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Abstract20

The D/H ratio and its implications on the atmospheric escape, make it an essential ob-21

servable to study the current and past inventory of water on Mars. With the arrival of22

the Trace Gas Orbiter around Mars, new measurements of the D/H ratio are now avail-23

able and require tools to interpret the observations and understand the HDO cycle. We24

here present simulations of an updated version of the LMD Mars GCM which includes25

HDO and in particular the fractionation processes it undergoes. We compare our model26

simulations with the HDO observations in solar occultation from ACS-MIR on-board TGO27

(Alday et al., 2021). The model successfully reproduces the general trends of the D/H28

ratio, indicating that the main physical processes are captured by theory. A consistent29

simulation of condensation processes is found to be key in the representation of the D/H30

ratio. Improvements in the representation of clouds and on the water cycle will help im-31

proving the representation of the HDO cycle and better help extrapolate back in times32

the conditions of water escape on Mars.33

Plain Language Summary34

Understanding how the Martian climate affects the isotopic ratio of water is key35

to understand the history of water on the planet. We use a general circulation model to36

simulate the cycle of HDO, an isotope of water, in the atmosphere of Mars. We compare37

our model results with spacecraft observations from the Atmospheric Chemistry Suite38

spectrometer on board the Trace Gas Orbiter, currently in orbit around Mars. Our model39

provides a good qualitative agreement with the observations. We find that the conden-40

sation of water vapour into ice is a critical process for determining the isotopic ratio of41

the vapour phase.42

1 Introduction43

The study of HDO is important to understand the history of water on Mars. The44

D/H ratio is an indicator of the escape of water, since D atoms are heavier and escape45

less easily than H atoms. Compared to the Earth value, the current D enrichment in H2O46

isotopologues suggests water was initially 6 times more abundant on Mars than nowa-47

days (Villanueva et al., 2015).48

But different phenomena can modify the local D/H ratio. In particular, the vapour49

pressure isotope effect, that is caused by the lower vapour pressure of HDO compared50

to H2O, leading to an enrichment of the ice phase in deuterium (Bertaux & Montmessin,51

2001; Fouchet & Lellouch, 2000).52

It is therefore important to model the HDO cycle in order to understand its trans-53

port and the physical processes affecting it. Previous theoretical work on Mars’ HDO54

cycle was conducted by Bertaux and Montmessin (2001); Fouchet and Lellouch (2000)55

and a first implementation of HDO in a Global Climate Model (GCM) was described56

in Montmessin et al. (2005), using the Mars GCM from the Laboratoire de Météorologie57

Dynamique (LMD). With the Trace Gas Orbiter mission, HDO has been profiled in al-58

titude for the first time on Mars. These new data are of unprecedented value for con-59

straining the processes at work that control the fate of HDO molecules in the atmosphere60

of Mars in comparison to that of water.61

Rossi et al. (2021) (hereafter Rossi21) presented an updated version of the GCM62

used for the study of Montmessin et al. (2005). The model presented in Rossi21 was us-63

ing a simplified cloud formation scheme, not taking into account the radiative effect of64

clouds nor the details of the microphysics. In Rossi21 we assessed the reimplementation65

by studying the effect on the HDO cycle and the D/H ratio of a scenario for dust opac-66
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ity reproducing the dust conditions (through the dust column opacity) encountered dur-67

ing the Global Dust Storm of 2018 (martian year 34).68

In this study we present an improved version of the model with respect to the one69

in Rossi21, and compare its predictions to observations in solar occultation performed70

by ACS onboard TGO. A companion paper (Vals et al. this issue) is dedicated to study-71

ing the impact of the different physical parametrisations affecting HDO on the D/H ra-72

tio.73

We start by presenting the model, and in particular the representation of HDO,74

dust and clouds in the GCM (section 2). This also includes the improvements to the model75

with respect to Rossi21. In section 3 we present the data used for the comparison. We76

present the results of the model and compare them with the data in section 4. We’ll end77

with section 5 for the discussion and conclusions.78

2 Presentation of the model79

2.1 Representation of HDO80

We use the Mars GCM from the Laboratoire de Météorologie Dynamique (Forget81

et al., 1999). In the model HDO is treated independently from H2O with tracers follow-82

ing it under its vapour and ice phases, but also their amount on the surface.83

Despite being independent tracers in the physical part of the model, HDO vapour84

and ice tracers are not transported independently by the dynamical part of the model.85

Instead, it is the isotopic ratio of the vapour or ice phase with respect to that of H2O86

that is advected. This allows for the conservation of the ratio and reduces numerical er-87

rors. Details about this scheme can be found in Risi et al. (2010) and Rossi21.88

The fractionation occurring at condensation is based on a fractionation factor that89

depends on the temperature, following Lamb et al. (2017):90

α(T ) =
(HDO/H2O)ice
(HDO/H2O)vap

= exp

(
13525

T 2
− 5.59× 10−2

)
(1)

In Rossi21, this fractionation factor is used as such. However, considering that this91

improved version of the model includes detailed microphysics of cloud formation and in-92

teractions with dust which can lead to the presence of large supersaturations (Navarro93

et al., 2014), we also consider the effect of kinetics, with the formula derived by Jouzel94

and Merlivat (1984):95

αc =
α(T )S

α(T )× (DH2O/DHDO)(S − 1) + 1
(2)

where S is the water vapour saturation ratio, and DH2O and DHDO are the diffu-96

sion coefficients for H2O and HDO respectively. This means that the fractionation fac-97

tor is made dependent on the saturation state of water vapor, which in turn means that98

supersaturation reduces the fractionation factor (cf. Vals et al. 2022 (this issue) for a99

detailed study on the effect of kinetics).100

The amount of HDO being condensed in the ice is then given by:101

dMD = αc(T, S)dMH ×
MD

MH
(3)

where M indicates the mass in the vapour phase, dM the mass condensing, with102

subscript H referring to water and D to HDO.103
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Finally we also include in this study the effect of photochemistry. The chemical evo-104

lution of H2O and HDO is calculated by the latest version of the photochemical mod-105

ule coupled to the LMD GCM, as described in Lefvre et al. (2021). The photodissoci-106

ation rates of HDO are based on the absorption cross-sections measured at 295K by Cheng107

et al. (2004) and Chung et al. (2001). For HDO the photolysis introduces another frac-108

tionation effect, opposite to that due to condensation, because the absorption cross-section109

of HDO in the UV is lower than that of H2O. This process has little impact in the lower110

atmosphere, but is significant above 40 km, where H2O and HDO are more intensely ex-111

posed to sunlight and are strongly photolysed, in particular around perihelion. As dis-112

cussed in the companion paper, including the photochemistry can increase the D/H ra-113

tio in the upper atmosphere, which is why we include it in this study.114

2.2 Representation of dust and clouds115

While Rossi21 was focused on the reimplementation of the HDO cycle described116

in Montmessin et al. (2005) in the LMD GCM, with simplified cloud physics, this study117

includes more physical processes in order to produce a more realistic HDO cycle, allow-118

ing comparisons with observations.119

The water and dust cycles are following the settings and physical parametrisations120

described in Navarro et al. (2014). We use the two-moments scheme of Madeleine et al.121

(2011), in which the dust is fully described with two tracers: the dust mixing ratio and122

the dust number density. This scheme is said to be semi-interactive since the vertical dis-123

tribution of the dust particles is free, but the optical depth of the column is constrained124

following dust scenarios based on observations (Montabone et al., 2015).125

Regarding the cloud formation, Rossi21 used a simplified scheme in which all vapour126

above saturation was condensing. With the detailed microphysics of cloud formation,127

two additional tracers are considered to represent cloud condensation nuclei (CCN) mass128

and number density. This scheme also represents the interactions between clouds and129

dust (via nucleation and scavenging) which are tracked by the model thanks to the ded-130

icated tracers. In this scheme, dust is necessary to provide cloud condensation nuclei,131

which allows for the representation of the observed supersaturation conditions.132

Finally this study also includes the radiative effect of the clouds (Madeleine et al.,133

2012; Navarro et al., 2014), which was absent from Rossi21. Including this effect glob-134

ally warms up the middle atmosphere, reducing the condensation and the isotopic frac-135

tionation allowing for a higher D/H ratio above the cloud level. A detailed exploration136

on the influence of the radiative effect of clouds can be found in the companion paper137

Vals et al. 2022 (this issue).138

2.3 Simulation settings139

The model is run using 64 cells in longitude (corresponding to 5.625◦ of longitude140

for each cell), 48 cells in latitude (3.75◦ each) and 32 vertical levels (up to ' 120 km).141

The physical timestep is 15 min, with a time-step of 30 s for the microphysical processes,142

which require a finer temporal resolution.143

The initialisation of the model starts with assuming a D/H ratio of 5 times the Earth’s144

value (VSMOW1) on the whole planet. The isotopic ratio of the perennial ice cap is set145

at a value of 5. The model is run using the ”climatology” dust scenario for 10 years, in146

order to have a stabilised HDO cycle. This scenario represents the dust conditions of a147

typical martian year, without dust storm. Then the simulations are conducted using the148

1 in the rest of the text, unless otherwise noted, all isotopic ratios are expressed in terms of VSMOW.

D/HV SMOW = 1.5576 × 10−4
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scenarios for two years of interest: martian year 34 (MY34) during which occured a global149

dust storm and martian year 35 (MY35). These reference dust scenarios are being pro-150

vided by Montabone et al. (2020).151

2.4 Comparison with other models152

Besides the LMD Mars GCM used in Montmessin et al. (2005) and Rossi et al. (2021),153

there is another model in which the representation of HDO has been implemented, the154

GEM-Mars GCM. A recent study by Daerden et al. (2022) presents results of their im-155

plementation of the HDO cycle. We mention here some of the technical differences, which156

need to be taken into account prior to a comparison of the results from the two mod-157

els.158

The version of the GEM-Mars GCM used in Daerden et al. (2022) does not include159

the complete microphysics of cloud formation. In the LMD Mars GCM, the so-called ”sim-160

plified” cloud formation scheme lead to excessive amounts of clouds near the poles. This161

excess of ice caused the model to be significantly too wet when the radiative effect of clouds162

was taken into account. The implementation of the microphysical scheme was shown to163

solve the issue (Navarro et al., 2014). Daerden et al. (2022) solve this issue by prescrib-164

ing a very large radius for ice particles over the north polar cap during summer, lead-165

ing to a quick sedimentation of the particles. The ice radius being also prescribed in the166

rest of the atmosphere depending on the altitude range of the model grid cell.167

In our model, the inclusion of the microphysics of cloud formation allows us to not168

put any restriction on the ice particle size, which is determined by the model itself based169

on the amount of ice and of available cloud condensation nuclei (Montmessin et al., 2004;170

Madeleine et al., 2012).171

Another important difference is the representation of the dust vertical distribution.172

In both the LMD Mars GCM and the GEM-Mars GCM, the total column opacity of dust173

is prescribed following the scenarios provided by Montabone et al. (2020), while the ver-174

tical distribution is free. As Neary et al. (2020) have shown, and as discussed in Rossi21,175

this representation is not capable of correctly representing the amount of dust particles176

at high altitude during the GDS of MY34. This is why Neary et al. (2020) and Daerden177

et al. (2022) use a prescribed dust profile, following a Conrath distribution.178

Finally, the spin-up phase used by Daerden et al. (2022) starts from a dry atmo-179

sphere, with water only coming from the permanent northern cap, which has its isotopic180

ratio set to a higher value than ours (6 instead of 5).181

3 Presentation of the observations182

The ExoMars Trace Gas Orbiter (TGO) arrived to Mars on October 2016, and af-183

ter an aerobraking phase, TGO lowered its altitude into its final orbit on March 2018,184

starting its science operations phase. The science payload of the ExoMars TGO com-185

prises two spectrometers allowing the measurements of the D/H ratio: ACS (Atmospheric186

Chemistry Suite, Korablev et al. (2018)) and NOMAD (Nadir and Occultation for Mars187

Discovery, Vandaele et al. (2018)).188

In this study, we compare the model simulations against the vertical profiles of dif-189

ferent atmospheric parameters (i.e., temperature, water vapour mixing ratio and D/H190

ratio) measured by the mid-infrared channel (MIR) of the ACS reported in Alday et al.191

(2021). The analysis of the observations in Alday et al. (2021) focused in the ACS MIR192

solar occultations covering a spectral range between 2.65-2.77 µm, which correspond to193

approximately 14% of the total available number of observations. In total, the dataset194

comprises 572 solar occultation observations expanding approximately 1.5 Martian Years,195

from LS = 165◦ in MY34 to LS = 356◦ in MY35. Due to the geometry of TGO’s orbit,196
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most of the solar occultations (∼73%) occur at high latitudes (≥45 degrees) in both hemi-197

spheres, while latitudes in the range 45◦S-45◦N are only sampled in approximately 27%198

of the observations.199

The data products reported in Alday et al. (2021) comprise vertical profiles of pres-200

sure, temperature and water vapour mixing ratio up to ∼100 km. On the other hand,201

the highest altitude at which the ACS measurements are sensitive to HDO and the D/H202

is largely dependent on the water abundance, varying seasonally from ∼70 km close to203

perihelion, and ∼30 km close to aphelion. On the other hand, the lowermost altitude of204

the retrieved profiles of all atmospheric parameters is largely dependent on the dust abun-205

dance, which also varies seasonally, being most prominent close to perihelion.206

4 Results207

4.1 General trends in the model208

Figure 1 presents the seasonal evolution of the zonally averaged column quantities,209

for MY 34 and 35. The main features are the latitudinal variations: in the summer hemi-210

sphere, the sublimation of water from the polar regions releases water vapour along with211

HDO. The released vapour has an isotopic ratio of 5, the prescribed value for the iso-212

topic ratio of the perennial ice. As observed in Rossi21, fractionation at condensation213

occurs in the polar winters, trapping HDO in the ice phase and therefore depleting the214

vapour phase and causing a strong decrease of the D/H ratio. Adding microphysics and215

the radiative effect of clouds has not altered significantly the cycle, although the tran-216

sition between the high and low values of D/H is less abrupt in this simulation. In the217

simulations with simplified cloud physics (Rossi et al., 2021) the D/H ratio during the218

solstice season was quite stable from the summer pole down to the tropics in the win-219

ter hemisphere. In the simulations presented here, the decrease starts close to the equa-220

tor with values down to ∼ 4, then decreasing further in the polar regions with ratios of221

∼ 3. As discussed in the companion paper Vals et al. 2022 (this issue), the minimum222

reached in the polar region is higher than with the simulation with simplified clouds, where223

it could go as low as ∼ 1.224

As discussed in Rossi21 and in the companion paper, the global dust storm of MY34225

has a strong effect on the distribution of deuterium in the atmosphere: it warms up the226

atmosphere, reducing the cloud formation and therefore the fractionation; it amplifies227

the atmospheric circulation, bringing more water vapour (and more HDO vapour) to higher228

altitudes.229

This can clearly be seen in Figure 2 which shows the zonally averaged mixing ra-230

tio of HDO at an altitude of 30 and 60 km. We decide to define the deuteropause as the231

altitude above which the mixing ratio of HDO is lower than 50 ppb. If the whole ver-232

tical profile is lower than 50 ppb, then we consider that the deuteropause is not defined.233

This is a somewhat arbitrary, but consistent definition, allowing us to compare the lat-234

itudinal and seasonal evolution of the deuteropause, as in the lower panel of Figure 2,235

considering here the zonal average of the HDO vapour.236

The effect of the dust storm is clearly visible in the model with a strong increase237

of the HDO mixing ratio at high altitude (here 60 km) around Ls = 210◦, during the238

peak of the dust storm of MY34. At the same period in MY35, an increase in the deuteropause239

altitude is visible, but is not as pronounced.240

Figure 3 illustrates this effect on the D/H ratio, by comparing the two dust sce-241

narios for MY34 and MY35. In both years, at Ls = 180◦ we can see the deuteropause242

as a strong decrease of the D/H ratio above the cloud formation region (around 30 km).243

At Ls = 180◦ the D/H ratio is already much higher above 70 km. This can be explained244

by an already weakened hygropause, with more water vapour reaching altitudes above245
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Figure 1. Simulated seasonal cycle of the zonal average, for the integrated column of H2O

vapour (top), HDO vapour (middle) and the associated D/H ratio (below), for MY34 and MY35.

75 km in MY34 compared to MY35. This excess water vapour is photodissociated which246

strongly increases the isotopic ratio, even in areas with only a few ppm of water. As we247

move forward into the dust season, the martian year 34 stands out with clouds forming248

at much higher altitudes (> 50 km) and a much higher D/H ratio above the clouds. As249

the dust storm decays, the cloud formation occurs at lower altitudes and the deuteropause250

–7–



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

manuscript submitted to Journal of Geophysical Research: Planets

Figure 2. Seasonal cycle of the zonal average for HDO vapour at 30 km (top), HDO vapour

at 60 km (middle) and the altitude of the deuteropause in km above the areoid (below), for

MY34 and MY35. The altitude of the deuteropause is defined as the altitude below which

[HDO]< 50 ppb. The deuteropause is therefore not defined if the whole profile is lower than

50 ppb.

becomes more effective, bringing the D/H ratio within similar values for the two scenar-251
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Figure 3. Meridional profile of the D/H ratio of the zonal average, for Ls=180, 200, 210,

260 for MY34 and MY35 (left and centre). 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 MY34 and

MY35.

ios. We can see here and in Fig. 2 that the storm leaves the atmosphere relatively un-252

perturbed below 30 km. Since most of atmospheric mass in located in the lower atmo-253

sphere, this explains why the D/H ratio of the column seems overall unaffected by the254

GDS in MY34 as seen in Fig. 1.255

This is similar to what was observed in Rossi21 and is illustrated in figure 4: the256

radiative effect of clouds warms up the upper atmosphere and increases the strength of257

the circulation, allowing more water vapour to reach the upper atmosphere. The detailed258

microphysics of the cloud formation has the effect of reducing the amount of ice parti-259

cles forming and allows for supersaturation. Both also favour a wetter upper atmosphere.260

In terms of D/H, the decreased efficiency of the hygropause also leads to less fraction-261

ation by condensation and therefore to a more porous deuteropause. In addition, the in-262

tegration of the kinetics for the fractionation factor also leads to a weaker fractionation263

in the upper atmosphere. The net effect of these is to allow more HDO to go through264

the condensation area and to higher values of the D/H ratio.265

A more detailed analysis of the effects of individual processes (microphysics, ra-266

diative effect of clouds and the supersaturation) can be found in the companion paper267

(Vals et al. 2022, this issue).268

4.2 Comparison with data269

We now compare the H2O and HDO profiles obtained from ACS MIR with the GCM270

simulations. The GCM outputs are colocated with the position (latitude and longitude)271

and date of the observations, after some processing.272

The GCM simulations are first interpolated in terms of latitude, in order to increase273

the latitude resolution near the polar circle. This interpolation reduces errors in some274

cases where occultation coordinates would wrongly be considered in the polar night due275

–9–
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Figure 4. Meridional profile of the D/H ratio of the zonal average, temporally averaged over

the Ls ∈ [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.

to the model’s coarse grid resolution. They are then interpolated in terms of solar zenith276

angle (SZA) to match the geometry of a solar occultation (SZA=90◦). The observations277

and the GCM outputs are also resampled on a vertical grid of 100 points between -1 and278

100 km above the areoid, facilitating the comparison.279

Figure 5 shows the comparison of ACS with GCM profiles for the temperature. The280

model reproduces well the trends seen in the observations, but it also presents many ar-281

eas in which it is warmer than the observations. In particular above 50 km at high lat-282

itudes (> 60◦). In both hemispheres, the period Ls = 180−250◦ shows overall higher283

temperatures.284

Regarding the water vapour, the model reproduces well the general trends (Fig-285

ure 6). But it is also clear that the model is too wet at high altitudes, above 50 km, in286

the northern hemisphere. In the southern hemisphere, especially for MY35, the model287

is instead lacking water at these altitudes. Interestingly, this effect exists also for MY35,288

showing that it is not only due to the increased amount of dust in the atmosphere that289

occurred during MY34. In both years and both hemispheres, the dusty season shows the290

largest differences between the model and the observations in water vapour mixing ra-291

tio.292

Finally we can look at the profiles for the D/H ratio (Fig. 7). Due to the relative293

weakness of the HDO lines compared to the H2O lines, the HDO mixing ratio is not al-294

ways available concomitantly with the H2O mixing ratio despite being measured simul-295

taneously, explaining the sparse temporal and vertical coverage of the D/H ratio pro-296

files. The observations and the model both show the seasonal variability with higher val-297

ues of the D/H ratio during the perihelion season, in contrast to the aphelion season where298

the D/H ratio is usually lower and decreases more quickly with altitude. At high alti-299

–10–
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Figure 5. Comparison between model and data temperatures in the northern (left column)

and southern (right) hemispheres, for MY34 (from Ls = 160◦) and MY35. The coordinates (lat-

itude 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.

tudes (above 75 km), the model shows an increase of the D/H ratio, with values above300

6. This is the consequence of the photodissociation, which preferentially destroys H2O301

over HDO and therefore tends to increase the D/H ratio, contrarily to condensation.302

The difference between MY34 and MY35 is also apparent with higher values of the303

D/H ratio between Ls = 160◦ and 220◦ in MY34 than in MY35. This is true in the model,304

as seen earlier, but also the ACS observations, with HDO being detected at higher al-305

titudes during this period in MY34 than in MY35. The difference between the model306

and the observations shows an underestimation of the D/H ratio in the model in cases307

where the observed value is close to its maximum between 5 and 6. Around aphelion,308

where the observed values are lower, the model tends to overestimate the ratio.309

Since the D/H ratio is mostly affected by the fractionation at condensation, it is310

interesting to look at the overall behaviour of the D/H ratio with respect to the main311

drivers of the fractionation: the water vapour mixing ratio and the temperature. Fig-312

ure 8 shows the distribution of values of D/H against the water vapour mixing ratio, for313

the observations and the model output. In both cases, the D/H ratio is globally lower314

at low values of water vapour. This is expected since the lower values of H2O vapour are315

usually due to the condensation, which will reduce the D/H ratio through fractionation.316

The same relation can be seen in fig. 9, this time with respect to temperature. Once317

again, the low temperatures are related to low values of the D/H ratio because these low318

temperatures are related to regions where fractionation has depleted the vapour phase319

of its HDO.320
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Figure 6. Same layout as fig. 5, but for the water vapour (in ppmv).

Figure 7. Same layout as fig. 5, but for the D/H ratio.
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Figure 8. 2D histogram of the values of the D/H ratio against the water vapour mixing ra-

tio. 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.

The figures also show the difference between the distributions from the GCM and321

the observations. The range of D/H values observed by ACS is larger than that from the322

GCM, even taking into account the observation bias, since the GCM values shown here323

are collocated with ACS observation coordinates, including regarding altitudes. While324

the ACS data and the GCM share a similar mean ratio (' 3.9), observations show a broader325

distribution. In particular, we note that the tail of the observed distribution extends to326

lower values than in the simulation, meaning that the model fails to reproduce low val-327

ues of the D/H ratio in the altitude ranges probed by ACS-MIR.328

There is also a difference in the slope of the distributions, especially in Fig 8. Since329

the D/H ratio depends on the temperature, the water mixing ratio and the saturation330

ratio, following eq. 3, the global relationship shown in figures 8 and 9 can also depend331

on the saturation ratio and the coefficients used in the formula for the fractionation fac-332

tor. In particular, it could be interesting to investigate possible deviations of the frac-333

tionation factor α in the martian conditions from the formula derived by Lamb et al. (2017),334

which was already an improvement over that of Merlivat and Nief (1967).335

This difference between model and observations can be best addressed by consid-336

ering individual profiles. For this comparison, we complete the HDO dataset with retrievals337

of water ice mass loading by solar occultation from the ACS data. Methodology of aerosol338

properties retrieval as well as corresponding aerosol profiles retrieved from the combi-339
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Figure 9. Same layout as fig. 8, but for the temperature.
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Figure 10. Profiles of temperature, water vapour, water ice mass loading, HDO vapour, 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.

nation of the TIRVIM and NIR spectra covering the period Ls ∈ [170◦−−255◦] of MY340

34 were published in Luginin et al. (2020). Here, together with previously published data341

we use additional TIRVIM and NIR aerosol profiles as well as completely new profiles342

retrieved from the combination of the MIR and NIR spectra (Fig. 11, bottom)343

In orbit 2556 (Fig. 10, top), the simulated water profile is overall in agreement with344

the observations. But the observed temperatures present oscillations that are not repro-345

duced by the model. This and the misrepresentation of the ice content between 10 and346

30 km lead to variations of the D/H ratio not reproduced by the model.347

For the orbit 3513 (Fig. 10, middle) the water vapour below 50 km, while overes-348

timated by the model, is not observed to be fractionated, thus the D/H ratio below the349

cloud level is well reproduced by the model. On the other hand, the condensation level350

is poorly represented, with a much sharper decrease of water vapour around 55 km in351
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the observations. This is consistent with the underestimation of the ice content by the352

model, leaving the upper atmosphere with too much water vapour in a supersaturated353

state. As a consequence the fractionation is incorrect and the D/H ratio above 50 km354

no longer matches the observation.355

A similar issue occurs with orbit 12059 (fig. 11, bottom) where the profiles for wa-356

ter agree up to 40 km, above which the model sees a decrease in water vapour. In the357

observed profile, the hygropause occurs higher, around 55 km. Once again, the compar-358

ison between the modelled and observed ice profiles shows that the model underestimates359

the amount of ice above 50 km and consequently the amount of condensation-induced360

fractionation. This explains the sharp decrease of the D/H ratio observed by ACS, but361

not reproduced by the model. Another example of this, but in a different season and lat-362

itude is given by orbit 8401 (fig. 11, middle) where the ice observed between 20 and 40 km363

is not predicted by the model, which therefore cannot predict the sharp decrease of the364

isotopic ratio in the same altitude range.365

In orbit 4409 (fig. 10, bottom), the D/H values before and after the deuteropause366

are relatively well reproduced, but the location of the hygropause is incorrectly located367

around 30 km in the model, instead of the observed 45 km. In this case the cloud for-368

mation seems to occur higher in the observations (maximum of ice around 60 km) than369

in the model (maximum around 50 km). The ice mass load is also higher in the obser-370

vations. This leads to a higher hygropause and a higher deuteropause than in the model.371

Orbit 6844 (fig. 11, top) shows a case in the polar region where the model over-372

estimates the amount of ice below 20 km. This lead to a model drier than the observa-373

tions and to a stronger fractionation which explains why the ratio predicted by the model374

is lower than that of the observations.375

In order to compensate the irregular temporal and spatial (notably vertical) sam-376

pling in the data and to investigate better the seasonal variations, we averaged the ob-377

served and collocated GCM profiles in bins of latitude and of months, as in Fig. 12.378

We can start by comparing the ACS profiles from MY34 and MY35. In particu-379

lar, the profiles corresponding to the GDS show higher values of the D/H ratio in MY34380

than in MY35, with the isotopic ratio decreasing only at higher altitudes, as already iden-381

tified previously (Vandaele et al., 2019; Alday et al., 2021).382

It is also interesting to note that the global mean of the GCM (red curves) follows383

closely the mean of the collocated GCM profiles, with a few exceptions of the polar ar-384

eas. This indicates that the observational sampling of ACS is representative of the con-385

ditions of the atmosphere for the bins considered. In the polar regions, the sampling in386

local-time could explain the differences.387

The model shows a good qualitative agreement, successfully capturing the trend388

in the vertical evolution of the D/H ratio, in particular at mid- and equatorial latitudes,389

but less so in the polar regions.390

During the perihelion season, the model is in quantitative agreement with the ob-391

servations in the middle atmosphere, with similar maximal values of the D/H ratio. But392

during the aphelion season of MY35, the model predicts a much higher value of the D/H393

ratio in the polar regions, despite the vertical trend being reproduced. As seen in fig-394

ure 5, the model tends to overestimate the amount of water vapour in this time period,395

in particular in the northern hemisphere. This excess water vapour, associated with a396

lack of ice at low altitudes, could explain the discrepancy. Processes linked to the sur-397

face ice could also play a role and would need further exploration.398

In general the model seems to fail to represent the observed decrease of the D/H399

ratio above 50 km and closer to the surface. It seems that the model does not reproduce400
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Figure 11. Profiles of temperature, water vapour, water ice mass loading, HDO vapour, 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.

–17–



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

manuscript submitted to Journal of Geophysical Research: Planets

2 4
0

20

40

60

80

 9
0>

la
t>

 4
5

a
Ls=180-240

2 4

b
Ls=240-300

ACS
GCM
GCM global

2 4

c
Ls= 60-120

2 4

d
Ls=180-240

2 4

e
Ls=240-300

2 4
0

20

40

60

80

 4
5>

la
t>

-4
5

f

2 4

g

2 4

h

2 4

i

2 4

k

2 4
D/H (SMOW)

0

20

40

60

80

-4
5>

la
t>

-9
0

l

2 4
D/H (SMOW)

m

2 4
D/H (SMOW)

n

2 4
D/H (SMOW)

o

2 4
D/H (SMOW)

p

Figure 12. Binned values of D/H ratio for selected time ranges in MY34 (left panels, a, b, f,

g, l and m) and MY35 (right panels). The profiles are averaged by latitude bins: high latitudes

(|φ| > 45◦), mid-equatorial latitudes (|φ| < 45◦). They are also averaged by periods of Ls. The

green curves show the ACS profiles averaged with weights based on the errors and the amount of

water vapour. The blue curves represent the collocated GCM profiles, weighted by the amount

of water vapour. 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.
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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 Ls ∈ [240◦ − 300◦] and latitude range [−45◦ − 45◦] (corresponding

to fig 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.

the amplitude of the variation of the D/H ratio with altitude, suggesting that while the401

processes are understood, their efficiency might be lower than what is needed.402

A likely explanation for this discrepancy is the insufficient condensation at high al-403

titudes or close to the surface. This is visible in figures 10 and 11, but is also apparent404

in Fig. 13 where observed and simulated profiles of temperature, water ice, water vapour405

and D/H ratio are presented, averaged over the period Ls ∈ [240◦−300◦] of MY34 and406

latitude range [−45◦−45◦]. The model does not predict enough ice in the 10-20 km range,407

which would lead to an underestimation of the fractionation. As a result, the model doesn’t408

reproduce the decrease of the D/H ratio close to the surface. At high altitudes, a sim-409

ilar issue is observed with a lack of ice above 60 km. This ice at high altitude explains410

the sharp decrease of the D/H ratio above 60 km, which the model cannot reproduce.411

This would be consistent with the excessive values of supersaturation seen in the412

model, and with the lack of dust at high altitude (cf. companion paper for a more de-413

tailed discussion on that aspect). With less dust being available to act as cloud conden-414

sation nuclei, ice particles cannot form, leaving the upper atmosphere supersaturated with415

respect to ice. Since the fractionation by condensation is the main factor controlling the416

isotopic ratio, less condensation leads to higher values of the D/H ratio at these altitudes.417

5 Discussion418

As illustrated by the individual and averaged profiles, the GCM performs essen-419

tially well in reproducing the general trends of variation of the D/H ratio. This reflects420

the capacity of the model to reproduce the condensation and the related fractionation.421

This in turn, relies on the model correctly representing the temperature profile and the422

conditions of condensation, in particular the amount of dust available to act as cloud con-423

densation nuclei. The difficulties of the model to reproduce the condensation occurring424

at high altitude likely explain why the distributions of D/H shown in figure 8 differ re-425

garding the lower values, with a larger number of instances of D/H ratios below 2 in the426

–19–



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

manuscript submitted to Journal of Geophysical Research: Planets

observations. These low values correspond to a heavy fractionation, and therefore to a427

strong condensation.428

The detailed microphysics of the condensation and the inclusion of the radiative429

effect of clouds improves significantly the simulations when compared with the model430

used in Rossi21. In Figure 13, both the model with the detailed physics (”Micro”) and431

the simplified scheme from Rossi21 (”simple”) are shown. The ”Micro” model used in432

this study improves significantly the water cycle (as discussed in more details in the com-433

panion paper), and it is a clear improvement on the D/H ratio as well.434

The main limitation of the improved model seems to be a correct representation435

of the condensation, in particular the lack thereof. This can be related to possible issues436

in the speed of the condensation, once nucleation is initiated. But the lack of dust to act437

as cloud condensation nuclei would also strongly limit the formation of ice particles. This438

is a known problem in the GCM, which is unable to transport dust to high altitudes, cre-439

ating a lack of condensation nuclei at high altitude.440

A logical consequence of the lack of condensation at high altitudes, is the super-441

saturation which, as illustrated by the companion paper, also plays an important role.442

Firstly because it has an impact on the porosity of the deuteropause, thus increasing the443

amount of water vapour and reducing the condensation. Secondly because the inclusion444

of the effect of kinetics means that the fractionation factor depends on the saturation445

ratio. Therefore supersaturation will tend to further decrease the efficiency of the frac-446

tionation.447

Another limitation of this study is the limited vertical range where HDO is reli-448

ably measured and can be compared to the model. Only a few profiles reach altitudes449

above 50-60km, where the porosity of the deuteropause controls the D/H ratio, making450

difficult to understand what happens to HDO itself, beyond what we can see from H2O451

alone.452

6 Conclusion453

We have used a global climate model of Mars to simulate the HDO cycle. The model454

includes realistic representation of the microphysics of cloud formation, the radiative ef-455

fect of clouds and the photochemistry.456

We have compared the model simulations with solar occultation data from the MIR457

channel of the Atmospheric Chemistry Suite, on-board the Trace Gas Orbiter. The model458

shows a good qualitative agreement with the observations, successfully capturing the ef-459

fects of condensation-induced fractionation, which appears to be the main factor con-460

trolling the D/H ratio. The misrepresentation of condensation appears to be the main461

cause of disagreement in the D/H ratio between the model and the data. The known is-462

sues in the transport of dust particles at high altitude by the model are a likely cause463

of misrepresentation of the condensation, although not the only one.464

Improvements in the representation of the water and dust cycles in the LMD Mars465

GCM are on-going, and are expected to lead to improvements in the representation of466

related physical processes, such as the isotopic ratios and the HDO cycle.467

The recent implementation of the escape of deuterium in the model could provide468

material for further studies involving MAVEN data, and on the study of the escape of469

water vapour on Mars.470
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