent implementation of the escape of deuterium in the model could provide material for further studies
involving MAVEN data, and on the study of the escape of water vapor on Mars.
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Alday (2021). The water ice retrievals were initially published in Luginin et al. (2020) and can be obtained from
Luginin (2020) . The LMD GCM is freely available from the dedicated subversion online server http://svn.Imd.
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