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Abstract 

Last year, we developed the data assimilation system 

based on the local ensemble transform Kalman filter 

(LETKF) for a Venusian general circulation model 

(VAFES) [1]. This system reduces errors between 

analysis and forecast quickly, and successfully 

reproduced the thermal tide excited by the diurnal 

component of the solar heating. Recently, Ensemble 

Forecast Sensitivity to Observations (EFSO) 

technique has been implemented to quantify impact 

of each observation. The system would be useful for 

datasets from the Venus Climate Orbiter ‘Akatsuki’. 

1. Introduction 

The data assimilation is an effective tool widely used 

in the planetary atmospheric science. Since 

observation data are irregularly sampled in space and 

time, global and continuous analysis fields produced 

by general circulation models (GCMs) with the data 

assimilation are quite useful to study atmospheric 

dynamics because the produced data are dynamically 

consistent.  

However, the data assimilation has not been 

attempted for the Venusian atmosphere so far. In 

recent years, we have developed a Venusian 

Atmospheric GCM [2] named AFES-Venus (VAFES) 

on the basis of Atmospheric GCM For the Earth 

Simulator (AFES) [3]. Using VAFES, we have 

succeeded in reproducing the realistic structure of the 

Venusian atmosphere, such as planetary scale waves 

[4], cold collar [5], polar vortex [6], and thermal tide 

[7]. Comparison between the VAFES simulations 

and Akatsuki observations suggests that VAFES 

could be used for the data assimilation at this 

moment. Therefore, we developed a new data 

assimilation system for the Venusian atmosphere, 

named VALEDAS (Venus AFES LETKF Data 

Assimilation System) [1], based on AFES-Venus and 

the local ensemble transform Kalman filter (LETKF) 

[8] which is one of the most powerful and efficient 

schemes for the data assimilation. In the present 

study, we have implemented Ensemble Forecast 

Sensitivity to Observations (EFSO) technique to 

quantify how much each observation would improve 

the VAFES forecasts, and conducted several test 

cases using idealized and real observation data.  

2. VAFES-LETKF system 

VAFES is a full nonlinear Venus GCM with 

simplified physical processes [2]. The resolution is 

set to T42L60 (128 times 64 horizontal grids and 60 

vertical levels). The vertical domain extends from the 

flat ground to ~120 km. The infrared radiative 

process is simplified by a Newtonian cooling scheme 

and the temperature is relaxed to a prescribed 

horizontally uniform temperature field based on 

VIRA. Vertical and horizontal distributions of the 

solar heating are based on previous observations and 

decomposed into a zonal mean component and a 

deviation from the zonal mean (diurnal component), 

which excite the mean meridional (Hadley) 

circulation and the thermal tide, respectively. Other 

details of the model settings are described in our 

previous works [2, 4]. 

The initial state is assumed to be an idealized 

superrotating flow in solid-body rotation. The zonal 

wind increases linearly with height from the ground 

to 70 km. We perform numerical time integrations 

for more than 4 Earth years. The model atmospheres 

reached quasi-steady states within approximately an 

Earth year. Quasi-equilibrium data sampled at 1-hour 

intervals are used for the idealized observations, and 

those at 8-hour intervals are for initial conditions of 

each member of the ensemble. 

In data assimilation schemes, an improved estimate 

(called analysis) is derived by combining 

observations and short time forecasts. The LETKF [8] 

seeks the analysis solution with minimum error 

variance. Using an ensemble of VAFES runs, 
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uncertainty of the model forecast is characterized. 

Details of the VALEDAS are described in [1].  

EFSO can estimate impacts of assimilated 

observations using the 12-hour forecasts with the 

ensemble-based method [9]. Such  estimations are 

usually made by data-denial experiments or 

Observing System Experiments (OSEs), but these 

experiments with various observation datasets are 

computationally very expensive. EFSO is simpler, 

more computationally efficient, and gives similarly 

accurate results without using the adjoint model. 

Here, several idealized observations at the cloud top 

level with different intervals of the VAFES run are 

used to test EFSO.  

3. Results 

The VALEDAS quickly reduces the analysis and 

subsequent forecast root-mean-square (RMS) error. 

Furthermore, though the observation data are given at 

70 km only, the three-dimensional structure 

associated with the thermal tide appears clearly.  

Figure 1 shows time series of EFSO value and total 

energy (TE) that has been improved by all 

observations. A correlation coefficient of ~86.9% 

clearly indicates that the EFSO value successfully 

estimates impact of observations.   

 

Figure 1: Time series of EFSO value and total energy 

(TE) that has been improved by all observations. 

4. Summary and Conclusions 

The VAFES-LETKF data assimilation system 

(VALEDAS) applicable to the Venus atmosphere has 

been developed and Ensemble Forecast Sensitivity to 

Observations (EFSO) technique was newly 

implemented to quantify impact of each observation. 

The VALEDAS with EFSO would enable us to 

reproduce more reliable structures of the Venus 

atmosphere by using Akatsuki observations.  
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Abstract 
Recent HST, MEX, and MAVEN observations reveal 
significant variations of hydrogen escape from Mars 
in the perihelion season (LS = 200 to 330º) with 
values that reach 109 cm-2 s-1 and exceed the diffusion 
limit for H2. This correlates with high H2O 
abundances observed by MEX up to ≈80 km in this 
season. Here we present a 1D self-consistent 
photochemical model of neutral and ion composition 
at 80-300 km that accounts for H2O chemistry. The 
model explains the observed hydrogen escape if the 
dayside-mean H2O can reach 40 ppm at 80 km. This 
abundance is well within those observed by MEX.  

1. Introduction 
The martian hydrogen corona is described by two 
parameters: density of H at 250 km and temperature. 
However, the altitude extent in the orbiter 
observations may be insignificant for measurement 
of T, and the Mariner 6 and 7 flybys and HST 
imaging could provide more reliable data (Fig. 1). 

. 
Fig, 1. HST observations of hydrogen escape from 
Mars in 2007-2017 [1]. 

These observations confirm the MEX data [2] that 
the escape rate at the perihelion season (LS = 200-
330º) may be very large and exceed the diffusion 
limit of 4×108 cm-2 s-1 for H2 = 17 ppm [3, 4]. The 

observations correlate with the recent detections of 
high H2O abundances up to ≈80 km in the perihelion 
season using the SPICAM IR solar occultations [5, 6]. 
If H2O can reach the thermosphere, it may 
significantly affect its chemistry and increase 
hydrogen escape. However, the MAVEN/NGIMS 
measurements of the ion composition [7, 8] do not 
support significant abundances of water in the 
thermosphere. Here we will create a photochemical 
model to account for all aspects of the problem.   

2. Model 
Our one-dimensional self-consistent model of neutral 
and ion composition in the martian atmosphere at 80-
300 km is based on the model [3] with nonthermal 
escape of light species (H, H2, D, HD, and He) from 
[4]. The model accounts for vertical transport of 
species by eddy, molecular, and ambipolar diffusion. 

 
Fig. 2. Observed exospheric temperatures and their 
linear fit (long dashes). Blue lines are the MGTM 
versions of 2000, 2008, 2009, and 2015 at fall 
equinox. Solid line is a fit to the MAVEN point by 
thermal balance equation. 
Temperature profiles are adopted by the least-square 
linear fit to observed exospheric temperatures (Fig. 2) 
that results in 
T∞ = 123 + 2.19 F10.7. 
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Temperature at 80 km is either 128 K with no water 
or that for the saturation conditions of water. 
Temperatures from 80 and 300 km are interpolated 
using an analytic expression. 30 reactions, which 
account for the basic photochemistry of H2O, H2O+, 
H3O+, O2, and their products, are added to the model.  

3. Results 
Photolysis of H2O increases significantly the 
productions of H and H2 and their escape. The 
following sequence of the ion reactions is also 
important in the balance of H2O and its products: 
CO2

+ + H2O → H2O+ + CO2  
H2O+ + CO → HCO+ + OH 
HCO+ + H2O → H3O+ + CO   
H3O+ + e → OH + H + H    
(OH + O → O2 + H)×2     
2 H2O + 2 O + CO2

+ + e → CO2 + 2 O2 + 4 H 
 

 
Fig. 3. Profile of the H2O mixing ratio in the model at 
F10.7 = 70 and fH2O = 30 ppm at 80 km. 
 
Both photolysis and ion chemistry strongly deplete 
the H2O mixing ratio (Fig. 3) with a minimum at 160 
km and further increase by the diffusive enrichment 
of light species.  
Our models do not confirm the conclusion in [8] that 
significant H2O abundances strongly deplete HCO+ 
densities and are therefore incompatible with the 
MAVEN/NGIMS measurements. Loss of HCO+ in 
our models is weaker in the reaction with H2O than 
that in recombination, while the production is greater 
in the reaction CO2

+ + H because of the greater H for 
large H2O. 
Variations of the H and H2 escape and densities at 
250 km with H2O at 80 km and solar activity are 
shown in Fig. 4 and 5. The escape flux of H may be 
approximated by 
ΦH↑ (cm-2 s-1) = 1.6×108 + 1.7×107fH2O (ppm).  

 
 Fig. 4.  Upward (u, escape) and downward (d, at 80 
km) fluxes of H and H2 for various H2O abundances 
at 80 km and solar activity: F10.7 = 40, 70, and 100 
(short dashes, solids, and long dashes, respectively). 
 
The results agree with those in Fig. 1 if H2O reached 
40 and 15 ppm at 80 km in the martian falls of 2014 
and 2016, respectively. 
 

 
Fig. 5. Densities of H and H2 at 250 km for various 
H2O at 80 km and F10.7 = 25, 40, 70, and 100 (dash-
dots, short dashes, solid, and long dashes). 
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Abstract 

By performing numerical experiments with a Mars 

general circulation model, the patterns of flow 

associated with the condensation and sublimation of 

carbon dioxide ice in the atmosphere of Mars have 

been interpreted.  

1. Introduction 

Carbon dioxide (CO2) is the major constituent in the 

atmosphere of Mars. During a Martian year, the 

sublimation and condensation of CO2 may result in a 

substantial change (up to 25%) in the total mass of 

the atmosphere, and so is important to the general 

circulation of the planet. In addition, it has been 

suggested that the sublimation flow near the ice cap 

edges may facilitate the process of dust lifting in the 

regions near the cap edge such as the Hellas Basin 

[1]. However, the patterns of the condensation and 

sublimation flow are not easy to be interpreted, as 

observational data is generally not available. A direct 

numerical simulation of these flows in a realistic 

general circulation model (GCM) is also not feasible 

in general. In this study, the patterns of these flows 

will be interpreted in an indirect way based on some 

numerical experiments by a Mars GCM.  

2. Numerical Experiments 

The GCM used is the MarsWRF [2]. The model 

domain has 36 x 72 grid points (horizontal resolution 

~ 5 degree or 300 km), with 52 vertical layers. The 

model top layer is at the attitude about 80 km. The 

model has a radiation scheme specific to Mars [2], 

which has considered the heating/cooling effects of 

dusts and CO2. The model also includes some 

physical process parameterizations which are specific 

to Mars such as the CO2 cycle [3] and dust lifting. 

The parameterization of the dust process in the model 

includes an active dust scheme and a dust devil 

scheme similar to those used in [4]. The emission of 

dust is proportional to the surface wind stress when 

the stress is over a certain threshold value, while the 

suspended dusts may change the atmospheric 

radiation and so the circulation. The process of dust 

devils is parameterized to provide the background 

dust field, with amount mainly depending on the 

surface temperature. 

The model was run for two years. The first year is 

considered as the spin-up period. The simulation in 

the second year is considered as the control 

simulation CTRL. Based on CTRL, some sensitivity 

experiments LHX5 have been performed in which 

the latent heat of CO2 ice sublimation in either the 

northern or southern icecap is increased by 5 times 

starting from several chosen time instants. These are 

the periods when sublimation or condensation of CO2 

icecap occurs in the southern or northern hemisphere 

(Fig. 1). It can be shown that the effect of increasing 

the latent heat substantially in LHX5 is very similar 

to the effect of shutting down the process of 

sublimation or condensation.  

 

Figure 1: Seasonal variation of zonal-mean mass of 

CO2 ice in the southern hemisphere (red), northern 

hemisphere (blue dotted) and both hemispheres 

(crosses) simulated in CTRL. 
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3. Results 

The flow associated with the sublimation of CO2 ice 

in the southern ice cap can be interpreted by 

considering the difference in the flow filed between 

CTRL and LHX5 after the increase in latent heat. To 

eliminate the signals of diurnal variation, the results 

averaged for 5 sols will be considered.  

 

 

Figure 2: Five-sol mean differences in wind field 

between CTRL and LHX5 started at LS = 195.8°. (a) 

Surface wind field with topography in contours, and 

surface CO2 ice (shading, kg m
-2

). (b) Height-latitude 

profile of velocity vectors (m s
-1

, vertical component 

multiplied by 100) averaged over the longitudes of 

the Hellas basin region. 

The results of the experiments suggest that the 

surface wind of the sublimation flow is rather 

significant in the middle to high latitudes of the 

southern hemisphere (Fig. 2a). In fact, the 

sublimation flow may be rather shallow in general 

(Fig. 2b) except near the southern high latitude 

region.  

It is interested to perform a similar analysis to 

interpret the sublimation flow at the northern icecap. 

The results suggest that the sublimation flow in the 

northern hemisphere is much weaker than that in the 

southern hemisphere (Fig. 3a). Compared with the 

sublimation flow, the magnitude of the condensation 

flow is generally much weaker in both hemispheres. 

However, the magnitude is still generally stronger in 

the southern hemisphere (Fig. 3b). 
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4. Summary and Conclusions 

The results of the numerical experiments suggest that 

the sublimation flow in the southern hemisphere is 

much stronger than that in the northern hemisphere, 

and the maximum magnitude of the flow is generally 

around LS ~ 240°. The sublimation flow is rather 

shallow and is significant mainly near the surface. 
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Figure 3: Similar to Fig. 2a, but for interpreting the 

sublimation flow in the northern icecap around LS = 

80° in (a), and the condensation flow in the southern 

icecap around LS = 90° in (b). 
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Abstract 
We have adopted a Mars Global Climate Model 
(MGCM) for the early Martian climate (Paleo-Mars 
GCM, hereafter PMGCM) with the surface pressures 
of up to 2 bars, introducing the water cycle scheme 
with the liquid phase, liquid ocean/lakes on surface 
and their freezing/thermodynamic processes, and 
surface fluvial activities. We reproduced the warm 
surface condition to allow the fluvial activities except 
during winter, and the comparison of the simulated 
distributions of fluvial and sediment discharges with 
the observed valley networks was made. 

1. Introduction 
Martian valley networks are considered the evidence 
of a climate warm enough to allow the existence of 
long-term fluvial systems on early Mars during the 
Noachian and Hesperian boundary (3.85-3.6 Ga). The 
isotopic ratios detected from Martian meteorites 
showed the evidence of surface pressure of >0.5 bars 
in ~4.1 Ga [1] and surface water abundance of ~550 m 
global equivalent layer around that time [2], which 
should indicate that the surface liquid water made the 
observed fluvial traces.  

However, 3-dimensional numerical studies using 
MGCMs had shown that the reproduction of surface 
temperature of above 273K (melting point of water) 
assuming the Martian environment of 3.8 Ga (with 25% 
weaker solar luminosity than the present value) would 
be difficult with only the radiative effects of thick (up 
to 7 bars) CO2 atmosphere, water vapor and clouds 
[3,4]. To solve this contradiction, some studies has 
shown that higher surface temperature may be 
achieved by adding the radiative effects of SO2[5] or 
H2[6,7], but no 3-dimensional simulation study of 
early Martian climate had been done including the 
effects of the spatial changes of surface parameters 
such as thermal inertia of liquid water surface 

(ocean/lake) and estimating the fluvial features on 
surface for the accurate understanding of the 
environment. 

2. Model Description 
The PMGCM used in this study has been developed 
based on DRAMATIC (Dynamics, RAdiation, 
MAterial Transport and their mutual InteraCtions) 
MGCM, with the dynamical core of CCSR/NIES/ 
FRCGC MIROC [8], which has reproduced various 
dynamical and physical processes for the current 
Martian atmosphere [9-11]. Here we simulated the 
possible early Martian climate assuming a pure CO2 
atmosphere with surface pressures of up to 2 bars, 
decreased solar flux to be 75% of the present value, a 
radiative scheme with the coupling of CO2/H2O gases 
and clouds, and water cycle including the large scale 
condensation and cumulus convection. We also 
implemented the ocean/land thermodynamics and land 
hydrology with the ocean mixed layer of 20 m and 
formation of sea ice, variable thermal inertia and 
surface albedo, and water penetration/fluvial 
transport/sediment transport processes. 

Figure 1 shows the surface condition of the PMGCM 
assuming an ocean and lakes with the sea level of  
-2.54 km altitude on the topography of current Mars. 

 
Figure 1: Surface condition of the PMGCM. Aqua 
regions represent the ocean/lakes. 
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3. Results 
Figures 2 and 3 show the annual mean surface 
temperature and annual precipitation (sum of rain and 
snow), respectively. Due to the assumption of high 
thermal inertia of the ocean, we reproduced the warm 
surface temperature exceeding 273K from spring to 
autumn allowing seasonal melting of snow-ice 
deposits, while cold surface (< 273 K) during winter 
to produce considerable snow precipitation and 
accumulation, with the surface pressures of higher 
than 1.5 bars.   

 
Figure 2: Simulated annual mean surface temperature 
[K] in our PMGCM with surface pressure of 2 bars. 

Figure 3: Same as Figure 2 except the annual 
precipitation [log10 of mm/Martian year].  

Figures 4 and 5 show the annual mean fluvial and 
sediment discharges, respectively, simulated with the 
surface pressure of 2 bars. The results indicate the 
existence of fluvial sediment transport in the southern 
low- and mid-latitudes enough to reproduce Martian 
valley networks within a relatively short time (less 
than 10 million years) in the early Martian climate. 
However, there are some differences between the 
distributions of simulated discharges and observed 
valley networks which should be discussed.  

 
Figure 4: Same as Figure 2 except the annual mean 
fluvial discharge [log10 of m3/Martian year]. 

Figure 5: Same as Figure 2 except the annual mean 
sediment discharge [log10 of m3/Martian year]. 

Our study first showed the possibilities of the clement 
and aqueous early Martian environment using a 
coupled atmospheric–hydrospheric MGCM in a 3-
dimensional manner [12]. 

References 
[1] Kurokawa et al., Icarus 299, 443–459. 2018.  
[2] Kurokawa et al., Geochem. J. 50, 67–79, 2016.  
[3] Forget et al., Icarus 222, 81-99, 2013. 
[4] Wordsworth et al., Icarus 222, 1–19, 2013.  
[5] Mischna et al., J. Geophys. Res. Planets, 118, 
560–576, 2013.  
[6] Ramirez et al., Nature Geosci., 7, 59–63, 2014.  
[7] Ramirez, Icarus 297, 71–82, 2017.  
[8] K-1 Model Developers, K-1 Tech. Rep., 1, Univ. 
of Tokyo, 2004. 
[9] Kuroda et al., J. Meteor. Soc. Japan 83, 1-19, 
2005. 
[10] Kuroda et al., Geophys. Res. Lett., 40, 1484-
1488, 2013. 
[11] Kuroda et al., Geophys. Res. Lett., 42, 9213–
9222, 2015. 
[12] Kamada et al., Icarus, under revision. 



D and H in the Upper 

Atmosphere of Mars 

Majd Mayyasi, John Clarke, Dolon Bhattacharyya, SOHO 

SWAN and MAVEN Teams 

Center for Space Physics, Boston, MA, USA, 

(majdm@bu.edu) 

 

Abstract 

The atmosphere of Mars has been remotely sounded at 

Ultraviolet wavelengths using the NASA Mars 

Atmosphere and Volatile Evolution (MAVEN) 

mission [1]. A high-resolution echelle channel on 

board MAVEN, capable of resolving Lyman- 

emissions of hydrogen and deuterium at 121.567 nm 

and 121.535 nm, respectively, has been used to 

measure emission brightness from these atomic 

species along the disk, limb and corona of Mars with 

unprecedented coverage. The remotely-sensed 

MAVEN observations have been consistently 

calibrated using Solar Wind Anisotropy (SWAN) 

instrument observations and model estimates of 

diffuse interplanetary H [2]. In situ and remote sensing 

measurements are collectively used in order to 

determine properties of H and D in the martian upper 

atmosphere. This presentation highlights the results of 

these efforts to date. 

1. Introduction 

A key scientific goal of the MAVEN mission is to 

understand water escape at Mars. One way to quantify 

this escape is to examine the ratio of D and H 

abundances in the upper atmosphere in order to 

examine the rate of preferential loss of the lighter to 

heavier isotopologue. The classical (pre-MAVEN) 

perception of H loss originates with the atomic and 

molecular photo-dissociated byproducts of water 

diffusing slowly (timescale of years) to higher 

altitudes where chemistry liberates atomic H and 

allows a population of those atoms to leave the 

planet’s upper atmosphere via Jeans escape [3]. D 

undergoes similar processes as H but escapes at a 

slower rate due to its larger mass. Therefore, 

determining the properties of D and H in the upper 

atmosphere would improve our understanding of 

water escape rates, the water cycle, and ultimately, 

would help to constrain the amount of primordial 

water at the planet.  

2. Summary of Variability Studies 

MAVEN measurements of D and H brightness have 

been mapped across nearly two Mars Years. These 

measurements have shown that both D and H vary on 

multiple timescales, all of which are much faster than 

the classical theory suggests. Analysis of MAVEN 

echelle observations has revealed several trends in the 

D and H brightnesses. These variations are 

summarized below, in order of increasing timescale:  

1) Lyman- is a solar resonant scattering emission. 

Therefore, to first order, the brightness of this 

emission exhibits trends consistent with solar flux 

variability, such as solar zenith angle variations as 

well as periodic trends with a solar-rotation timescale 

(~28 days) [4, 5, 6]. 

2) Changes in Mars’ orbital distance from the Sun 

triggers climate dynamics and seasonal dust storms 

that affect the water cycle and the flux of D and H 

atoms into the upper atmosphere. These lower-

atmospheric processes vary with a seasonal and 

repeatable periodicity that affects the properties of H 

and D in the upper atmosphere with timescales of 

months [5]. 

3) Solar activity affects the flux of solar H Lyman- 

that reaches Mars. Variations on this 11-year 

timescale are expected and seen throughout the 

MAVEN mission timeline [5]. Additional space 

weather events have been seen to trigger significant 

changes in the properties of D and H in the upper 

atmosphere of Mars, mainly through upper 

atmospheric heating [6]. 

In this presentation, the variations in D and H 

properties in the upper atmosphere of Mars, observed 

by MAVEN to date, are presented and put in context 

of variability of molecular water isotopologues lower 

in the atmosphere. Estimates of the escape rates are 

made. These results will be significant for 

complementary lower atmospheric studies by TGO 

and will improve our understanding of historic water 

escape at Mars. 
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Abstract 

Gravity waves (GWs) are omni-present in stratified 

atmospheres such as Earth, Mars and Titan's [1][2][3]. 

These perturbations have been observed at Mars by 

previous spacecraft such as Mars Global Surveyor 

(MGS) and more recently the Mars Atmosphere and 

Volatile EvolutionN (MAVEN) mission [4][5][6]. 

GWs are generated from a diverse range of sources 

including flow over topography, atmospheric 

instabilities and volatile convection, however any 

process which perturbs the atmosphere could 

generate GWs. Many modelling studies have shown 

the significance of the effects of GWs for an accurate 

description of the atmosphere [7][8]. GWs carry 

energy and momentum as they propagate upwards 

and have been found to slow down or reverse mean 

flows in the upper atmosphere. The deposition of 

wave energy has the potential to either warm or cool 

the atmosphere, dependent on local atmosphere 

conditions [8]. 

We have performed a comprehensive study of gravity 

waves in Mars’ upper atmosphere. Using in situ data 

from the Neutral Gas and Mass Spectrometer 

(NGIMS) onboard MAVEN we have been able to 

characterise waves from nearly 4000 orbits [9]. We 

use density and temperature profiles to extract waves. 

We interpret these waves as vertical structures and 

characterise them by their amplitude and wavelength. 

We compare our results to those found using data 

from MGS, Odyssey (ODY) and MAVEN [2][5][6]. 

By using solar zenith angle and Mars-Sun distance as 

proxies for temperature, we have investigated 

correlations between temperature and GW 

characteristics. Large variations in amplitude are 

observed over the sampled zenith angle range. No 

such trend is found for wavelengths. By comparing 

pre- and post-periapsis profiles, we find that the 

largest variations are found in the coolest regions of 

the atmosphere, such as on the nightside. We discuss 

these results in the context of future aerobraking 

missions. 
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Abstract 
We analyzed limb observations of various dayglow 
emissions collected during about 3 years by the 
Imaging Ultraviolet Spectrograph (IUVS) instrument 
on board the Mars Atmosphere and Volatile 
Evolution mission (MAVEN) satellite orbiting Mars. 
These profiles have been analyzed in terms of 
latitude, season, local time, solar zenith angle and 
Martian year. They are compared with the altitude 
distribution and brightness expected by model 
simulations based on densities from Mars General 
Circulation models. To fit the observations scaling 
factors have to be applied to the GCM atmospheric 
densities. These are generally less then unity. In this 
study, we take advantage of the measurements by the 
EUV instrument on board MAVEN that allows 
monitoring of incoming solar flux reaching Mars 
every minute. 
 
1. Introduction 
Limb observation of airglow emissions is a standard 
technique to study the altitude profiles of the 
chemical elements in the Martian atmosphere and its 
thermal structure. Several previous missions have 
performed observations in the past (Mariners, Mars 
Express). Three years ago, the IUVS Ultraviolet 
spectrograph (McClintock et al. 2014) on board 
MAVEN started collecting thousands of airglow and 
auroral limb profiles in the range 120 to 340 nm. We 
now have analyzed more that three years of airglow 
observations and compared them to model 
simulations. The objective is to study the 
characteristics of the CO2 and CO FUV emissions to 
describe the Martian upper atmospheric structure and 
its variations. 

 

 

2. IUVS observations 
The Imaging Ultraviolet Spectrometer is a remote 
sensing instrument on MAVEN, equipped with two 
ultraviolet channels: the MUV (middle ultraviolet) 
and FUV (far ultraviolet) detectors cover the 115-190 
nm and 180-340 nm spectral ranges respectively. 
MAVEN has collected limb spectra over three years 
of airglow observations covering more than a full 
Martian year and various latitudes ranges per epoch. 

 
Figure 1: Sum of 210 FUV spectra collected between 
110 and 130 km. The main dayglow emissions are 
identified between 180 and 330 nm. CO2 is the main 
source constituent of all four emissions. 
 
We have analyzed the data and generated mean 
altitudes profiles for many of the emission features, 
grouping them in epoch, seasonal and latitude ranges 
(Figure 2).  An example of simultaneous limb scans 
of several emissions is shown in Figure 3. The limb 
brightness profile of each spectral feature was 
obtained by using a multiple linear regression method 
to fit each observed spectrum.  
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Figure 2: coverage of MAVEN dayglow observations 
during the first Martian year of the mission. The map 
shows the peak brightness of the CO Cameron 
emission in a 6°x6° bins. 
 
3. Modelling 
To model the dayglow emissions of the Martian 
atmosphere, we first construct neutral atmosphere 
distribution of the main constituents for different 
seasons, latitudes and local times based on the MCD 
model. Second, we use Monte Carlo simulations to 
calculate the photoelectron energy spectrum as a 
function of altitude for the latitude, solar longitude, 
local time and solar activity corresponding to the 
observations. Calculations of the collisional sources 
are based on the Direct Simulation Monte Carlo 
(DSMC) method that has been developed over the 
years (Shematovich et al. 2008; Gérard et al., 2008) 
to calculate the brightness profiles of emissions of 
the Earth, Jupiter, Saturn, Venus and Mars 
atmospheres. The energy spectrum of the 
photoelectrons calculated at fixed grid points is 
folded with relevant electron impact excitation cross 
sections to determine the corresponding collisional 
excitation rates. Finally, these sources are combined 
with directly solar-induced sources such as 
photodissociation to obtain the total volume 
production rates (Figure 3). In the case of the CO 
Cameron and CO2

+ bands, the dominant sources are 
directly proportional to the CO2 density. These 
emissions are therefore direct indicators of changes 
in thermospheric CO2. To fit the observations, 
scaling factors have to be applied to the GCM 
atmospheric densities. These are generally less then 
unity. 
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Limb observations of airglow emissions is a
standard technique to study the altitude
profiles of the chemical elements in the
Martian atmosphere and its thermal
structure. Several previous missions have
performed observations in the past
(Mariners, Mars express). Recently the IUVS
Ultraviolet spectrograph (McClintock et al.
2014) on board MAVEN has been collecting
thousands of airglow (Jain et al. 2015) or
auroral (Schneider et al., 2015) limb profiles
in the range 120 to 340 nm. We have
analysed more that three years of airglow
observations and compared them to model
simulations. The objective is to study the
CO2, O, CO and other density profiles as well
as thermospheric temperatures.
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The Imaging Ultraviolet Spectrometer is a
remote sensing instrument on MAVEN,
equipped with two ultraviolet channels.
MUV (middle ultraviolet) and FUV (far
ultraviolet) detectors that cover the 115-
190 nm and 180-340 nm spectral ranges
respectively. MAVEN has collected over
three years of quasi-continuous airglow
observations covering more than a full
Martian year and various latitudes
ranges per epoch. We have analysed the
data and produced mean altitudes
profiles for many of the emission
features, grouping them in epoch, solar
zenith angle and latitude ranges of
interest. An example of simultaneous
limb scans of several emissions is shown
in Figure 1. The limb brightness profile of
each spectral feature was obtained by
using a multiple linear regression
method to fit each observed spectrum.
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1. Introduction 
Limb observations of airglow emissions is a standard technique to study the altitude profiles of the 
chemical elements in the Martian atmosphere and its thermal structure. Several previous missions have 
performed observations in the past (Mariners, Mars express). Recently the IUVS Ultraviolet spectrograph 
(McClintock et al. 2014) on board MAVEN has been collecting thousands of airglow (Jain et al. 2015) or 
auroral (Schneider et al., 2015) limb profiles in the range 120 to 340 nm. We have analysed more that 
three years of airglow observations and compared them to model simulations. The objective is to study 
the CO2, O, CO and other density profiles as well as thermospheric temperatures.   

2. IUVS-MAVEN data 
The Imaging Ultraviolet Spectrometer is a remote sensing instrument on MAVEN, equipped with two 
ultraviolet channels. MUV (middle ultraviolet) and FUV (far ultraviolet) detectors that cover the 115-190 nm 
and 180-340 nm spectral ranges respectively. MAVEN has collected over three years of quasi-continuous 
airglow observations covering more than a full Martian year and various latitudes ranges per epoch. We 
have analysed the data and produced mean altitudes profiles for many of the emission features, grouping 
them in epoch, solar zenith angle and latitude ranges of interest. An example of simultaneous limb scans 
of several emissions is shown in Figure 1. The limb brightness profile of each spectral feature was 
obtained by using a multiple linear regression method to fit each observed spectrum. 
 

 

Figure 1: example of airglow emission features observed from IUVS limb scans for solar zenith angles 
between 50 and 60 degrees.  Orbits 3000-3400 and Ls:100°-150°(available from NASA/PDS 

archives). 

To model the dayglow emissions of the Martian atmosphere
we adopt a three-step approach. First, we construct neutral
atmosphere distribution of the main constituents for different
seasons, latitudes and solar zenith angles based on the
MGITM model (Bougher et al., 2015). Second, we use Monte
Carlo simulations to calculate the photoelectron energy
spectrum as a function of altitude for the latitude, solar
longitude, local time and solar activity corresponding to the
observations. The model uses the Direct Simulation Monte
Carlo (DSMC) method that has been developed over the
years (Shematovich et al. 2008; Gérard et al., 2008) to
calculate the brightness profiles of a series of spectral
features of the Earth, Jupiter, Saturn, Venus and Mars
atmospheres. Once the energy spectrum of the
photoelectrons is calculated at fixed grid points, it is folded
with relevant electron impact excitation cross sections to
derive the corresponding excitation rates. Finally, the
production rates from these collisional processes are
combined with other solar-induced or photochemical sources
to obtain the total volume production rates. In the case of an
optically thick emission a radiative transfer code is used to
calculate the emerging nadir or limb intensity. Collisional
deactivation is accounted for in the case of metastable
excited states.
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[2] Jain, S.K., et al., GRL, 42, 2015.
[3] Gérard, J.C. et al., PSS, 56, 542-552, 2008.
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[5] Shematovich, V.I. et al., JGR, 113, E02011, 2008.
[6] Schneider, N. M. Et al. Science, 350,6261, aad0313, 2015 

Figure	6:	Calculated	energy	
distribution	function	of	
photoelectrons	at	135	km	
using	Monte	Carlo	
simulations.

Figure	7:	Zoom	on	panel	(a).	
The	two	peaks	correspond	
to	the	ejection	of	
photoelectrons	with	CO2

+

ions	in	different	electronic	
states.

Figure	8:	Sources	of	CO2
+ UV	doublet	emission	in	the	Martian	

atmosphere.	Both	production	rates	depend	on	the	CO2 density

Summary

hve

 
 
 
Figure 3: comparison between IUVS limb 
observations and model simulations for three airglow 
emissions. The best fit was obtained by scaling the 
CO2 density by a factor of ~0.5. 
 
4. Summary and Conclusions 
A large number of limb profiles of CO and CO2

+ 

dayglow emissions have been collected with the 
IUVS instrument on board MAVEN. They cover 
more than a Martian year and a wide range of 
latitudes, solar longitudes and local times. 
Comparisons with simulated limb profiles for 
conditions similar to the observations are presented. 
They provide information about the Martian 
atmospheric structure in a region that is difficult to 
probe with other techniques. 
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Abstract
The objective of the present work is to measure the
global properties of Venus’ atmospheric dynamics,
through the obtention of a complete radial-velocity
map of Venus at the altitude of the uppermost cloud
layer. Our results are based on high-resolution spec-
troscopic observations of Venus performed in the vis-
ible domain with the long slit spectrometer of the so-
lar telescope THEMIS (Spain). We present the first
instantaneous “radial-velocity snapshot” of any planet
of the solar system in the visible domain, i.e., a com-
plete RV map of the planet obtained by stacking data
on less than 10 % of its rotation period. From this,
we measure the properties of the zonal and meridional
winds, which we unambiguously detect. We identify a
wind circulation pattern that significantly differs from
what we know about Venus. The zonal wind displays
a “hot spot” structure, featuring about 200 m s−1 at
sunrise and 70 m s−1 at noon in the equatorial region.
Regarding meridional winds, we detect an equator-to-
pole meridional flow peaking at 45 m s−1 at mid lat-
itudes, i.e., which is about twice as large as what was
reported so far.

1. Context
Venus’ atmosphere is well known for rotating in a ret-
rograde direction (from east to west), contrarily to all
other bodies in the solar system, with the notable ex-
ception of Saturn’s moon Titan. First evidenced from
the ground, the atmospheric super-rotation has been
extensively studied both from space and ground-based
telescopes (e.g., Gierasch et al. 1997). The cloud top
region is important as it constrains the global meso-

spheric circulation in which zonal winds generally de-
crease with height while thermospheric sub-solar to
anti-solar winds increase (e.g., Lellouch et al. 1997).
It also shows important spatial and temporal variabil-
ity (e.g., Sánchez-Lavega et al. 2008; Khatuntsev et al.
2013).

In 2007, a significant international effort was or-
ganized to support the atmospheric observations of
Venus by ESA mission VEx (Lellouch & Witasse
2008). The objective was to measure the atmospheric
circulation using different spectral ranges, to probe
different altitudes in the Venus mesosphere. Signifi-
cant results on the upper mesospheric dynamics were
obtained using mid-infrared heterodyne spectroscopy
(e.g., Sornig et al. 2012), millimeter and submillime-
ter wave spectroscopy (e.g., Moullet et al. 2012), and
visible spectroscopy (e.g., Machado et al. 2017, and
refs. therein).

Back in 2007, we proposed to use the THEMIS so-
lar telescope to get Doppler maps of Venus by scan-
ning the planet in the visible with the 100-arcsec long
slit spectrometer MulTiRaies (MTR) at a resolution of
100,000. We present the extensive analysis of the ob-
servation campaign we led in September 2009.

2. Results
In this presentation, we present the first complete
Doppler snapshot of a planet in the visible domain: the
map obtained on September 14th, 2009 is the result of
integrating eight hours of data, which represents about
10 % of the rotation period at the cloud-top altitude
(Fig. 1). Despite poor atmospheric seeing conditions
(≈ 3 arcsec), we unambiguously detect a clear retro-
grade rotation and meridional component.
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From a technical point of view, this paper makes
use of an innovative and sophisticated method to mea-
sure and analyze the radial velocities of planetary at-
mosphere (Gaulme et al. 2018), which is has also been
applied to Jupiter (see abstract by Gonçalves et al.).
It involves the consideration of biases caused by at-
mospheric seeing on radial velocities, as well as the
development of a dedicated MCMC routine to model
the data.

The first main result confirms what was expected
from both cloud-tracking and recent spectroscopic ob-
servations: solid body rotation alone is not sufficient
to model observations, and equator-to-pole meridional
circulation is needed. However, we find amplitudes of
zonal and meridional winds to be larger that previously
measured. It is hard to compare the zonal wind values
because we identify a strong longitudinal and latitudi-
nal variation, however, no observations have indicated
winds as large as 200 m s−1 at the morning termina-
tor, so far. As regards meridional winds, we find an
amplitude about twice larger than expected (about 45
instead of 20 m s−1 at mid latitudes).

The second main result is a “hot-spot” structure
of the atmospheric circulation (see Fig. 2) of the
zonal component, which had never been suggested
that clearly so far. Cloud tracking measurements and
Doppler spectroscopic measurements indicated possi-
ble longitudinal variations of the wind as function of
local time, with faster circulation towards the termina-
tor (e.g., Khatuntsev et al. 2013). However, no such
hot-spot pattern had been identified. We conclude the
presentation on observational prospects with the new
instrument project JOVIAL/JIVE, specially designed
for measuring atmospheric dynamics of planets with
radial velocities in the visible (Gonçalves et al. 2016).
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Figure 1: Radial velocity map obtained with the
MTR/THEMIS long-slit spectrometer.
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Figure 2: Map of zonal winds corresponding to the
best-fit model of the data displayed in Fig. 1.
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Abstract 

IUVS-MAVEN limb observations have 
been performed since 2014. We have 
analyzed almost four years of observations 
focusing on the O(1S) 297.2 nm dayglow 
emission line. We have developed an 
automatic methodology to retrieve the CO2 
column densities near 80 km, a region 
difficult to probe by other techniques. We 
present  nearly two Martian years of 
observations of pressure variations at 
different latitudes and comparisons with 
MCD model predictions. Generally, the best 
agreement is reached following scaling 
down of the MCD values from 0.3 to 0.8 to 
fit the observations. This result was 
previously expected on the basis of model 
comparisons with ultraviolet occultation 
measurements.  
 
 

1. Introduction 
The production of the O(1S) atoms in the 
Martian dayglow was first modelled by Fox 
and Dalgarno (1979). They predicted a first 
peak around 130 km and the presence of a 
second, brighter maximum near 90 km 
resulting from dissociation of CO2 by solar 
Lyman-α radiation. They explained the 
presence of the lower peak by the deeper 
penetration of this radiation into the Martian 
lower thermosphere. This is a consequence 
of the low value of the CO2 absorption cross 
section at 121.6 nm, which is coupled with 

the high intensity of the solar Lyman-
α flux reaching the planet.  The lower peak 
was first observed by IUVS (Jain et al. 
2015). It was later shown (Gérard et al., 
ESLAB 2018 Symposium) that the 
observations are fully compatible with 
photodissociation of CO2 as the major 
source of O(1S) atoms. These conditions 
make the lower peak a sensitive indicator of 
the CO2 column density. In this work we 
quantify the changes of the lower peak 
characteristics from the set of MAVEN 
observations. This method makes it possible 
to extract the seasonal and latitude 
variations at the altitude level of the lower 
peak. 
  
2. IUVS observations 
The data used in this study have been 
downloaded from NASA’s Planetary Data 
System (PDS) archives. Three different 
processing levels of the data are available. 
Level 1A data corresponds to the raw 
instrument readouts in data numbers per bin. 
Level 1B data provide calibrated instrument 
readouts in kR/nm and include background 
subtraction and ancillary data. Level 1C data 
includes calibrated brightness of individual 
emissions that has been reduced by isolating 
emission features and spatial binning to 
facilitate processing: The dayglow spectra 
include many different atomic and 
molecular emissions, including the spectral 
feature from oxygen at 297.2 nm. Each 
emission may be identified by its 
wavelength and its expected relative 
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intensity. The brightness of any atomic or 
molecular feature is determined by using a 
multiple linear regression method to fit the 
various components of each observed 
spectrum following convolution with the 
instrumental line spread function. 
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Figure 1: Production rate of O(1S) state. It is 
clearly seen that CO2 photodissociation is 
the main excitation process below 200 km 
and the only one for the lower emission 
peak.   
 
 
 
 
3. Methodology 

 Comparisons with our model calculations 
confirm that photodissociation of CO2 is the 
major source of O(1S) atoms below 200 km 
and the largely dominant excitation process 
of the lower emission peak. Simulations 
have also indicated that the upper emission 
peak does not significantly influence 
the altitude and the intensity of the lower 
peak for observations of the limb profiles. A 
direct consequence is that the altitude of the 
lower peak of 297.2 nm dayglow is solely 
controlled by the overlying column density 
of CO2, while the maximum brightness 
essentially depends on the flux of solar 

Lyman-α.This flux is directly measured on 
board MAVEN by the EUVM instrument. 

Since the altitude of the lower peak directly 
depends on the overlying column of CO2, its 
value may be used as an indicator of the 
seasonal/latitudinal variations of the 
thermospheric CO2 distribution and 
therefore of the changes of altitude of the 
τ=1 level. These altitude changes 
correspond to variations of the height of the 
isobars that are controlled by the seasonal 
and latitudinal pressure variations and the 
dust load in the lower atmosphere.  
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Abstract 

We present wind velocity results based in the 

measurements of the horizontal wind field at the 

cloud top level of the atmosphere of Venus, near 70 

km altitude, in the visible range on the dayside. The 

cloud-tracking space observations were carried out, 

between 26-31 January 2017, by the “Ultra Violet 

Imager” (UVI) onboard Akatsuki’s Venus Climate 

Orbiter (VCO), using the 365 nm filter, which tracks 

UV cloud features at about 68-71 km [1]. The cloud-

tracking technique we used was evolved from a 

phase correlation method between images developed 

by Peralta et al. 2007 [2]. The use of UVI images to 

track cloud features from the unknown UV absorber 

has already provided important results in the 

constrain of zonal and meridional wind at cloud-top 

[3]. Venus Climate Orbiter "Akatsuki" is currently 

the only spacecraft operating around Venus. Due to 

its low inclination orbit (<10º), Akatsuki’s images 

offer a great range in Venus’ dayside, allowing us to 

track cloud features from 60º N to 70º S latitude and 

from 7:30 to 17:00 local time - this has enable a 

study of spatial and time variability of the wind. The 

ground observations probed the cloud top layer 

(70km altitude) using the Doppler velocimetry 

technique, enabling a cross-validation with Akatsuki 

cloud-tracking technique.  

The ground observations were carried out, on the 

28th and 29th of January 2017, at the 3.58-meter 

“Telescopio Nazionale Galileo” (TNG) using the 

“High Accuracy Radial velocity Planet Searcher” 

spectrograph (HARPS-N) in the visible range (0.38-

6.9 µm). It was the first use of this high-resolution (R

≈115000) spectrograph to study the dynamics of a 

solar system atmosphere. The sequential technique of 

visible Doppler velocimetry is based on solar light 

scattered by cloud top particles in motion. This 

technique was developed over the last decade ([4], 

[5], [6]) and has proven to be a reference technique in 

the retrieval of instantaneous zonal and meridional 

winds [7]. In this work we successfully adapt this 

technique to the HARPS-N fiber-fed spectrograph 

with consistent results. 

1. Introduction 

Venus is covered by thick clouds, separated into 

three main decks: the lower (44-50 km), the middle 

(50-55 km), and the upper cloud deck (55-70 km). 

The cloud tops are located at altitudes of 67-71 km at 

the equator with a nearly constant altitude until 45-

50º and a drop of altitude poleward of 50º, reaching 

about 61-63 km over both poles [1]. At UV 

wavelenghts, cloud features are originated by an yet 

unknown UV absorber which yields the highest 

contrasts on the cloud top. The wind flow on Venus 

within the cloud and haze layers is dominated by a 

zonal wind in the retrograde sense (East to West), 

that peaks at the top of the upper layer with 

equatorial zonal speeds higher than 100 ms-1 ([3] [6] 

[7]).  The retrograde zonal superotation (RZS) is 

accompanied by a Hadley-type poleward meridional 

circulation which transports angular momentum from 

the equator to the poles. The retrograde zonal winds 

at the cloud tops circles the planet in 4.4 days, about 

60 times faster than the solid globe (243 days), thus, 

the atmosphere is said to super rotate the planet. Both 

the source and maintenance of a superrotating 

atmosphere in a slow rotating planet constitute a 

long-standing problem in planetary atmospheric 

dynamics.  

2. Figures 
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3. Summary and Conclusions 

Due to the high-quality UVI images, it was possible 

to study wind spatial variability, with high 

consistency when compared with previous cloud top 

wind measurements from space observations. 

HARPS-N high-quality spectra raised the level of 

precision and completeness of wind profile retrieved 

from cloud-top, demonstrating the high consistency 

and reliability of the Doppler velocimetry technique, 

using different telescopes, different instruments at 

different time frames. 

The retrieval of Venus’ cloud top wind from different 

observations, (both space and ground based) and 

different techniques (cloud-tracking and doppler 

velocimetry), is essential to (1) cross-validate 

different observations and techniques; (2) retrieve 

complimentary results (different geometry of 

observations, instantaneous/averaged velocities); (3) 

constrain coud-top dynamics and superrotational 

mechanisms. 
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Figure 1: Daily zonal wind latitudinal profiles of 

Akatsuki/UVI results, for each day (26-31 January), 

weighted average with a binning of 5º latitude. Cloud 

tracers are represented as grey diamonds, while the 

colored solid line is the mean wind latitude and its 

respective error bars. 
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1. Introduction 

Rapid variations in species concentration at the 

terminator have the potential to cause asymmetries in 

the species distributions along the line of sight (LOS) 

of a solar occultation experiment. Ozone, in 

particular, displays steep gradients across the 

terminator of Mars due to photolysis [1]. Nowadays, 

most of the retrieval algorithms for solar and stellar 

occultations rely on the assumption of a spherically 

symmetrical atmosphere. However, photochemically 

induced variations near sunrise/sunset conditions 

need to be taken into account in the retrieval process 

in order to prevent inaccuracies. 

Here, we investigated the impact of gradients along 

the LOS of the solar occultation experiment SPICAM 

for the retrieval of ozone under sunrise/sunset 

conditions. We used the diurnal variations in the 

ozone concentration obtained from photochemical 

model calculations together with an adapted radiative 

transfer code. 

2. SPICAM solar occultations 

SPICAM (SPectroscopie pour l’Investigation des 

Caractéristiques Atmosphériques de Mars), on board 

the ESA’s spacecraft Mars Express, is a remote 

sensing spectrometer observing in the ultraviolet 

(118–320 nm) and in the near infrared (1–17 μm) [2]. 

In the solar occultation mode, the UV sensor is 

particularly well suited to measure the vertical 

profiles of O3 and aerosols of the Martian atmosphere 

[3]. Figure 1 displays transmission spectra obtained 

at different altitudes for the observation 00633A02.  

 

Figure 1: Example of SPICAM transmission spectra 

at different altitudes: (blue) low altitudes; (red) high 

altitudes. 

 
We followed the same method described in [4] to 

check that the spectra are correctly calibrated and 

accurately normalized to the solar spectrum. 

3. Retrieval technique 

SPICAM-UV spectra are simulated using the line-by-

line radiative transfer code ASIMUT-ALVL 

developed at IASB-BIRA [5]. ASIMUT has been 

modified in order to take into account the 

atmospheric composition and structure at the day-

night terminator. Three different gradients along the 

LOS can be considered: temperature, total density 

gradients and the variations of the concentration of 

specific species. As input for ASIMUT, we used 

gradients predicted by the 3D GEM-Mars v4 Global 

Circulation Model (GCM) [6,7]. Figure 2 shows the 

diurnal cycle of ozone derived by GEM-Mars. Ozone 
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is more abundant during the night time, especially 

above 40-50 km. As the Sun rises, the destruction of 

O3, although stronger in the high atmosphere, is 

observed at all altitudes. 

 

Figure 2: Diurnal cycle of ozone predicted by the 3D 

GEM-Mars v4 GCM. 

  

4. Preliminary results 

As preliminary study, we selected four occultations 

at sunrise and at sunset each. As first step, we 

retrieved O3 profiles without taking in account 

gradients and we obtained results in agreement with 

previous studies. Then, we investigated the effects of 

ozone density gradients on the retrieval of ozone. The 

retrieved ozone profiles are lower compared to 

retrievals without gradients, even if differences are 

within the error bars. These effects will be analysed 

in more detail. 

5. Future work 

We will extend our analysis to the whole SPICAM-

UV solar occultation dataset. The main objective is to 

investigate fully the impact of these gradients on 

ozone retrievals. We will compare our retrievals with 

those from a similar study carried out at LATMOS 

within the UPWARDS project. Results of this study 

will then be used for the analysis of the data expected 

from the NOMAD instrument on the ExoMars 2016 

Trace Gas Orbiter. 
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Abstract 

We present new results of the GEM-Mars General 
Circulation Model with interactive atmospheric 
chemistry [1]. The simulation of the vertically 
integrated column of carbon monoxide (CO) is 
compared to the most complete dataset to date, 

obtained from CRISM [2]. The general trends in the 
data are reproduced by the model while differences 
expose possible issues with atmospheric mixing in 
the model. The simulation of the vertically integrated 
column of hydrogen peroxide (H2O2) is compared to 
the complete set of available data [3] and provides an 

exceptionally good result, which illustrates that the 
water cycle and the Mars photochemistry are well 
implemented in the model. The abstract is 
accompanied by one that presents results for ozone 
(O3) and oxygen dayglow (O2(a1∆g)) (Neary et al., 
this session), and another one on the simulation of 

semiheavy water (HDO) (Daerden et al., ExoMars 
session). 

1. Introduction 

The atmospheric chemistry on Mars is dominated by 
CO2 and H2O and their photolysis products. The 
interaction between these products has been 

understood to be crucial in the stabilization of the 
Martian atmosphere [e.g. 4]. In this photochemical 
cycle, only a few species have been observed, and 
only for some of those, the spatiotemporal coverage 
is dense enough to confine seasonal trends: CO [e.g. 
2], H2O2 [e.g. 3], O3 [e.g. 5], and O2(a1∆g) airglow 

(e.g. [6]). These datasets provide important 
constraints for global model simulations of 
atmospheric chemistry. 

2. Simulations 

For the simulation of gas enrichment upon 
condensation of CO2, a parameterization was 

developed that calculates the local enrichment factor 

from the amount of CO2 ice condensing/evaporating. 
This led to a simulation of the polar argon 

enhancement that was in agreement with other 
models [1, 2]. The resulting seasonal trend of the 
vertically integrated abundance of CO was compared 
to the latest dataset retrieved from CRISM 
observations, comprising 5 Mars years of data [2]. 
The most important features are reproduced although 

some model-data differences remain, providing 
insight in the accuracy of model parameterizations. 

The GEM-Mars chemistry was updated from 
previous versions, e.g. by including improved cross-
sections for CO2 and H2O, especially in the 190 nm 
region, and by improving the calculation of 

photolysis rates taking into account the true direction 
of the sun. This led to a much improved simulation of 
H2O2, that is now consistent with all observational 
data (except for a few outliers).   
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Abstract

We implemented a stochastic parameterization of non-
orographic gravity waves (GW) into the Laboratoire
de Météorologie Dynamique (LMD) Mars General
Circulation Model (LMD-MGCM), following an in-
novative approach as described in [1]. The source is
assumed to be located above typical convective cells
(≈ 250 Pa) and the impact of GW on the circula-
tion and the predicted thermal structure above 50 km
is analyzed. We focus on the comparison between
model simulations and observations by the Mars Cli-
mate Sounder (MCS) on board Mars Reconnaissance
Orbiter [2] during Martian Year (MY) 29. The inclu-
sion of the parametrized gravity waves significantly
improve the accuracy of the LMD-MGCM in compar-
ison with the observations, thus providing a plausible
explanation to the systematic biases previously identi-
fied between 1 and 0.01 Pa (around 50-80 km), locally
reaching 10 to 20 K. The corresponding changes in
mean zonal wind velocity reach 100 m/s in proximity
of the equatorial easterly jet.

1. Introduction
Gravity waves (GWs) are frequently detected in terres-
trial planet atmospheres and they are supposed to play
a dominant role in their large-scale circulation and
variability. Small scale variability, in the form of per-
turbations of density and temperature have systemati-
cally been observed in the upper atmosphere of Mars
whenever in situ data have been obtained [3, 5, 4] and
attributed to GWs. In particular, non-orographic (i.e
non-zero phase velocity) GW are supposed to be emit-
ted above the convective layer and propagate upwards,
providing a significant source of momentum and en-
ergy, thus affecting the transport of heat and con-
stituents. The role of mesoscale GW is also supposed

to be crucial for local CO2 condensation, responsible
of the formation of mesospheric CO2 clouds observed
by Mars Express between 60 and 80 km altitude [6].
Thermal effects of gravity waves has been proposed to
explain some of the puzzling model-observation dis-
crepancy identified in the Martian atmosphere temper-
atures between 100 and 140 km [7]

c kh F0 Sc

[m/s] [km] kg m−1 s−2

[1 - 30] [10 - 300] [0 - 10−4] 1

Table 1: Baseline wave characteristics in the GW
scheme implemented in this work: c the absolute
phase speed, kh the horizontal wavelength amplitude,
F 0 the vertical momentum (EP-flux) at the source (≈ 8
km), Sc the saturation parameter. Values in the bracket
indicate the extremes of the probability distribution
used in the "best-case" simulations.

2. This work
One of the main goals of this study is to understand the
role of non-orographic GW on the global circulation
and the thermal structure of the Martian middle atmo-
sphere (50-100 km altitude). What is the magnitude
of GW-induced drag on the winds? Can GW explain
the remaining discrepancy between the MCS observa-
tions and the GCM simulations? If so, what is their
impact on the predicted winds? With these purposes
in mind we use the LMD-MGCM, a finite-difference
model based on the discretization of the horizontal do-
main fields on a latitude-longitude grid [8], being 64
longitude x 48 latitudes (3.75◦ x 5.62◦) the horizontal
resolution used in this work. We have employed the
latest version of the model which includes several re-
cent improvements [9] in addition to the implementa-
tion of a non-orographic GW parameterization follow-
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ing the formalism developed for the Earth GCM fully
described in [1]. We focus here on the comparison be-
tween model simulations and observations by the Mars
Climate Sounder (MCS) on board MRO [2] during the
MY29. MCS represents the best existing systematic
measurements of the Martian mesosphere up to 80 km.
Discrepancies between data and model, notably the in-
correct representation of thermal tide wave in the ver-
tical, such as those found with the MCS observations
[9, 10], indicated that some key process(es) are miss-
ing in our model.

2.1 Non-orographic GW parameteriza-
tion

The GW scheme is based on a stochastic approach,
in which a finite number M of waves with character-
istics chosen randomly, but within a fixed probability
distribution, are launched upwards at each time-step
from a few random location to simulate they global ef-
fect. We assumed that the GW source is placed above
typical convective cells (i.e around 8 km, depending
on the topography). This allows to treat a large num-
ber of waves at a given time t by adding the effect of
those M waves to that of the waves launched at pre-
vious steps, to compute the tendencies. A range of
plausible values, and for different representations of
the mean flow thermal forcing, have been considered
(Gilli et al. 2018, in preparation).

3. Impact of GW mean flow forcing
parameters

The main tunable GW parameters used in our scheme
are listed in Table 1. The GW induced drag drives
changes of the wind (e.g. deceleration/acceleration of
jet streams) and consequently produces thermal struc-
ture variations via adiabatic heating/cooling rates as-
sociated with the altered circulation. An example of
sensitivity tests, performed to evaluate the impact of
GW mean flow forcing to thermal tides is shown in
Figure 1. Those tests also help to select the baseline
parameters by MCS-MGCM comparison. As shown
in the Figure: 1) the maximum day-night difference
value in Panel C ("best-case") is around 20 K, compa-
rable with observed values, and more interestingly 2)
the peak altitude of the tides is shifted down, and 3)
its amplitude is also more realistic (between 22◦S and
22◦N latitudes, as observed) The impact of induced
GW drag on the jet streams for all martian seasons will
be also shown and discussed.

Figure 1: Example of observed and simulated day-
night temperature differences (in K), between dayside
(15 LT) and nightside (3 LT), during Ls= 0◦-30◦N.
Panel A: MCS measurements. Panels B, C and D:
selection of model simulations. Panels C represents
the "best-case" run (Table 1). Panels B and D show
two tests, where the upper value of the probability dis-
tribution for the EP-flux at the source is reduced and
increased by one order of magnitude, respectively.
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Abstract 
We present new results of the GEM-Mars General 
Circulation Model with interactive atmospheric 
chemistry [1], comparing the simulation of the 
vertically integrated column of ozone (O3) to 
observations from the MARs Color Imager (MARCI) 
[2] on Mars Reconnaissance Orbiter (MRO).  We 
also compare the vertically integrated oxygen 
dayglow emission (O2(a1Δg)) at 1.27 µm with 
measurements taken with the Mars Express SPICAM 
instrument [3]. The seasonal cycles of total column 
O3 and dayglow emission are generally reproduced 
except for a few differences, highlighting possible 
processes that are not well represented in the model.  

This abstract complements that of Daerden et al. (this 
session) where results for carbon monoxide and 
hydrogen peroxide are presented. Also related, we 
refer to the abstract on the use of the GEM-Mars 
ozone gradients at the terminator in the retrieval of 
ozone from SPICAM (Piccialli et al., this session). 

1. Introduction 
Ozone in the Mars atmosphere is closely related to 
the abundance of water vapour as one of its main 
destruction mechanisms is through reactions with the 
products of H2O photo-dissociation (H, OH, HO2 = 
HOx). One of the main features of the seasonal cycle 
of O3 is the enhancement in the polar winter regions 
where there is a lack of photolysis and of HOx 
species.  

Closely related to ozone is the 1.27 µm O2(a1Δg) 
dayglow emission. O2(a1Δg) is produced by the 
photolysis of ozone as well as the three-body reaction 
of 2O(3P) and CO2. It can then be quenched by CO2 
or produce an emission at 1.27 µm. 

Observations of these two quantities provide 
important constraints for the global model 
simulations of atmospheric chemistry. 

2. Simulations 
Several modifications have been implemented 
relating to GEM-Mars chemistry, including an update 
to the cross-sections for CO2 and H2O around 190 nm. 
In addition, the on-line calculation of photolysis rates 
has been improved to take into account the true line-
of-sight of the sun.  

Based on the suggestion by [2], the rate for the 
quenching reaction for O2(a1Δg) has been reduced to 
a value of 0.25×10-20 cm3 s-1 from that given in [4]. 
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Abstract

We use a ground-to-exosphere Mars Global Climate
Model to characterize the variability of the temper-
atures in the upper atmosphere of Mars at different
temporal and geographical scales. A strong solar cy-
cle variability is found in the upper thermosphere, but
dependent on the latitude and season. Non-migrating
tides induce a significant longitudinal variability.

1 Introduction

The Martian thermosphere-ionosphere is a very vari-
able region strongly coupled to the lower atmosphere
and to the solar activity [1]. It is also a transition re-
gion between the gravitationally bound lower atmo-
sphere and the escaping exosphere, and the thermo-
spheric variability has a significant effect over the at-
mospheric escape rate [2]. From a practical perspec-
tive, the upper atmosphere of Mars is the region where
aerobraking maneuvers take place upon spacecrafts’
orbit insertion. These operations are critically affected
by variations in the atmospheric density. A good char-
acterization of the temperature and density structure
and of the variability of the upper atmosphere is thus
mandatory both for better understanding the past evo-
lution of Mars and for planning future space missions.

Despite the significant improvement in our knowl-
edge of the Martian thermosphere in the last 20 years,
and in particular since the arrival of MAVEN, we are
still far from having a measured temperature climatol-
ogy with a complete seasonal and latitudinal coverage,
similar to those existing for the lower and middle at-
mosphere. Global Climate Models (GCMs) contribute
to provide a more complete understanding on the pic-
ture, by helping in the interpretation of the existing
measurements and by completing their coverage. Here
we use a ground-to-exosphere GCM to study the vari-
ability of the thermosphere.

2 Model

We use in this work the ground-to-exosphere LMD-
Mars GCM (LMD-MGCM) [4]. This model can simu-
late the temperature, dynamics and composition of the
neutral and ionized Martian upper atmosphere, taking
into account the observed day-to-day variability of the
UV solar flux and of the dust load in the lower atmo-
sphere. The version of the model used here does not
include the effects of non-orographic gravity waves,
which are known to affect the dynamical and thermal
state of the mesosphere-thermosphere [5]. The simula-
tions discussed here cover 10 complete Martian Years
and almost 2 complete solar cycles. Selected model
outputs are included in the latest version of the Mars
Climate Database (MCD).

3 Selected results

The model predicts a linear dependence of the exobase
temperatures with the solar activity (Fig. 1), but
with important variations at different latitudes and sea-
sons. The mesopause temperatures, on the other hand,
present a small response to solar variability.

Regarding the LT variability, while minimum tem-
peratures at the exobase are usually obtained before
dawn, the LT of maximum temperature is not fixed but
depends on season and latitude.

A significant longitudinal variability is predicted by
the model, produced by non-migrating tides.

We will also show comparisons with observational
datasets, as the SPICAM stellar occultation temper-
ature profiles [3] and with new results from a recent
reanalysis of Mars Express datasets in the UV and in
the IR.
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Figure 1: Solar cycle variability of the exobase (top
lines) and mesopause (bottom lines) for the Ls=0-30
season and the equator. We show temperatures at
LT=12 (circles) and LT=0 (stars). Different colors
indicate temperatures obtained at different simulated
Mars Years
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Analysis of Recalibrated Phoenix Relative Humidity 
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1. Introduction 
The Phoenix Lander mission carried the Thermal and 
Electrical Conductivity Probe (TECP) to investigate 
heat and water exchange between the surface and the 
atmosphere close to the Martian North Pole. One of 
its sensors is a capacitive relative humidity (RH) 
sensor, the first to measure humidity at the Martian 
surface [4]. Due to preflight calibration uncertainties, 
only unprocessed sensor output data was available in 
NASA’s Planetary Data System (PDS) until recent 
efforts in improving the calibration, which corrected 
for low temperature inaccuracies by using three new 
calibration points obtained from in-flight data [5]. 
We have further improved the RH sensor’s 
calibration in the entire range of temperature and RH 
observed on Mars, with focus on the warmest and 
driest conditions achieved during daytime, using a 
novel technique that involves testing a spare 
engineering unit of the TECP at Martian conditions 
in our environmental chamber. Here we give an 
overview of our methodology and results and discuss 
recent improvements of the recalibration and 
sensitivity studies. 

2. Preflight Calibration 
Values of TECP board temperature (Tb), frost point 
temperature (Tf) and resulting raw output of the RH 
sensor (DNRH) that were covered in the pre-flight 
calibration only partially overlap the environmental 
conditions at the Phoenix landing site (Fig. 1, red and 
gray points). This resulted in large uncertainties in 
the calibration of the RH values, especially around 
noon (when Tb is high), and dawn (when Tb is low). 
An updated calibration function added three addition-
al data points at very low temperatures (<200 K) 
while assuming a saturated atmosphere, resulting in 
new high-level RH values presented in [5]. 
Nonetheless, large parts of the observed in-situ 
conditions, particularly the warmest and driest 
conditions achieved during daytime, remained 
sparsely covered by the calibration.  

 

Figure 1: The TECP preflight calibration (red) only 
partially overlaps the recorded RH measurements at 
the Phoenix landing site (gray). We use the output of 

a TECP engineering unit (blue) at the same 
environmental conditions as the preflight calibration 
(red) and at additional known landing site conditions 
(green) to transform the insitu measurements (gray) 

into the dynamic range of the engineering unit 
(black). We then cover this entire range of T and RH 
conditions (black) to calibrate the engineering unit 

and find a recalibration for the flight unit. 

3. A Novel Recalibration Method 
We use a spare engineering unit of the TECP in 
combination with a reference hygrometer in our 
environmental chamber to significantly augment the 
calibration data set and to improve the calibration 
function. Being able to accurately simulate the entire 
range of polar Martian environmental conditions 
allows us to produce high level RH data from the 
existing raw output of the TECP flight unit [1]. First, 
to ensure comparability of the TECP engineering unit 
output (Fig. 1, blue) with that of the flight unit (Fig. 1, 
red), we obtain a “translation function” DNRHeu = 
g(DNRHfu, Tb) by covering the preflight flight unit 
calibration with the engineering unit. To improve the 
accuracy of this function we use additional in-situ 
measurements at the lowest and highest end of the Tb 
range (Fig. 1, green). At the lower end we can safely 
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assume saturated RH conditions based on 
independent and contemporaneous data sets [3], 
whereas at the higher end we assume maximum 
water vapor pressure (e) values between 1 and 10 Pa 
based on satellite retrievals of atmospheric water 
content and numerical modeling [2]. Second, we 
cover the entire range of transformed environmental 
conditions (black) to find a new calibration function 
for the engineering unit Tf = f(DNRHeu, Tb), which is 
then used to calculate high-level RH data for the fl-
ight unit. 

4. Recalibration Results and 
Comparison with Previous Data 
Our recalibration function yields the most accurate 
results when a maximum water vapor pressure (e) of 
2 Pa is assumed. Results of our recalibration are 
shown in Fig. 2. Sensitivity studies of this 
assumption between 1 and 10 Pa show resulting 
maximum errors of 30%. Values of e increase during 
roughly the first half of the mission, until around sol 
80 and then decrease. This trend and the range of 
values obtained are consistent with independent 
estimations of e from satellite [2]. The recalibrated 
relative humidity at 2 m above the surface based on 
Phoenix MET data shows saturated conditions at 
nighttime after sol ~80 (Fig. 2, middle), consistent 
with independent observations of near-surface fog [3]. 
Fig. 2 (bottom) shows a comparison of the data 
obtained by our recalibration compared to previous 
calibrations [4,5]. Even though our recalibration 
shows nighttime values similar to those currently 
available in the PDS [5], daytime values differ by an 
order of magnitude (regardless the e assumption at 
the warmest conditions). Our daytime values 
resemble those of the first calibration. 
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Figure 2: The recalibrated TECP RH sensor 
measurements color-coded by sol number in terms of 
water vapor pressure (top) and relative humidity at 2 
m height (middle) over local time and comparison 

with past calibrations (bottom). 
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Abstract 
 Zonal wavenumber spectra of the 
temperature deviation at the equatorial region of 
Venus derived from the close-up observations by LIR 
onboard Akatsuki has been represented. The result 
indicates that the spectral peak appears at ~0.002 km-

1 in local time (LT) of 14:00-18:00, and at ~0.005 
km-1 in LT ~23:00. The peak at LT 14:00-18:00 
would be attributed by the stationary gravity wave 
which was discovered by LIR initial observation. The 
peak at 23:00 has never been discussed in previous 
observations. It may be caused by the convection 
generated at the cloud layer, which is predicted by 
the numerical study in Imamura et al., 2014. 

1. Introduction 
 The Long-wave infrared camera (LIR) on 
board Akatsuki detects thermal infrared radiation at 
wavelengths of 8–12 µm and maps brightness 
temperature of the cloud-top level (65 km) of Venus. 
LIR has mainly obtained Venus disk images with 
more than 50,000 km distance along Akatsuki's 
elliptical orbit. More than 10,000 of images have 
been acquired by LIR since December 2015. 
Meanwhile, more than 500 sheets of close-up images, 
that cover most of local time at equatorial region, 
have been obtained since September 2016 (Fukuhara 
et al., 2017a, EPS). These images with high spatial 
resolution provide us the horizontal temperature 
distribution at mesoscales (20–1000 km).   

2. Data analysis 
 Close-up images which have been acquired 
less than 50,000 km of distance have been chosen 

from all LIR observation, and zonal mean 
temperatures and deviations were derived from each 
image in latitude from 30 to -30 degree with each 5 
degree steps. Zonal wavenumber spectra of the 
temperature deviation were obtained in each image 
with 5 degrees step of latitude. The local time 
variation of the zonal wave number spectra on the 
equator is shown in Fig.1.  

 

3. Result and Discussion 
             Fig.1 shows that obvious temperature 
deviations appear in LT 14:00–18:00, which have the 
spectral peak at ~0.002 km-1 (wavelengths of 500 
km). The local time of the temperature deviations 
correspond with that of the stationary gravity wave 
appearing in the initial observation of LIR (Fukuhara 
et al., 2017b, Nature Geo). On the other hand, 
another temperature deviation is seen in LT ~23:00, 
and the spectral peak corresponds with ~0.005 km-1 
(wavelengths of 150 km). The deviation has never 
been discussed based on previous observations. The 
previous numerical study (Imamura et al., 2014, 
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Icarus) has predicted that temperature deviation at the 
cloud-top level can cause upward propagation of the 
gravity wave, which is generated by the convection at  
the cloud layer in the night-side of the equatorial 
region. Our result can support existence of such 
upward propagation of the gravity wave in the cloud 
level of Venus. 
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The importance of O2 (molecular oxygen) for the 
atmospheric chemistry on Mars had been overlooked 
historically, because it has been thought to exist 
horizontally and vertically constant (~1400 ppmv) and 
impossible to observe from ground-based telescopes 
due to the deep absorption of the terrestrial O2. 
However, the recent sub-millimeter spectroscopic 
observation using the Herschel Space Observatory 
suggested the possibility of higher concentration of O2 
near the Martian surface based on which detected the 
non-uniform vertical distribution of O2 in global-mean 
abundance [1], and, since then, we have started to 
investigate the importance of O2 for the atmospheric 
environment of Mars. 

The abundance of O2 is chemically related to the 
existences of O3, H2O, HO2, H2O2, CO and methane. 
Simulated results by a Mars global climate model 
(MGCM) including a chemical suite (Mars Climate 
Database v5.3) [2,3] did not show the specific vertical 
variances of O2 abundance except the winter polar 
regions where the composition changes due to the 
condensation of CO2 (Figure 1). It means that current 
MGCMs may lack the processes which cause the 
vertical gradient in the O2 abundance that suggested 
by the Herschel observation: e.g., unusual chemical 
reactions inside local dust storms and/or other surface 
activities including biological and geological ones.  

Terahertz sensors which are planned to be onboard 
future satellite missions may observe the abundances 
of O2 and chemically-related molecules (O3, H2O, 
H2O2) (Figure 2), and would be suitable for the first 
specific observational investigations of O2 
distributions and its formation/loss processes on Mars. 
In this presentation we show test experiments of O2 
distributions using our high-resolution MGCM 
(DRAMATIC) with water cycle [4] and a chemical 
module, and discuss the potential scientific interests 

for future terahertz observations from Mars 
landers/orbiters. 

 
Figure 1: Zonal-mean O2 volume mixing ratio at 
Ls=90° in the Mars Climate Database v5.3. 

 
Figure 2: Simulated limb (upper) and nadir (lower) 
spectra of a planned terahertz sensor on Mars [5]. 
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Abstract 

Many fundamentally issues remain unsolved 

regarding the current dust and water cycles on Mars. 

In particular: What are the role and impact of the 

different reservoirs of dust and water on the cycles? 

What controls and triggers the regional and global 

dust storms? Where and how is dust lifted and 

transported in the atmosphere? What is the current 

global dust and water budget and how has it evolved 

over time and space? In order to provide new 

insights on these questions, we implemented the so-

called tagging method in the NASA Ames Mars 

Global Climate Model (MGCM) [1]. Below we 

describe this method and some of its promising 

applications. 

1. The tagging method 

The MGCM simulates the atmospheric transport of 

dust particles, water vapor and water ice. The tagging 

method “tags” or “labels” these transported 

constituents according to a chosen criterion (Figure 

1). As an example, if dust particles are the tagged 

constituent (« dust tagging ») and the criterion is its 

geographic origin (e.g., the low thermal inertia 

regions), this means that during the entire simulation, 

we keep track of the dust that originated in the 

selected regions of Mars. Each tag is transported by 

the model as a tracer and behaves like the 

constituents they follow, but is completely passive 

and does not alter the predictions.  

 

Figure 1: Illustration of the tagging method for the 

dust tracer. Instead of one unique tracer describing 

the dust population, the tagging method produces 

many tracers allowing us to keep track of its history. 

 

 

This technique enables us to track not only the origin 

of a given atmospheric constituent, but also the 

physical processes it goes through (e.g., scavenging, 

ice cloud, storm, frost, etc.), or the different 

environments it has encountered since its emission 

(crater, mountains, dusty atmosphere, poles, etc.).  

This powerful method, never tested on Mars, was 

first implemented in the NASA/GISS GCM [2] to 

identify the origin of the precipitation in various 

regions of the Earth, and is now widely used for 

detailed studies of the Earth water cycle.  

2. Possible applications 

The tagging method has been implemented, tested, 

and validated. We are currently exploring the 

possible applications, summarized in Table 1. At the 

conference, we aim to show the results concerning 

the first three applications (A1-A3), which are 

focused on the dust cycle. 

2.1 Application A1 

We tag dust depending on its geographic origin. We 

divide the Martian surface into different geographic 

areas, including the main regions of dust lifting [3][4] 

and the high/low albedo and thermal inertia regions 

[5]. By running different simulations with finite 

sources [6,7], we also investigate the role and 

contribution of each reservoir on the dust cycle and 

quantify their dust exchanges. We are also able to 

isolate the contribution of each region to the 

formation of global dust storms, providing insight 

into the main pathways dust particles take during the 

formation of a global dust storm. In addition, the 

simulations reveal the regions where dust is 

deposited after the decay of such a storm. On a 

multidecadal time scale, the simulations using this 

tagging method also constrain the mass balance and 

equilibrium state of the dust cycle. 
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Table 1: Envisioned applications 

 

2.2 Application A2 

By tagging dust depending on the local time it has 

been lifted and lofted in the atmosphere, we 

investigate how the diurnal cycle affects the dust 

lifting and transport. With this method, we provide 

insight into the contribution of upslope and 

downslope winds on the dust cycle. 

 

2.3 Application A3 

We tag dust particles that have been scavenged by 

water ice clouds. This enables us to assess the global 

impact of scavenging on the current and past Martian 

climate, in particular during the high obliquity 

periods where this process is thought to have been 

more efficient than it is today. 

2.4 Other Applications 

By tagging dust depending on the type of lifting, 

we can also quantify the contributions of dust lifted 

by dust devils activity and surface wind stress when 

both schemes are active, and determine where each 

type of dust tends to accumulate and influence the 

surface reservoirs (A4). By tagging water depending 

on its sublimation source, the northern polar cap or 

its outliers, we can assess the impact of both 

reservoirs on the current climate, and investigate 

their exchange of ice and global budget. This study 

can also be applied to past climates, where other 

reservoirs of water ice may be stable (A5). By 

tagging the aerosols depending on the altitude they 

reach, we can probe where the different levels tend to 

transport the aerosols (A6).  

 

 

 

3. Summary and Conclusions 

The potential of the dust, water and water ice tagging 

method in the GCMs opens the door to many 

powerful results regarding the long-term evolution of 

the dust and water cycles. We expect this method to 

fill many gaps in the understanding of the current and 

past Martian climate and provide insights on the 

development of global dust storms, the influence of 

the scavenging of dust particles during both the 

present-day and past climates, the exchanges between 

the different dust and water reservoirs and the long-

term mass balance and equilibrium state of the cycles. 
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1. Introduction 

In July 2015, our vision of Pluto changed as the New 

Horizons spacecraft flew by Pluto and revealed an 

active frozen world, with unprecedented landscapes 

in the Solar System [1]. Its surface is notably covered 

with frosts and spectacular glaciers, including a 

kilometers-thick icecap of nitrogen ice, mixed with 

methane and CO [1][2]. Surprisingly, this half-heart 

shaped icecap did not form at the poles and at high 

elevation, like Antarctica on the Earth. It is located 

near the equator, at the bottom of a vast basin called 

Sputnik Planitia. New Horizons also detected 

methane ice almost everywhere in the northern 

hemisphere, with different brightness and textures: 

bright deposits at high latitudes and darker deposits 

in the equatorial regions [2][3]. The atmosphere of 

Pluto was also astonishing. New Horizons 

determined the surface pressure and the atmospheric 

temperature profile at two opposite locations, 

including one in Sputnik Planitia [4]. The two 

profiles were found to differ, which was not expected. 

Also, by observing Pluto in backlight, a magnificent 

organic haze was revealed, with a maximal extent at 

the North Pole [5].  

Here we used high resolution simulations 

performed with the LMD Global Climate Model 

(GCM) of Pluto's atmosphere to simulate the 

Pluto climate system in 2015 and interpret New 

Horizons observations. Below we detail the 

modeling strategy and the results that we will 

present at the conference.  

2. The LMD Pluto GCM 

The Pluto 3D GCM is described in details in [6]. It 

takes into account the sublimation and condensation 

cycles of N2, CH4, and CO [6], the cloud formation, 

the atmospheric circulation and turbulence, the 

radiative transfer, the organic haze formation [7], as 

well as many other physical processes.  

However it simulates the atmosphere of Pluto over 

only thirty terrestrial years. In order to ensure our 

simulations, sensitive to our initial conditions and our 

surface parameters (e.g. albedo, emissivity, thermal 

inertia), correctly describe reality, we initialize the 

GCM with a set of subsurface temperatures and ice 

distribution, which converged toward steady state 

after millions of years simulated with a fast 2D 

version of the model [8][9]. This 2D model also 

enables us to identify “realistic” simulations which 

differ by their spatial distribution in 2015 but remain 

consistent with the evolution of the surface pressure 

[10] and the amount of atmospheric methane 

observed on Pluto [11]. 

3. Results 

We perform a comprehensive characterization of 

Pluto’s atmosphere in 2015 using these best-case 

simulations. Wind regimes and near surface winds 

can be compared to wind streaks and dunes 

orientation on Pluto, while the simulated waves and 

thermal structure can be compared to the New 

Horizons occultations measurements [4].  

We discuss the sensitivity of the general circulation 

to the distribution of the nitrogen ice on the surface. 

Our latest results suggest that Pluto’s atmosphere 

undergoes a retrograde rotation, a unique circulation 

regime in the Solar System (except maybe on Triton), 

induced by the condensation-sublimation of nitrogen 

in the Sputnik Planitia basin. In Sputnik Planitia, the 

near-surface winds favor a deposition of haze 

particles in the northern and western part of the ice 

cap, which helps to interpret the different colors 

observed.  

The GCM also shows that several atmospheric 

phenomena are at the origin of the cold boundary 

layer observed deep in the Sputnik Planitia basin: the 

sublimation of cold nitrogen, katabatic winds 

bringing cold air in the basin, and the formation of a 
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western boundary current transporting cold air from 

the northern to the southern part of Sputnik Planitia 

(Figure 1). This allows us to understand the near-

surface differences observed between the entry and 

exit temperature profiles, measured by REX on-board 

New Horizons. However it does not reproduce the 

differences observed between 6 and 30 km above the 

mean surface. 

 

Our work confirms that despite a frozen surface and a 

tenuous atmosphere, Pluto’s climate is remarkably 

active. The nitrogen icecap within Sputnik Plantia is 

the heart of this climate system since it regulates the 

general circulation. 

 

Figure 1: Map of the horizontal winds at 1 km above 

the local surface, obtained from a GCM simulation at 

the date of July 14, 2015 (the local time at longitude 

180° is 2:00pm). At the center of the figure, within 

the bright half-heart shaped Sputnik Planitia ice 

sheet, we obtain a western boundary courant 

crossing the basin from the north to the south. These 

winds, induced by the sublimation of nitrogen in the 

northern latitudes of the basin and the Coriolis force, 

transport cold nitrogen air toward the southern 

latitudes of the basin.  
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Abstract
We present a theoretical analysis of non-thermal es-
cape rates of molecular hydrogen and other light
species from Mars induced by collisions with su-
perthermal oxygen atoms produced either photochem-
ically or by precipitating energetic neutral particles
(ENAs). The hot oxygen production rates were de-
rived from MAVEN density and temperature in-situ
measurements taken over last 36 months and used
to calculate collisional escape rates of light atmo-
spheric species. The energy transfer in collisions is
described using either extensive quantum-mechanical
calculations of state-to-state elastic, inelastic, and re-
active cross sections[1] or model momentum transport
cross sections[2]. We find that D/H escape ratio may
be modified by up to 15% by this non-thermal pro-
cess. The described collisional ejection mechanism
is theoretically estimated to be able to eject atmo-
spheric species up to mass 30 u, including H2O and
OH[3], possibly affecting primordial water loss from
Mars. Based on in-situ data, seasonal variation of non-
thermal escape is discussed.

1. Introduction
Dissociative recombination (DR) of photoionized O+

2

with electrons in the upper atmosphere of Mars pro-
duces translationally superthermal O atoms capable of
overcoming martian gravitational potential and escap-
ing into space. This process is known as photochem-
ical escape and found to be one of the major escape
mechanisms presently active on Mars. In addition
to escaping, superthermal O atoms can collide with
thermal atmospheric atoms and molecules and transfer
sufficient kinetic energy to eject them to space. This
non-thermal escape mechanism is significant for the
species heavier than atomic hydrogen, and more effi-
cient than Jeans escape for light atmospheric species
heavier than deuterium. For example, the non-thermal

escape rate of HD molecules from Mars was estimated
to be about 25 times greater than their Jeans escape
rate[4]. The collisionally ejected molecules will be
preferentially excited to higher rotational and/or vibra-
tional states.

The Mars Atmosphere and Volatile EvolutioN Mis-
sion (MAVEN), launched in 2014 as a part of NASA’s
Mars Scout program, is the first mission that can per-
form in-situ measurements of physical quantities nec-
essary to derive photochemical escape fluxes on orbit-
to-orbit basis [5]. Specifically, MAVEN measure-
ments constrain photochemical oxygen escape from
Mars in three separate ways: Hot oxygen production
rates are calculated from measured electron temper-
atures and densities (from the Langmuir Probe and
Waves (LPW) experiment) and ion temperatures and
densities from the SupraThermal And Thermal Ion
Composition (STATIC) and Neutral Gas and Ion Mass
Spectrometer (NGIMS), while escape probability are
calculated with neutral densities measured by NGIMS
instrument. We have constructed average and sea-
sonal escape fluxes of hot O from the Martian atmo-
sphere based on more than 36 months of data from
the listed instruments. The altitude profiles of hot O
escape rates were to determine the altitude profiles of
non-thermal escape rates of light neutrals (with focus
on H2, HD, He, OH and H2O) driven by collisions
with superthermal O atoms and their impact on the to-
tal escape fluxes. The determined average and sea-
sonal dayside escape fluxes of hot O were found to be
broadly consistent with pre-MAVEN predictions. The
non-thermal escape rates of H2 and HD induced by
collisions with hot O were found to exceed the pre-
MAVEN predictions and to exhibit potentially observ-
able seasonal variations (Fig. 1), while preliminary
results for other light species show similar trends.
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Figure 1: Sample altitude profiles of volume produc-
tion rate of escaping H2 molecules ejected by colli-
sions with photochemically produced superthermal O
atoms. Our preliminary results, based on MAVEN in-
situ seasonal temperature and density measurements,
are shown for selected orbits during a martian sum-
mer (red curve), martian winter (purple curve), and a
single deep-dip (orbit #1064) [6] (dashed green). A
pre-MAVEN estimate of non-thermal escape rate of
H2 for assumed low solar activity [4] is also shown
(blue). Note the seasonal differences in altitudes for
the maximal rates.

2. Results and discussion
Our preliminary estimates of collisionally induced
non-thermal escape rates of H2, HD, He, and OH,
based on MAVEN in-situ measurements, are nearly an
order of magnitude larger than pre-MAVEN theoreti-
cal estimates based on theoretical atmospheric density
and temperature profiles [2, 3, 4]. Major factors influ-
encing the results are differences in assumed vs mea-
sured atmospheric density and temperature profiles on
Mars, as well as improved cross sections used in the
study. We found that differences in momentum trans-
fer cross sections (previous works used mass-scaling
of O+Ar cross sections to model unknown cross sec-
tions) account for 30-50% difference in results, indi-
cating their importance. The results also show signif-
icant variations between seasons. The work to fully
understand the seasonal and diurnal variations is in
progress and likely requires 3D models of escape. Our
results indicate that non-thermal escape of D, as HD
and possibly OD and HDO, may contribute up to 15%

of the total D loss from Mars. Similarly, non-thermal
escape likely plays a more significant role in helium
isotope (3He vs 4He) fractionation.

The work to compare the measured contributions of
ENAs to simulated superthermal oxygen altitude pro-
files is in progress. Here, as for the photochemically
produced superthermal oxygen, we expect the mea-
sured atmospheric densities and temperatures to af-
fect the non-thermal escape rates, possibly resulting in
similar enhancements in escape rates of ejected light
species.
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Abstract 

We analyze limb observations of dayglow emissions 

from atomic oxygen in the upper Martian atmosphere. 

The data has been collected during the last almost 

four years by the Imaging Ultraviolet Spectrograph 

(IUVS) instrument on board the Mars Atmosphere 

and Volatile EvolutioN mission (MAVEN) 

spacecraft. Mean profiles for specific solar longitude, 

latitude and solar zenith angle ranges are created. We 

then use atmospheres from the Mars General 

Circulation models and in situ solar flux data from 

the MAVEN Extreme Ultraviolet Monitor (EUVM) 

to perform Monte Carlo and radiative transfer 

modeling for comparison with the observations. In 

order to match the results and to eventually retrieve 

oxygen densities, scaling factors are applied to the 

GCM atmospheric densities. We will present 

preliminary results of this analysis. 

 

1. Introduction 

Limb observation of airglow emissions is a standard 

technique to study the altitude profiles of the 

chemical elements in the Martian atmosphere and its 

thermal structure. Several previous missions have 

performed observations in the past (Mariners, Mars 

Express). In 2014, the Imaging Ultraviolet 

Spectrometer (IUVS, McClintock et al., 2014) on 

board MAVEN started collecting thousands of 

airglow and auroral limb profiles in the range 120 to 

340 nm. 

While below 200 km CO2 is the dominating neutral 

species in the Martian atmosphere, above and up to 

lower exosphere atomic oxygen is more abundant. 

Atomic oxygen is produced by photodissociation of 

CO2 and airglow transitions from the O(1S) (297.2 

nm), O(3S) (130.2-4-6 nm triplet), and O(5S) (135.6-8 

nm doublet) excited states fall into the spectral 

detection range of IUVS. 

Resonance scattering from solar emission is by far 

the dominant source for the excitation of the 130.4 

nm triplet and electron impact on atomic oxygen and 

CO2 – resulting in dissociation of the molecule – 

contribute less than ten percent to the emission. 

Photodissociation of CO2 can be neglected. This line 

triplet is optically thick, hence its intensity does not 

give direct indication of the oxygen abundance and 

radiative transfer codes are needed to understand the 

observations. Differently, the 135.6 nm doublet of 

atomic oxygen is an optically thin line emission and 

results mostly from electron impact on oxygen and 

on CO2. Even though its intensity is therefore 

proportional to the oxygen density, interaction cross-

sections leading to the O(5S) excited state are much 

less known than for the ones leading to the O(3S) 

excited state. Studying both emissions lines in 

parallel will therefore provide more robust results 

than treating these features separately. 

We now have analyzed samples from more than three 

years of airglow observations and compared them to 

model simulations. The objective is to study the 

characteristics of the oxygen FUV emissions at 130.4 

and 135.6 nm in order to describe the Martian upper 

atmospheric oxygen density. 

 

2. Methodology 

MAVEN observations 

The Imaging Ultraviolet Spectrometer (IUVS) on 

board MAVEN is capable of observing the Martian 

upper atmosphere within a total spectral range of 

115-340 nm. It operates in limb, coronal scan, and 

disc mode, respectively. By now the observations 

cover more than a full Martian year and provide an 

unprecedented data set, covering various latitude 

ranges per epoch. We analyze periapse limb 

observations of the Martian thermosphere with 

tangent point altitudes between 80 and 200 km. In 

order to do so, we use processed data provided by the 

NASA Planetary Data System (PDS) to generate 

mean altitude profiles for small ranges of season, 
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latitude and solar zenith angle. 

Figure 1 shows an example of limb profiles of the 

130.4 nm and the 135.6 nm lines.  

Figure 1: Averaged sum of more than 70 limb 

profiles in dependence of the tangent point (TP) 

altitude. Blue triangles show the 130.4 nm and red 

squares show 135.6 nm oxygen intensities. The 

horizontal bars indicate the 1-σ variability of the 

mean limb intensity at the respective altitude level. 

The Extreme Ultraviolet Monitor (EUVM, Eparvier 

et al., 2015) on board MAVEN measures 

continuously the solar EUV flux. Data and 

extrapolated model data are available on the NASA 

PDS. We generate an average solar flux spectrum 

corresponding to the selected limb profiles as input 

for the models. 

Modelling 

We use model neutral atmospheres provided by Mars 

Climate Database that provide the respective altitude 

distribution of the main neutral constituents in 

dependence of season, local time, latitude and solar 

activity. Using the EUVM data as the solar driver, we 

employ Monte Carlo simulation for the calculation of 

the photoelectron spectrum as a function of altitude. 

Calculations of the collisional sources are based on 

the Direct Simulation Monte Carlo (DSMC) method 

that has been developed over the years (Shematovich 

et al. 2008; Gérard et al., 2008) to calculate the 

brightness profiles of emissions of the Earth, Jupiter, 

Saturn, Venus and Mars atmospheres. Collisional 

(photoelectron impact) (as well as photodissociation) 

excitation rates are calculated to provide the total 

volume production rates. For the 130.4 nm triplet we 

combine these results additionally with calculations 

for the resonance scattering of the solar 130.4 nm 

triplet. The solar line intensity is again taken from the 

EUVM and its line shape from Gladstone (1992). We 

employ the REDISTER radiative transfer code from 

Gladstone (1985) to calculate the effects of multiple 

scattering including frequency redistribution, which 

allows photons to escape an optically thick 

atmosphere by scattering in frequency from the core 

of the line into the optically thin line wings. 

Additionally, absorption due to CO2 is taken into 

account, which influences not only the observed 

130.4 nm intensity, but also the altitude of the 

intensity peak in the limb profile. 

3. Summary 

We present preliminary results of a parallel study of 

the 130.4 nm and 135.6 nm atomic oxygen dayglow 

emissions from the Martian thermosphere. We use 

MAVEN/IUVS limb profile observations, in situ 

solar flux measurements by MAVEN/EUVM, and 

Monte Carlo and radiative transfer modelling on 

neutral model atmospheres whose composition 

distribution matches the respective season, latitude, 

solar zenith angel and solar activity of the 

observational samples.  
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Abstract

The European-Russian  ExoMars Trace  Gas Orbiter
(TGO) is now on its scientific orbit. The orbiter has
started  to  return  new  data  on  abundance  of  trace
gases  as  well  as  colour  and  stereo  images  of  the
surface, that are useful in characterizing the sources
and  sinks  of  some  atmospheric  gases.  One  of  the
most  interesting  subjects  of  investigation  is
appearance and disappearance of large quantities of
methane  (CH4)  on  Mars  on  short  timescales.  Our
model  of  Martian  atmospheric  photochemistry,
chemistry and transport is developed to analyse the
data sent back by the probe. All constituents of the
atmosphere are subjected to solar radiation and react
with  each  other,  in  presence  of  the  atmospheric
aerosols. This leads to several hundred reactions that
change the abundance of different species. We model
these reactions in single-column model coupled with
model  of  the  subsurface,  to  properly  simulate  the
release,  transport  and  loss  of  trace  gases.  The
molecules  can react  with each other,  be exchanged
between the layers of the atmosphere and may be lost
to reactions with aerosols and surface, or escape into
space.

1. Introduction

Changes  in  the  abundance  of  trace  gases  in  the
atmosphere indicate active processes on a planet. In
the  last  15  years  Earth-based  observatories,  Mars
Express  Orbiter  and  MSL Curiosity  rover  detected
appearance of methane in the Martian atmosphere [1]
[2][3].  The  data  show  high  variability,  suggesting
occasional release of gas and removal on timescales
much  shorter  than  expected  from  photochemistry
alone. The sources of this gas are of special interest
because  they  may  signify  recently  active
hydrothermal,  volcanic or biological processes.  The
variability currently lacks undisputable explanation,
and sinks capable  of  reducing the concentration  to

the background level on the scale of several months
are not known.

The  release  of  other  trace  gases  together  with
methane may be an indicator of its origin. If methane
is  accompanied  by sulphur  dioxide,  it  suggests  the
release of volcanic gases. A likely source of methane
on  Mars  is  hydrothermal  alteration  of  silicates
(serpentinization)  in  the  subsurface,  and  biological
origin through methanogenesis (whether by extant or
extinct  microorganisms)  is  not  excluded.  Methane
can  also be released  from methane hydrates  in  the
permafrost,  where it  could have been  trapped after
formation in the past. [1]

Recent tumbling experiments have shown that wind
erosion of quartz and basalt grains in the absence of
oxygen activates the surface and leads to production
of  reactive  species  [4][5].  The ubiquity of  dust  on
Mars makes this possibly important sink for methane,
which can be lost due to formation of strong covalent
bonds  between  silicon  and  methyl  group  [4].
Heterogeneous reactions on dust and ice aerosols in
the  Martian  atmosphere  have  been  previously
suggested to be important  for  loss of  some species
[6].

High  precision  measurements  of  trace  gases,  now
possible with instruments such as NOMAD and ACS
on board ExoMars TGO, will determine the amount
of various trace gases, including detection or at least
placing  strong constraints  on  abundance  of  species
that  have been predicted to be present,  but  not yet
detected in the Martian atmosphere (e.g. SO2) [7][8].

2. Research methodology

We develop a single-column model  of the Martian
atmosphere  to  compute  its  steady-state  chemical
composition. Starting there, we will study the release,
propagation and loss of trace gases such as methane
and  other  hydrocarbons,  and  sulphur  and  chlorine
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species.  To  model  the  transport  we  solve  one-
dimensional time-dependent equations: 

∂ni
∂t

=
−∂Φ i

∂ z
+Pi−niLi          (1)

Where ni is the concentration of i-th molecule (cm-3),
Φi is the vertical flux of molecules (cm -2s-1), z  is the
altitude,  Pi is the production rate (cm-3 s-1), and Li is
the loss rate (s-1).

We model molecular  and turbulent diffusion of the
molecules  and  changes  of  their  concentration
resulting from interaction with each other and solar
radiation. We simulate changes in the concentration
resulting  from  chemical  reactions,  including  some
important  heterogeneous  ones.  We  use  two-stream
approximation of the radiative transfer equation. The
overall  photon  flux  is  the  sum  of  the  direct  and
scattered parts.  We simulate temporal  variability of
the  incoming  radiation,  absorption  and  Rayleigh
scattering by gas molecules and scattering on aerosol
particles such as dust or ice crystals.

Our photochemical model requires upper and lower
boundary conditions for each molecule. We include
the  loss  of  some  molecules  to  space  at  the  upper
boundary, especially for the lightest species such as
H or H2 [9]. The lower boundary conditions are more
complex. The molecules may react  with chemically
active surface and in some cases (like methane) may
be  released  from  the  subsurface.  This  requires
knowledge and proper modelling of the processes in
the subsurface.

Separate  numerical  model is  developed to simulate
the  processes  in  the  Martian  subsurface  such  as
diffusion  through  porous  rocks,  adsorption  and
desorption,  and  others.  The model  will  be coupled
with  the  main  photochemical  model  of  the
atmosphere.

We plan to use images obtained by the Colour and
Stereo Surface  Imaging System (CaSSIS) on board
the ExoMars TGO [10] to put proper lower boundary
conditions on our atmospheric model and numerical
model of the subsurface. For example colour images
obtained by CaSSIS should give us information on
mineralogy  of  the  surface  in  places  where  the
methane  release  is  most  likely.

3. Summary and Conclusions

With  the  sophisticated  instruments  on  board  the
Trace Gas Orbiter studying Martian atmosphere and
surface, an adequate model of transport and changes
of the concentration of the trace gases is needed. We
develop  a  complex  chemical  and  photochemical
model to simulate the transport  and fate of the gas
species that are known to be present or expected to
be  detected  in  the  Martian  atmosphere.  The
behaviour of elusive trace gases such as CH4 holds
information  on  past  and  present  activity  and
habitability of Mars.  The results of our simulations
will be confronted with measurements to assess the
importance  of  various  considered  mechanisms  of
loss.
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Abstract 

Recent modeling studies looking for the source of 

atmospheric methane detected on Mars have 

consisted of looking for a single emission scenario 

that would be in agreement with the observations. 

We here propose a new strategy based on a large 

statistical sample of possible release scenarios, with 

the aim of determining the best source region in 

terms of probability. 

1. Introduction 

Several observations of methane on Mars have been 

reported over the last 15 years [1 and references 

therein]. Given its short photochemical lifetime in the 

Martian atmosphere, the presence of methane points 

to recent activity. Looking for the potential gas 

sources on Mars is thus a crucial step toward a better 

understanding of the origin of the released gas. 

Several model studies [e.g. 2, 3] demonstrated the 

capabilities of GCMs to understand processes 

forming atmospheric plumes of methane from local 

outgassing events, such as the plume observed in 

2003 by Earth-based telescopes [4]. Nevertheless, 

those investigations are largely inconclusive because 

many combinations of release locations and release 

scenarios can explain observations. Indeed, such 

problems are weakly constrained given the sparsity 

of observational data. In addition, the use of release 

patterns (either instantaneous or continuous) in 

previous studies has not been supported by methane 

emissions on Earth. Emission patterns (strength and 

duration) of methane releases are known from 

various types of terrestrial analogs, including faulted 

areas, springs, mud volcanoes, and areas with diffuse 

low levels of gas release called microseepage [5]. 

This information from terrestrial analogs can provide 

guidance for GCM simulations, so that values used 

are within reason for the geological systems on Mars 

in the vicinity of any methane detections. 

2. Statistical analysis of release 

experiments 

In this context, instead of supporting the available 

CH4 observations with one consistent numerical 

experiment, we developed an innovative statistical 

approach considering a large number of realistic 

release scenarios and applied a statistical analysis to 

this sample. Such a study is made possible taking 

advantage of the additivity of tracers. Methane 

emission events can be viewed as a sequence of 

stochastic gas fluxes generated by combining tracers 

released successively and scaled randomly in order to 

mimic the time variability of typical methane seepage 

observed on Earth. Hence, a probability can be 

attributed to the given emission site in terms of the 

ratio between the number of scenarios consistent with 

the observations and the size of the statistically 

representative sample. As a result, comparing the 

probabilities associated with all potential emission 

sites within a predetermined region indicates the 

most plausible sites from the standpoint of the 

atmospheric circulation. 

3. Application to the long high-CH4 

sequence recorded by Curiosity 

In Mars year 32, the tunable laser spectrometer (TLS) 

of the Sample Analysis at Mars (SAM) instrument 

suite on the Curiosity rover recorded at Gale crater 4 

successive high-CH4 abundances spread over 60 sols 

[1]. This emission event will be considered in order 

to illustrate the capabilities of the new statistical 

approach. Simulations performed using the GEM-

Mars GCM [6], a model already applied to study the 

time evolution of the gas in the atmosphere after 

surface release [7], will be used to form a large 

EPSC Abstracts
Vol. 12, EPSC2018-689, 2018
European Planetary Science Congress 2018
c© Author(s) 2018

EPSC
European Planetary Science Congress



sample of release scenarios that will be constrained 

by the available CH4 observations in order to 

determine the most likely source regions around Gale 

crater. In addition, a detailed analysis of geological 

features observed in the investigated area will be 

conducted [8]. Combining the results of the modeling 

and geological analyses will allow us to narrow the 

range of potential regions from which the detected 

methane originated. 
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Abstract 

It is assumed that the Martian atmosphere was much 

denser in the past than it is today. However, how and 

when the Martian atmosphere changed to the present 

time tenuous and dry atmosphere is still one of the 

fundamental science questions in Martian research. 

To gain a better understanding of this key question, 

we studied how the early Martian atmosphere 

responded to different EUV fluxes from the young 

Sun and how this influenced the loss of carbon and 

oxygen. Since Mars had an intrinsic magnetic field 

early on, i.e. until ~4.1 billion years ago (Ga), its 

paleo-magnetosphere also has to be considered 

during the first few million years to reconstruct the 

atmospheric escape over the history of the planet. 

Thus, we simulated the ancient Martian intrinsic 

magnetic field with an adapted version of the 

Paraboloid Magnetospheric Model (PMM) and 

included the magnetosphere into our escape 

simulations. In addition, we will also address the 

escape of argon over the planet’s history. 

1. Loss of oxygen and carbon over 

time 

We study the escape of suprathermal oxygen and 

carbon from the Martian atmosphere for four points 

in time in its history corresponding to 1, 3, 10, and 20 

times the present solar EUV flux with a Monte-Carlo 

model. Different source reactions of hot oxygen and 

carbon atoms in the thermosphere and their changing 

importance with the EUV flux are discussed. 

For the same EUV fluxes and solar wind parameters, 

we also investigate on how ionized atmospheric 

oxygen and carbon atoms are picked up by the solar 

wind convection electric field. Analysis was made by 

a 3D kinetic hybrid model which treats ions as 

particles and electrons as a massless charge 

neutralizing fluid. The hybrid simulation allows 

studying self-consistently the motion of ions in the 

Martian environment and together with the 

suprathermal escape rates from our Monte Carlo 

simulations we can thus estimate the total 

atmospheric escape rate during the Martian history. 

Before ~4.1 Ga, we also consider the ancient intrinsic 

Martian magnetic field, and thus simulated the paleo-

magnetosphere with an adapted version of the 

Paraboloid Magnetospheric Model (PMM) for Mars, 

which was then included into the hybrid model for 

the 20 EUV case.    

2. Evolution of the Martian 

atmosphere 

Finally, we discuss different magma ocean related 

and volcanic CO2 outgassing scenarios and their 

interplay with thermal and non-thermal loss 

processes, as well as the influence of the paleo-

magnetosphere on the early atmospheric escape. Our 

results show that Mars could not have had a dense 

atmosphere at the end of the Noachian eon, since 

such an atmosphere would not have been able to 

escape until today. However, Mars could have had a 

dense atmosphere early on in the pre-Noachian eon. 

An important insight into this early environment can 

also be gained by the strong isotopic fractionation of 

36Ar/38Ar in the present-day Martian atmosphere, 

which suggests that a significant atmospheric amount 

should have been escaped in the early past. However, 

the fractionation of argon and other noble gases such 

as neon is strongly dependent on the environmental 

conditions, in particular on temperature and altitude 
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of the exobase, which is in turn highly sensitive to 

the EUV flux of the early Sun. 
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Abstract
We provide an analytical "toy" model to reproduce the
first order, yearly-averaged, latitudinal distribution of
surface temperatures for Mars under different surface
pressure, luminosity, eccentricity and obliquity. The
model is intended to be used as a complementary tool
to include the effect of meridional heat transport for
one dimensional radiative studies (i.e. investing green-
house warming for early Mars).

1. Introduction
Sedimentary deposits characterized by the Mars
Science Laboratory Curiosity rover provide evi-
dence that Gale crater, Mars intermittently hosted
a fluvio-lacustrine environment during the Hesperian
(∼3.8Gya). [1] However, no theory has been able to
provide a robust and self-consistent way to maintain
global mean temperature above the freezing point due
to the low solar energy input available at that time (e.g.
warming by CO2 clouds [2], water ice clouds [3], dust
[4], impacts [5], volcanism [6], reduced atmospheres
[7]; [8], carbonate-silicate cycles [9]). While it has
been challenging to raise the global mean temperature
above the freezing point [10], it is possible that equa-
torial temperatures could have reached 273K. We ad-
dress this possibility using an analytical, latitudinally-
resolved climate model.

2. Model
We adapt one of the earlier methods originally devel-
oped to study the Earth climate [11] and use the an-
alytical formulations for the annual mean insolation
provided by [12]. We show that the yearly-averaged
surface temperature is:

Ts(x) =
ϕ0
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Figure 1: (Top) Zonally-averaged planetary albedo from the
GCM (grey markers), best fit for present day Mars (grey line)
and albedo distribution used for the early Mars predictions
(black lines). (Bottom) Comparison of the mean annual tem-
perature predicted by the NASA-Ames GCM (grey markers)
with the analytical model calculation for present-day Mars
(grey line), and analytical predictions for early Mars for dif-
ferent surface pressures (black lines).
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with x the sine of the latitude, ϕ0 the solar constant
at Mars (e.g. 1370

1.522 W.m
−2 for present day), e the ec-

centricity, D the diffusivity of the atmosphere in unit
of [W/m2/K], A and B the outgoing longwave radi-
ation (OLR) parameters such as OLR = A + B T .
pn(x) are the Legendre polynomes and San the net
solar insolation parameters, defined as:

p2(x) =
(
3x

2 − 1
)
/2

p4(x) =
(
35x

4 − 30x
2

+ 3
)
/8

Sa0 = 1
5S2α2 + 1

9S4α4 + α0

Sa2 = S2α0 + 2
7S2α2 + 2

7S2a4 + 2
7S4α2 + 100

693S4α4 + α2

Sa4 = 18
35S2α2 + 20

77S2α4 + S4α0 + 20
77S4α2 + 162

1001S4α4 + α4

S2 = − 5
8p2(cos(β))

S4 = − 9
64p4(cos(β))

(2)
where β is the obliquity, Sn the annually-averaged di-
rect solar insolation parameters and αn the coefficients
used to parametrize the annually-averaged co-albedo
as

α(x) = α0 + α2 p2(x) + α4 p4(x) (3)

For present-day Mars we provide a direct fit to the
NASA Ames General Circulation model (GCM) for
the co-albedo: α0=0.67, α2=-0.095, α4=-0.072. For
early Mars, we propose to use α0 = 1 − a0, α2 =
−fa × S2 and α4 = −fa × S4 with a0 a global mean
value for the planetary albedo and fa a parameter used
to simulate the dependence of the albedo on the solar
zenith angle. The albedo a0, as well as the parame-
ters fa, A, andB are estimated using the NASA Ames
radiative transfer code for a pure CO2 atmosphere.
Suggested values for these coefficients for present-day
Mars and for 500mbar, 1 bar and 3.5bar ancient atmo-
spheres are given in Table 1

3. Results
Figure 1 (bottom) shows that, given its simplicity, the
analytical climate model (grey line) reproduces rea-
sonably well the annually-averaged surface tempera-
ture from the GCM for present-day Mars (grey mark-
ers). For the 500 mbar atmosphere and for the 1 bar
atmosphere, greenhouse warming and rather low val-
ues for the planetary albedo (see Figure 1 (top)) lead
to surface temperatures warmer than present-day, de-
spites a reduced solar luminosity (black lines in Figure
1 (bottom)). However, further increasing the surface
pressure to 3.5 bar ultimately results in lower surface
temperatures due to the increase in atmospheric scat-
tering. The 3.5 bar case drops bellow the condensation
temperature of CO2 at high latitudes (dotted lines in
Figure 1 (bottom)) so this solution is not stable against
atmospheric collapse.

Pressure [mbar] D OLR=A+ B T Albedo
A B a0 fa

7 0.02 -212 1.54 (see text)
500 0.46 -134 0.99 0.29 -0.111

1000 0.70 -72 0.66 0.33 -0.135
3500 1.28 13 0.23 0.45 -0.142

Table 1: Estimates for the diffusivity, outgoing long-
wave radiation at the top of the atmosphere, and plan-
etary albedo as a function of the surface pressure

4. Summary and conclusions
The simple analytical climate model demonstrates that
there is no obvious combination of orbital parameters
nor greenhouse scenarios that would lead to annually-
averaged surface temperature above 273K at the equa-
tor. This raises the possibility that the lacustrine envi-
ronment at Gale crater may have subsisted during the
Hesperian in the form of ice-covered lakes.
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Abstract
We present a set of a priori atmospheric number den-
sities for the atmosphere of Mars derived from the
GEM-Mars GCM. The latitude, time of day, and sea-
son are binned in a way relevant to the Martian atmo-
sphere and the nature of the retrieval geometries ex-
pected. We explore different statistical bin definitions,
ways to incorporate the surface height (which vary
much more on Mars than on Earth) and areoid, and
the correct way to incorporate the mean and variance
under the Bayesian framework used in the retrievals
(i.e. Rodgers’ methods [1]).

1. Bayesian Retrievals
Most of current retrieval algorithms, such as those
based on Optimal Estimation Method [2, 3], do need
a priori information on the variables to be retrieved.
For example, BIRA-IASB will be using the in house
developed ASIMUT program [4] to perform the spec-
troscopic retrievals of molecular and aerosol number
densities. One aspect of these methods is the incor-
porations on a priori constraints of a mean and vari-
ance number densities profiles for each atmospheric
species, including molecules and aerosols. For our
purposes, we choose to construct a set of a priori states
from the GEM-Mars GCM, developed at BIRA-IASB,
since we can have full coverage geographical and tem-
porally (time of day and year).

GEM-Mars is a General Circulation Model for the
atmosphere of Mars with online atmospheric chem-
istry. The model is operated on a grid with a hori-
zontal resolution of 4°x4° and with 103 vertical levels
reaching from the surface to ~150 km. It calculates at-
mospheric heating and cooling rates by solar and IR
radiation through atmospheric CO and dust and ice
particles and solves the primitive equations of atmo-
spheric dynamics. Geophysical boundary conditions
are taken from observations. Physical parameteriza-

tions in the model include an interactive condensa-
tion/surface pressure cycle, a fully interactive water
cycle including cloud radiative feedbacks, a thermal
soil model including subsurface ice, interactive dust
lifting schemes for saltation and dust devils, turbulent
transport in the atmospheric surface layer and con-
vective transport inside the planetary boundary layer
(PBL), subgrid scale vertical mixing in the free tro-
posphere, a low level blocking scheme, gravity wave
drag, molecular diffusion, non-condensable gas en-
richment, and atmospheric chemistry. A detailed de-
scription of the model, its formulation, grid, dynamical
core and physical parameterizations, together with ex-
tensive validation against multiple datasets, was given
in [5], and further details can be found in [6, 7, 8].

2. Methods
The data set from GEM Mars used in the construction
of the a priori is comprised of 48 time steps per day, 36
days per year (every 10° Ls). Every day of the year is
available, but the above subset is already 500GB, and
is should provide sufficient enough coverage to be rep-
resentative of the Martian atmosphere. Various com-
bination of bins in Ls (e.g. seasons), Latitude (e.g.
North-, South-, Mid-latitudes, etc), and Time of Day
(e.g. Day, Night, Dusk, Dawn, etc.) are made avail-
able for individual applications.

The GEM-Mars uses a surface height at each grid
point that is an averaged surface height derived from
the well accepted MOLA data set [9], although the so-
lutions themselves are given in terms of height above
the surface. By adding the surface height before aver-
aging, the altitude grid is given relative to the areoid.
We compare three different options how to do this:

1. Interpolate onto a common grid.

2. Average into vertical bins, with each altitude
given equal weight.
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3. Average into vertical bins, with weighting pro-
portional to altitude grid resolution.

Each of the above options has its trade-offs, which we
will discuss in reference to the retrievals.

When reporting the mean and average, it is conve-
nient to compute in terms of mixing ratio, because it
is generally not exponential with altitude like number
density. ASIMUT’s forward model is to simulate spec-
tra using the number density, which is computed using
the mean mixing ratio times some representative total
number density. But the variance of the mixing ratio
under-represents the variance in the number density,
especially for the the main constituents. We compute
the relative standard deviation of the number density
for each species, and use this with the mean mixing
ratio for the species and a total atmosphere number
density (which is derived separately, see our other pre-
sentation on Interpolated Atmospheres).

Figure 1: Example mean water vapor mixing with
shaded standard deviation (in PPMV) versus z (in km).
Northern hemisphere is blue, southern hemisphere is
orange.

3. Summary and Conclusions
The a priori atmospheres derived from the GEM-Mars
model will be used during the retrievals of NOMAD
observations will be computed using ASIMUT. Our
decision to incorporate the surface height and average
each profiles into vertical bins with weighting propor-
tional the altitude resolution (option 2c above) means
that the altitude scale is relative to the areoid so that we
can compare pressure levels easily across the planet.
We decrease our bias towards the near surface atmo-
sphere, which means the retrievals will be less con-
strained by the a priori in the lower atmosphere and
more constrained by the data itself.
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Abstract

It is necessary for GCMs to operate on a coarse resolu-
tion grid, especially when simulating an entire planet
for long durations. But there are many circumstances
when one desires the solution at much higher resolu-
tions. In this work, we present our methods to inter-
polate the GEM-Mars GCM solution to higher resolu-
tions in Latitude and Longitude, as well as time of day
and time of year. A principle motivation of this work it
to provide high-resolution approximations of the Mar-
tian atmosphere to be used during spectroscopic re-
trieval for the investigation of Mars.

1. GEM-Mars
GEM-Mars is a General Circulation Model for the at-
mosphere of Mars with online atmospheric chemistry.
The model is operated on a grid with a horizontal res-
olution of 4°x4° and with 103 vertical levels reach-
ing from the surface to ~150 km. It calculates at-
mospheric heating and cooling rates by solar and IR
radiation through atmospheric CO and dust and ice
particles and solves the primitive equations of atmo-
spheric dynamics. Geophysical boundary conditions
are taken from observations. Physical parameteriza-
tions in the model include an interactive condensa-
tion/surface pressure cycle, a fully interactive water
cycle including cloud radiative feedbacks, a thermal
soil model including subsurface ice, interactive dust
lifting schemes for saltation and dust devils, turbulent
transport in the atmospheric surface layer and con-
vective transport inside the planetary boundary layer
(PBL), subgrid scale vertical mixing in the free tro-
posphere, a low level blocking scheme, gravity wave
drag, molecular diffusion, non-condensable gas en-
richment, and atmospheric chemistry. A detailed de-
scription of the model, its formulation, grid, dynamical
core and physical parameterizations, together with ex-
tensive validation against multiple datasets, was given
in [4], and further details can be found in [5, 6, 7].

2. Methods
BIRA-IASB will be using the in house developed
ASIMUT program [1] to perform the spectroscopic
retrievals of molecular and aerosol number densities
based on the Optimal Estimation Methods [2, 3]. In
addition to using mean atmospheric compositions as
a priori constraints (see presentation by Erwin et al.
on "Creating a prior atmospheres from GEM-Mars"),
the retrieval process requires vertical temperature and
pressure profiles on which to compute cross sections.
For each observation, we need to compute vertical pro-
files which corresponds to the geographical and tem-
poral circumstances of each observation.

2.1. Geographic Interpolation
The data set from GEM Mars used in the construc-
tion of the interpolated atmospheres is comprised of
48 time steps per day, 36 days per year (every 10° Ls).
Every day of the year is available, but the above subset
is already 500GB, and is should be sufficiently repre-
sentative of the Martian atmosphere.

Figure 1: Gale crater using geographic interpolation.
Temperature is colored contours (in Kelvin) and pres-
sure levels are the contour lines (in Pascal).

For a particular Latitude and Longitude, a bi-linear
spherical interpolation is performed to interpolate the
bounding GCM grid points to the particular value.
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Next, for a particular Ls and Local Solar Time
(LST), we must interpolate in time using the time steps
in a day, and days in Ls. First, we use a 4 point La-
grange interpolation in LST for each day. Second, we
use a 4 point Lagrange interpolation in Ls (effectively
using 16 points in a split, 2D interpolation).

2.2. Surface Height Correction
The interpolation from GEM produces a linear varia-
tion in surface height between GEM-Mars grid points.
The surface of Mars has much more structure over this
range, and we can use the MOLA data set [8] to get
an improved value for the surface height. Yet, a sim-
ple offset or extrapolation using this new height would
incorrectly interpret the upper or lower atmosphere.

Figure 2: Gale crater with surface height correction.

Instead, we use a pressure scaling similar to the one
discussed with in the MCD User’s Guide [9]. Po-
tentially, this correctly estimates the surface pressure,
near surface structure, and upper atmosphere pressure
relative to the areoid.

An additional step is to adjust the near surface pres-
sure to adapt for the change in surface height. One
option is to use the adiabatic lapse rate to adapt for the
change in altitude, or we can instead use an averaged
temperature profile (i.e. the a priori atmosphere) to
interpret a change in temperature.

3. Summary and Conclusions
The interpolation detail in this work can be used to
interpolate the GEM-Mars GCM solutions to any ge-
ometric or temporal parameters, extending the useful-
ness of the model. Correcting the surface height and
pressure scaling produce a desirable vertical profile
that ASIMUT can use to compute spectra.
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Abstract 

We studied a set of observations of the Lyman-α 
profile by MAVEN/IUVS using the low resolution 
mode. The brightness profile in the lower corona, 
especially the bright limb, is best reproduced with a 
deuterium population during the southern summer as 
expected from the high resolution echelle mode 
observations. Therefore it is possible to derive 
information on the atomic deuterium density at this 
season not only from the echelle mode but also from 
the coarser spectral resolution. 

1. Introduction 

The recent observations performed with the “echelle 
mode” by the Imaging Ultraviolet Spectrograph 
(IUVS) aboard the Mars Atmosphere and Volatile 
EvolutioN (MAVEN) mission indicated large 
deuterium brightness near Ls=270° [1]. The 
deuterium brightness observed at the beginning of the 
mission, when Mars was close to its perihelion show 
brightness ~ 1 kR much larger than the first 
deuterium detection from Earth ~ 20-50 R [2]. 
During this period, especially near the terminator, the 
Lyman-α emission observed at 121.6 nm with the 
“low resolution mode” present some vertical profiles 
that were not reproducible with models that 
simulated only the emission from the thermal 
hydrogen population [3], that are expected to 
dominate at the observed altitudes. In this study we 
investigate the possible contribution of the deuterium 
Lyman-α emission to explain the vertical brightness 
profile in these observations. 

2. Observations 

A vertical average of few individual profiles of the 
emission at 121.6 nm observed by both “low 
resolution mode” and the echelle mode for a very 
close geometry of limb observations near the 

terminator on the end of December 2016 (Ls ~ 285-
290) is displayed on Fig. 1. This profile indicates that 
the strong bright limb near ~ 120 km observed with 
the “low resolution mode” is mainly due to the 
deuterium emission and consistent with the 
observations obtained with the echelle mode.  
 

 
Fig. 1 Comparison between the Lyman-α average 
profile observed by the “low resolution mode” (blue 
line) and the average H (red dots) and H+D 
brightness profile (green dots) obtained at the same 
time and with similar geometry with the echelle 
mode.  
 
Such bright limbs are observed systematically at 
other periods, where no limb observations with the 
echelle mode are available (from Dec 2014 to March 
2015) and are not attributed to proton aurora that are 
observed only sporadically and characterized by 
short time scale increases of the brightness [4]. 
 
At other periods (for example July 2015), the 
deuterium emission observed with the echelle mode 
was much weaker [1]. The vertical profiles of the 
121.6 nm brightness observed during this period with 
the “low resolution mode” do not present a 
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substantially bright limb (Fig. 2), showing  
correlation between the presence of a bright limb 
observed with the “low resolution mode” and the 
detection of a substantial deuterium emission with 
the echelle mode.  
 

 
Fig. 2 Vertical profile of the 121.6 nm emission 
observed from the full outbound observations (disk 
and coronal scans) by IUVS for orbit 812. Each 
color represents the profile for one spatial bin.  1b) 
Same as figure 1a but for an orbit where no strong 
deuterium emission was detected with the echelle 
mode. The profile between 100 and 800 km is flat and 
doesn’t present a bright limb. 
 

3. Modeling 

Hydrogen produced by the photodissociation of 
water vapor at ~80 km has been recently suggested to 
be an important source of atomic hydrogen in the 
Martian thermosphere near southern summer [5]. In 
that case, the hydrogen density profile should differ 
from the density profile simulated from the 
ionospheric H2 + CO2

+ only, due to a lower altitude 
of production. We will also present the effect on the 
derived D and H density profiles.  
A model including both the H and D Lyman-α 
emissions provides a better fit to the observations in 
the lower corona below 500 km, as shown in Fig. 3. 
The relative D and H brightnesses are in reasonable 
agreement with the echelle brightnesses from the 
average profile (Fig. 1). 
Therefore, it is possible to use the “low resolution 
mode” observations to complete the derivation of the 
D and H density profile near Ls= 270°. 
The D and H density derived from the low resolution 
mode of IUVS observations and the local time 
variations will be presented. 
 

 
Fig. 3 Example of observed Lyman-α profile during 
orbit 4352 (Ls =286°, SZA ~ 84-90° ) and the derived 
best fit, for an exospheric temperature of 200 K and 
an arbitrary interplanetary background of 500R. 
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Abstract 

Investigations of the sedimentary processes on Mars 

are often related to the saltation of sand particles or 

the long-term suspension of dust particles or a 

combination of both. A small proportion of particles 

on Mars will have an intermediate size between sand 

and dust close to the saltation/suspension transition 

region. The repeated ejection and suspension of such 

particles into Planetary Boundary Layer over long 

periods of time may then produce the accumulation 

of particles in specific regions on Mars that could be 

verified by observations. Such regions, if they exist 

could then help us understand the past and present 

Martian climate. 

To investgate the transport of the particles we use a 

trajectory model combined with wind field data 

imported from the Mars Climate Database to 

visualise the transport of material across the surface 

of Mars. The result is similar to adding tracers into a 

numerical weather model but without having to run 

the whole simulation. The technique described here 

produces useful results very quickly and allows 

physically based modelling of the particle trajectories. 

1. Introduction 

Detailed observations of the Martian sedimentary 

cycle on Mars by orbital and landed spacecraft 

suggest a surprisingly active sedimentary cycle [1,2]. 

For example high resolution images from orbit have 

observed mobile sand dunes. Visually tracking of 

mobile particles in Gale Crater by Curiosity has been 

used to observe wind activity [3].  

2. Background 

A trajectory model, such as previously used to model 

the descent of spacecraft in a windy Martian 

atmosphere [4], can be used to realistically model the 

motion of objects in the PBL. Global wind fields are 

available from the Mars Climate Database (MCD) as 

shown in figure 1. 

 

 

 

 

 

 

Figure 1: An example of a MCD wind field used for 

the trajectory calculations. It is not obvious the path, 

a wind blown particle released at an arbitrary 

location, would take by just looking at the wind data. 

3. Investigation methodology 

A spacecraft Entry, Descent and Landing trajectory 

model is used to calculate the horizontal transport 

and dispersion of particles in the size range of 20 to 

100 µm, i.e. corresponding to the 

saltation/suspension transition particle size, by 

Planetary Boundary Layer (PBL) winds. Horizontal 

winds are imported into the model from the Mars 

Climate Database. The time of day is fixed for all 

longitudes.  

Particles spread across the globe are then ‘released’ 

simultaneously in the modelled atmosphere. The 

particles are suspended for one Martian hour before 

falling to the surface. The wind field is not, at the 

moment, dynamically updated as time progresses. 

The following Martian day the particles are 

suspended at the same time as the previous day. 

Their trajectories, starting from the previous day’s 

location, are then calculated. Particles are initially 

released at longitudes and latitudes covering the 

entire Martian globe. 
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Figure 2: Paths of particles blown by winds at an 

altitude of between 10 and 500 m. There are 10000 

ejection-descent events for each of the 110 particles 

modelled. During each event the particle is 

suspended in the atmosphere for one hour. The 

particle locations are plotted every 100 iterations of 

the trajectory model. Longitude is plotted along the 

x-axis. All atmospheric properties are kept constant 

except the wind during the model runs. 

4. Summary 

Maps of the paths taken by intermediately-sized 

particles across the Martian surface can be generated 

such as shown in figure 2. The maps are calculated 

by successfully combining the trajectory model in [4] 

with wind fields imported from the Mars Climate 

Database.  

Some interesting observations so far: 

 The PBL winds, in the model, blow material 

from the mid-latitudes to just south of the 

equator. 

 The accumulation of PBL blown material 

coincides to the northern boundary of the 

belt of low albedo material around Mars. 

 At high latitudes material in the model is 

blown towards towards the poles. 

 There depleted zones around the mid-

latitudes in the modelling results. 
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Abstract

We will present meridional wind flow results in both
Venus hemispheres. We will present, and compare,
meridional wind measurements obtained from Akat-
suki’s space probe (JAXA) observations, namely ob-
servations taken with the UVI instrument, and si-
multaneous coordinated observations obtained with
HARPS-N at Telescopio Nazionale Galileo (TNG) in
January 2017. We will also compare this new results
with meridional wind flow results from previous runs
using space-based observations from Venus Express
(ESA) with the instrument VIRTIS-M, and ground-
based observations at Canada-France-Hawaii Tele-
scope (CFHT) with the high-resolution spectrograph
ESPaDOnS (Machado et al. 2014; 2017). Our previ-
ous sets of coordinated observations at Venus cloud-
tops were based in two complementary techniques:
Ground-based Doppler velocimetry and cloud-tracked
winds using VEx/VIRTIS-M imaging at 0.38 µm.
Cloud-tracked winds trace the true atmospheric mo-
tion also responsible for the Doppler-Fizeau shift of
the solar radiation on the dayside by super-rotating
moving cloud-tops with respect to both the Sun and
the observer (Machado et al., 2014; 2017). Based
on this complementarity, we performed a new coor-
dinated campaign in January 2017, where HARPS-
N (TNG) was used for the first time in order to per-
form atmospheric studies in a Solar System’s planet,
these observations where combined with simultaneous
Akatsuki/UVI space-based observations. The ground-
based observations undertaken at HARPS-N/TNG (La
Palma) allowed us to obtain very high-resolution spec-
tra (R∼ 115 000) and retrieve Doppler wind measure-
ments on the dayside of Venus’ cloud tops. The ob-
servational results will be compared with the ground-

to-thermosphere 3D model developed at the Labora-
toire de Meteorologie Dynamique in Paris (Gilli et al.
2017).

1. Meridional wind at cloud tops

Figure 1: Mean meridional wind latitudinal profile
from Akatsuki/UVI results. Weighted average of all
the latitudinal profiles of all days, with a binning of 5
degrees latitude

From space, clouds features were tracked on image
pairs obtained by the Akatsuki UVI operating in the
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ultraviolet range (365 nm filter) and with a temporal
interval of 2 hours. Ultraviolet images show the high-
est contrast features and the UV tracers are roughly
located at about 65-70 km above the surface [1] Venus
Express cloud top wind measurements based on track-
ing using images taken with the VIRTIS instrument
[3, 9] followed the same method as the one described
for retrieving cloud-tracked winds based on Akatsuki’s
observations. Along the observations with the high-
resolution spectrograph HARPS-N the angular diam-
eter of Venus was 14,98" (FOV of HARPS-N is 1"),
the complete optical spectrum, from 383 to 690 nm, is
collected over 40 spectral orders in a single exposure
at a resolution of about 115,000, and with ESPaDOnS
at CFHT, the complete optical spectrum, from 370 to
1050 nm, was collected also over 40 spectral orders
in a single exposure at a resolution of about 80,000.
In the single scattering approximation, the Doppler
shift measured in solar light scattered on Venus day-
side is the result of two instantaneous motions: (1) a
motion between the Sun and Venus upper clouds parti-
cles, which scatter incoming radiation in all directions
including the observer’s [4, 5, 6]; this Doppler veloc-
ity is minimal near Venus sub-solar point; (2) a motion
between the observer and Venus clouds, resulting from
the topocentric velocity of Venus cloud particles in the
observer’s frame; this effect is minimal near Venus
sub-terrestrial point. The Doppler shift related to hor-
izontal motions parallel to equator vanishes at the half
phase angle meridian (HPA), where both terms cancel
each other [5, 6] and we took advantage of the fact
that it is not possible to measure the zonal wind along
the HPA in order to measure the meridional wind flow
along this meridian [5, 6].

Figure 2: Comparison of meridional wind results re-
trieved from different observations and telescopes/ in-
struments, using the Doppler velocimetry technique.
The legend of the figure refers the instrument used,
date of observations and respective scientific article.

The analysis and results show (1) additional confir-
mation of the the coherence, and complementarity, in

the results provided by these techniques, on both spa-
tial and temporal time scales of the two methods; (2)
first-time estimation of the meridional component of
the wind in other planet using the Doppler velocimetry
technique, with evidence of a symmetrical, poleward
meridional Hadley flow in both hemispheres.
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Abstract

The Earth-based Atacama Large Millime-
ter/Submillimeter Array (ALMA) telescope is a
state-of-the-art interferometer in the sub-mm spec-
tral range, which combines unprecedented spatial
resolution and high sensitivity1. It is well suited to
acquire global measurements of the thermal emission
from planetary atmospheres, and its high-spectral
resolution allows to measure the Doppler shifts of
molecular lines due to wind velocity. Observations of
the martian disk were done in May 2014 at the ALMA
Observatory. The objective of the observations was to
map the full disk at frequencies enabling the detection
of CO, HDO and H2O2 absorption lines. As CO
is optically thick, the temperature profiles may be
derived, which is of great interest, as temperature
profiles and wind fields in the Martian atmosphere
are still incompletely mapped at the planetary scale.
To perform this investigation, ASIMUT-ALVL, the
BIRA-IASB Radiative Transfer code was used. The
reduction and calibration of the interferometric data
will be presented. We will also describe the modifi-
cations we did to the code and the sensitivity studies
we performed beforehand. Hopefully, the global
distributions of the thermal and dynamical structure
of the atmosphere will be discussed.

1. ALMA observations
As summarized in Table 2, four spectral windows at
the frequencies of 335 and 345 GHz (which fall in the
ALMA Band-7 receiver) were selected. The hetero-
dyne receivers of ALMA enable the frequency reso-
lution as high as 122 kHz (corresponding to ∼ 100
m/s in velocity), which should allow to measure the
Doppler - wind shift. An overview of the observations
is presented in Table 1 and Table 2. The values given

1http://www.almaobservatory.org/en/home/

in Table 2 are identical for both observations presented
in Table 1.

Table 1: Overview of the observations.

01 May 2014 18 May 2014
4:40 4:59

MY 32 32
LS 123.9◦ 132.1◦

Diameter of Mars 14.54" 14.53"
Angular resolution 0.65" 1.09"

(20x20) (13x13)
Integration time (min) 44 20
Number of antennas 34 34

Maximum baseline length (m) 558 650

Table 2: Overview of the observations’ frequencies

Nb. Spectral range Resolution Target Species
(GHz) (kHz)

0 345.31-346.25 969 CO wide range
1 345.67-345.90 122 CO line center
2 335.16-335.63 282 HDO
3 335.08-336.02 969 HDO + H2O2

The measured data (i.e. visibilities) were calibrated
for the phase fluctuation and flux amplitude. The spec-
tral bandpass characteristics were also corrected. Once
the visibilities were calibrated, the radio images (spec-
tral image cubes) were synthesized using the CLEAN
procedure. This procedure removes the artefact emis-
sion features due to an imperfect visibility sampling on
(u,v) spatial frequency domain. Fig. 1 shows the con-
tinuum emission image before and after the CLEAN
procedure. The image is reconstructed as a 512 x 512
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pixel image with a pixel scale of 0.1 arcsec.

Figure 1: Mars continuum emission map at 335 GHz
observed with ALMA. The dirty map (left) is an image
which includes a false emission pattern due to imper-
fect visibility sampling. By applying the CLEAN pro-
cedure, the false emission pattern is deconvolved from
the image, and finally the clean map is restored (right).

2. ASIMUT-ALVL, the BIRA-
IASB Radiative Transfer Model

The BIRA-IASB radiative transfer and retrieval code,
ASIMUT-ALVL[1], was used to analyse the data. The
ALMA data analysis necessitated some new imple-
mentations in the code. In particular the multiple lines
of sight (LOS) to be considered due to the size of
the beam were not yet considered in ASIMUT. For
the data obtained on 1st May, the synthesis beam (i.e.
spatial resolution) is an elliptical 2d gaussian function
with major and minor axis of 0.65 and 0.42 arcsec re-
spectively. The observed spectral feature is then the
result of the incoming radiation from a localized re-
gion of the mapped source. This effect is taken into
account by considering the weighting function repre-
sented on Figure 2.

Figure 2: The different contributions are modelled by
a two-dimensional gaussian function of Full Width at
Half Maximum (FWHM) of the angular resolution and
extended on 3 times the FWHM in each direction.

Retrieving the wind velocities implies the retrieval
of a spectral shift in the planetary absorption line, here
the 3-2 line centered at 345.795 GHz of 12CO in the
vibrational ground state. The CO line spectroscopic
parameters were extracted from the latest version of
HITRAN [2, 3], taking into account that the main
buffer gas in the Martian atmosphere is CO2. The shift
retrieval method was modified in ASIMUT. Instead
of being done by a simple fit approach, the Jacobians
were introduced. This enables us to obtain vertical in-
formation, if the information level in the spectrum is
sufficient.

3. Current status of the analyis
The update of ASIMUT-ALVL forward model enabled
to simulate an appropriate continuum emission bright-
ness temperature map as observed by ALMA. This
model map can be used as an input for the "self-
calibration" of the measured visibility, which possibly
improves the image synthesis quality. After such a re-
consideration on the visibility data reduction, the re-
trieval of wind and temperatures profiles will be tested.
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Abstract

We study the impact of the refinement of the vertical
resolution of the martian LMD GCM on the represen-
tation of the water cycle. Results highlight the need of
a refined coupling of physical processes in the micro-
physics of water ice clouds.

1. Introduction
The martian atmosphere hosts a complex water cycle,
which is mainly controlled by strong seasonal varia-
tions and plays a key role in the radiative transfer. The
Martian Global Climate Model (GCM, see [1]) of the
LMD (Laboratoire de Météorologie Dynamique) re-
produces the main features of the water cycle, such as
the sublimation and condensation of the water ice tak-
ing place on the surface, but also in the atmosphere, as
water ice clouds. The representation of radiatively ac-
tive water ice clouds has particularly been improved by
recent implementations of detailed cloud microphysics
([3], [4]). These comprise the nucleation on dust parti-
cles, ice particle growth and scavenging of dust par-
ticles due to the condensation of ice. Nevertheless,
some differences with the observations are persistent.
Among these, the systematic temperature inversions
observed within night-time clouds [2], such as a lack
of water ice clouds formed at the aphelion belt, or the
too strong water vapor release in the atmosphere at the
North pole during the Northern Hemisphere Summer
([4]).

To solve these discrepancies, further studies, such
as the refinement of the horizontal resolution (1°x1°
instead of 4°x6°), and a parametrisation of sub-grid
scale clouds, have been carried out by Alizée Pottier
[5]. Athough some improvement have been obtained,
the global improvement of the simulated water cycle is
not significant considering the numerical cost of such
implementations. Moreover, recent studies have re-
vealed the importance of vertical resolution to repro-

duce night-time convection detected under water ice
clouds [2], which has been simulated by a mesoscale
model (vertical resolution of 750m) [6]. Therefore,
further investigation focuses on the refinement of the
vertical resolution of the model.

2. Refinement of the vertical reso-
lution

The standard vertical resolution adopted in the GCM is
refined near to the surface (from around 10 to 500m) in
order to properly resolve the planetary boundary layer
(PBL), however it gradually decreases from the top of
the PBL up to the top of the atmosphere. It is then
roughly of 2km around 10km altitude and 4km around
30km altitude. The comparison between results ob-
tained with the standard and a high vertical resolu-
tion, of about 800m around 10km altitude and 1.5km
around 30km altitude, reveals that a higher vertical res-
olution allows to reproduce the observed mixing lay-
ers within night-time formed water ice clouds (see Fig-
ure 1). However, this higher vertical resolution doesn’t

Figure 1: Potential temperature profiles at latitude 20◦

along the altitude above the martian aeroid at Ls=150◦,
LT=2AM obtained respectiveley with standard GCM
vertical resolution (continuous line, standard 32 verti-
cal levels) and the high vertical resolution (line with
dashes, 65 vertical levels)
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seem to significantly impact the global water cycle, in
particular it doesn’t make the polar hood thinner (not
shown here).

3. Temporal resolution
The standard temporal resolution is of 1.5 minutes for
the dynamics, of 15 minutes for the physics, and of
30 seconds for the microphysics of clouds. Another
vertical resolution, of about 500m around 10km and
650m around 30km altitude, has been studied (very
high vertical resolution, not shown here). In this case,
the temporal resolution requires to be increased to pre-
serve the numerical stability of the model. The physi-
cal timestep is reduced to 7.5 minutes, other dynamical
and microphysical timesteps being unchanged. How-
ever, simulations run with such a temporal resolution,
and with the standard vertical resolution, have revealed
that the effect of an increased physical temporal reso-
lution has much more impact on the global water cy-
cle than the increased vertical resolution (see Figures 2
and 3). This result, actually independent of the micro-
physical timestep, suggests that some significant cou-
pling between processes is not taken into account in
the microphysics of clouds.

Figure 2: Zonal mean GCM cloud opacity at 2p.m. lo-
cal time with the standard physical timestep (15 min-
utes)

4. Summary and Conclusions
An increased vertical resolution applied to the LMD
GCM has positive effects on the water cycle rea-
garding the representation of mixing layers observed
within night-time clouds. Further investigation has re-
vealed the importance of a refined coupling of micro-
physical processes involved in the water ice cloud for-
mation. The study of this coupling is under investiga-
tion and results will be presented at the conference.

Figure 3: Zonal mean GCM cloud opacity at 2p.m.
local time with a high physical timestep (7.5 minutes)
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This paper examines the major Global 

Climate Models(GCM) of Venus presented 

so far and analyze them. The framework is 

followed by the comparative climate models 

of Earth, Mars and Venus. The main focus 

shall lie on Venus and its cloud physics. The 

sulfuric acid clouds are very dense and even 

block the study of surface of Venus. The 

super-rotation of the clouds on the planet is 

one of the most intriguing things so far. A 

comparative study of chemical reactions and 

chemical densities are done so as to form a 

general layer of accumulation in the cloud 

which vary along the altitude. The paper shall 

put forth a possibility of density driven 

separation of cloud layers and its viscosity 

which helps in the super-rotation of the 

clouds in the terrestrial planets. It shall also 

consider the effects of gravity and the 

surface-clouds interface.  
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Abstract 

While there has been substantial progress in our 

understanding of the Martian global carbon cycle 

during the last decade, some processes at play are 

still subject to many questions. This is notably due to 

the use of retrieval methods which have not exploited 

fully the satellite measurements. Among the species 

involved in this cycle, this work targets carbon 

monoxide (CO) and aims at fully investigating the 

possibility to retrieve CO vertical profiles from 

PFS/Mars Express infrared nadir observations. The 

retrieval method used is the optimal estimation and 

will be explained in details. Exploiting the 

framework of this method, the characterization of the 

retrieved profiles in terms of error budget and 

vertical sensitivity is deeply discussed. The influence 

of different parameters, such as the a priori 

constraints, is investigated and will be presented. 

1. Introduction 

The atmosphere of Mars, largely dominated by 

carbon dioxide (CO2), is subject to a global carbon 

cycle that is still nowadays not completely 

understood. The recently reported but debated 

detection of atmospheric methane, combined with its 

large apparent seasonal variability, has challenged 

further the understanding of this cycle. Partly due to 

a lack of vertically-resolved profiles of the different 

species involved, questions remain on all processes 

(sources, sinks and transport pathways) affecting the 

atmospheric carbon reservoir on Mars. 

This work targets especially carbon monoxide (CO). 

While climatology of the averaged CO mixing ratios, 

built from CRISM (Compact Reconnaissance 

Imaging Spectrometer for Mars) [1] and from PFS 

(Planetary Fourier Spectrometer) nadir observations 

[2], have been recently published and delivered 

important information regarding the CO latitudinal 

and seasonal variability, there has been no 

systematically retrieval of the CO vertical profile 

from Martian nadir observations. Development of 

synergies exploiting different spectral ranges or 

instruments to retrieve information on the CO 

vertical distribution has been tested [3], but these are 

difficult to implement. The goal of this work is to 

deeply investigate the possibility of retrieving CO 

vertical profiles from PFS nadir observations. This is 

performed on several single PFS spectra chosen to 

represent different conditions of CO on Mars. Using 

the optimal estimation method [4], the aim of the 

present study is also to characterize the retrieved CO 

profiles in terms of error budget and vertical 

sensitivity. In the longer term, this work will allow to 

retrieve CO profiles for a larger set of PFS 

measurements, and by building time series and 

distributions, to better understand the 

diurnal/seasonal cycle of CO in terms of sources, 

transport and photochemistry. 

2. The PFS instrument 

PFS [5] is a double pendulum Fourier transform 

interferometer orbiting around Mars on-board the 

Mars Express spacecraft. It covers a large spectral 

range in the infrared (250-8200 cm-1) thanks to two 

different channels: the long wavelength (LW) 

channel, recording the Martian atmospheric spectrum 

between 250 and 1700 cm-1, and the short 

wavelength (SW) channel, covering the spectral 

range 1700-8200 cm-1. In this work, around 25 

apodized spectra (spectral resolution of 1.3 cm-1) 
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recorded by the SW channel have been analysed. 

Simultaneous PFS LW channel observations are used 

to retrieve surface temperatures and vertical 

temperature profiles. The spectra have been selected 

based on the latitude, the solar longitude and the 

topography, to have a sample of measurements 

representative of the known spatial and temporal 

variations of CO on Mars. The selection was made 

also based on surface temperature and the value of 

the radiance at 2165 cm-1 to ensure sufficient signal-

to-noise ratio. 

3. Retrieval of carbon monoxide  

The retrieval of CO vertical profiles has been 

performed on single spectra using the optimal 

estimation method [4]. The idea of this method is to 

find the CO profile that is consistent with both the 

PFS observation and the knowledge of the CO 

vertical distribution prior to the measurement. This 

method is implemented in the Atmosphit software [6], 

a versatile line-by-line radiative transfer code 

initially developed for Earth atmosphere, which is 

successfully exploited here for the retrieval of CO 

vertical profiles on Mars. 

The optimal estimation offers a very adequate 

framework to characterize the retrieved Martian CO 

profiles in terms of error budget and vertical 

sensitivity. This is done extensively in this work 

using two output matrices from the retrieval: the total 

error covariance matrix (to discuss the retrieval errors) 

and the averaging kernel matrix (to discuss the 

vertical sensitivity and information content of the 

retrieval). Using this characterization framework, the 

influence of the choice of the a priori constraints on 

the retrieved profile is discussed. Specifically, two 

different a priori covariance matrices are built, 

compared and tested. One consists of an ad hoc 

matrix that includes 50% of variability (diagonal 

elements) and whose off-diagonal elements are 

calculated using an exponential decay, considering a 

scale height of 11 km. The second matrix has been 

built using a large ensemble of CO profiles taken 

from the Mars Climate Database (MCD) [7,8], 

considering one Martian year for the climatology 

solar average scenario. This matrix is shown in 

Figure 1 along with its associated a priori profile. 

The influence of other parameters on the retrieved 

CO profile, such as emissivity or thermal contrast 

(temperature difference between the ground and the 

air above it) is discussed as well. 
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Abstract

In this contribution we present new high-level sci-
ence products derived from nadir and stellar occulta-
tion observations obtained with the UV spectrometers
SPICAM and SPICAV on board the Mars Express and
Venus Express spacecrafts. We describe the scope of
the new level 2 processing and the contents of the cor-
responding data products that have been ingested into
the ESA planetary science archive (PSA). We present
examples of scientific results obtained with these data
sets and our plans for follow-up work.

1. SPICAM/SPICAV UV data
For the new level 2 processing of nadir and stellar oc-
cultation measurements we selected those obtained be-
tween orbits 0 and 7624 (SPICAM) and between 0 and
1583 (SPICAV). Observations were reprocessed start-
ing from the most recent level 1b data.

We note that for the Venus stellar occultation obser-
vations particular care was taken to estimate and sub-
tract the Nitric Oxide (NO) emission from the limb in
order to reveal the true occultation signal.

The full details of the L2 processing are described
in the Algorithm Theoretical Definition Documents
(ATBDs) available through the PSA. The delivered
products (Table 1) adhere to the PDS3 standard.

Table 1: New SPICAM and SPICAV products deliv-
ered to the Planetary Science Archive (PSA) of ESA.

Type of Planet Number of Product Product
observation observations level type
Nadir Mars 2218 L2a Radiance

2090 L2b Atmosphere
Venus 635 L2a Radiance

634 L2b Atmosphere
Stellar Mars 1661 L2a Transmittance
occultation 1492 L2b Atmosphere

Venus 373 L2a Transmittance
373 L2b Atmosphere

2. High-level science products
2.1. Nadir observations
For the Nadir observations of Mars and Venus the level
2a data products provide the absolute spectral radi-
ances, radiance factors and geometrical parameters.
When available, the associated level 2b data provide
for Mars the columns of O3, the UV-averaged surface
albedo, the dust aerosol optical thickness and the geo-
metrical data. For Venus the mixing ratios of SO2 (at
70 km) and O3 (at 55-70 km), cloud top altitude, and
the aerosol imaginary refractive index at 250 nm are
provided.

2.2. Stellar occultation observations
For the stellar occultation measurements the level
2a data products comprise the wavelength dependent
transmission spectra as well as the spectral flux of
the reference star spectrum. For the level 2b prod-
ucts we include the column (line) and local densities
for CO2/SO2/O3 (where applicable), as well as the at-
mospheric temperature profiles. The altitude sampling
∆z is 1–3 km for Mars and 0.2–7 km for Venus.

3. Scientific outcome (examples)
3.1. Mars: SPICAM Nadir
The new dataset comprises Martian Years (MY) 27 to
29 (2004–2009) thus covering a time span appropriate
for climatological studies of ozone and dust. Figure 1
shows the assimilated information on the ozone col-
umn (top) and dust opacity (bottom) ([1], [3]).

3.2. Venus: SPICAV Nadir
For each orbit the radiance factor is given as a func-
tion of wavelength, from 200-320 nm, at different ge-
ometrical coordinates. The radiance factors are used,
together with atmospheric radiative transfer models, to
retrieve the levels [in ppbv] of O3 and SO2. An exam-
ple (for orbit 0108A07) is shown in Figure 2. SPICAV
routinely detects O3 at higher latitudes ([4]). At lower
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Figure 1: SPICAM retrieval of the ozone column (top)
and the dust opacity (bottom) on Mars.

latitudes the cloud top is at 75±2 km. Venus is darker
(UV dust opacity) at lower latitudes, consistent with
known features (see [4]).

3.3. Stellar occultation on Venus/Mars
Stellar occultation provides a radiography of the ver-
tical distribution of CO2, O3 and aerosols. The CO2

profile gives the vertical temperature profile. These
data can then be compared with different global cli-
mate/atmosphere models (e.g. [2]).

4. Summary and Outlook
New high-level science products for the SPICAM and
SPICAV UV instruments have been delivered to the
ESA PSA and will be available to the community
(pending internal review, the release is foreseen be-
fore the end of 2018). This contribution presents an
overview of the delivered data products (level 2a and
2b) and provides some examples of the scientific con-
tent.

Work in progress includes the level 2 processing of
the second part of the SPICAV/SPICAM UV Nadir
and Stellar occultation data (up to orbit 2900 for

Figure 2: SPICAV-Nadir retrieval results. Example for
orbit 0108A07 (produced from the FITS files delivered
to the PSA).

SPICAV and orbit 10299 for SPICAM) to extend the
temporal and spatial coverage for Venus and Mars.
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Abstract 

In this work we show that the thermal emission ob-

served by VIRTIS on Venus Express indicates lateral 

and temporal variations of surface temperature, 

which is coupled to atmospheric temperature. These 

variations are similar to self-consistent temperatures 

predicted by a General Circulation Model (GCM). 

1. Introduction 

The current temperature at and near the surface of 

Venus is relevant for many open questions regarding 

its evolution as an Earth like planet. In situ data is 

scarce, especially close to the surface. They cannot 

provide the global picture, and the sparse data leave 

unsolved questions. The Venus International 

Reference Atmosphere (VIRA) [1] provides laterally 

and temporally averaged temperature for the lowest 

atmosphere, with a vertical temperature profile 

extrapolated from Pioneer Venus and Venera 

measurements higher up. Yet the only high-

resolution descent profile from the VeGa-2 lander [2] 

shows an apparently dynamically unstable lapse rate, 

which led [3] to hypothesize that the supercritical 

CO2 causes a density driven compositional gradient. 

Remote observations of thermal emission through the 

near infrared atmospheric windows are sensitive to 

surface temperature, which is closely coupled to 

atmospheric temperature.  

2. VIRTIS Observations 

We correct the VIRTIS data for detector non-

linearities and instrumental straylight following the 

approach of [4]. To invert the data to emissivity we 

use the radiative transfer model (NEMESIS) devel-

oped for Venus by [5] to model the radiances of the 

near infrared atmospheric windows between 1000 

and 1400 nm. The atmospheric temperature and 

pressure profile is based on [1] as in previous studies 

of deep atmosphere and surface emissions [6, 7].  

The result is a map of surface emissivity in three 

bands at approximately 1020, 1100 and 1180 nm, all 

showing some residual trend with topography. Such 

trends of emissivity have been reported by other 

studies with the same assumptions on surface 

temperature [6, 7]. The new observation here is that 

the trend varies with location and local time. The 

trend can be interpreted as deviation of Venus 

surface temperature from the VIRA profile assumed 

for the radiative transfer modeling. The absolute 

deviation is not well constrained, but relative 

differences are. 

3. General Circulation Model 

We use results of a GCM developed for Venus by [8]. 

The model is based on an Earth GCM with several 

modifications. The main modification is the radiative 

transfer model, developed specifically for Venus, 

allowing the GCM to provide self-consistent 

temperatures.  There are two GCM runs, one with 

constant abundance of N2 (as in VIRA) and one with 

an artificially imposed gradient of N2 between 

approximately 0 and 6 km altitude as proposed by [3] 

to explain the VeGa-2 profile. At lower altitudes, N2 

is completely absent and lapse rates between the 

model runs are almost identical. 

 

4. Results 

Fig. 1 shows the VIRTIS derived temperature 

deviation from the VIRA profile for two regions at 

the same latitude of 58°S to 42°S, and different 

longitudes -41°E to -4°E (Themis Regio), -105°E to  

-68°E (Lavinia Planitia), and the GCM surface 

temperatures of these two regions.  

Temperature lapse rate in both model and 

observations are most consistent with the VIRA 

profile near 1km elevation, but indicate a lower lapse 

rate at lower elevations, which make up the bulk of 

VIRTIS data.   
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Figure 1: Observed and modeled surface 

temperatures relative to the VIRA profile for two 

regions in the same latitude band 

The lowlands in Lavinia and Themis show distinct 

temperature lapse rates both in data and model, 

although the difference is more pronounced in the 

data. 

The VIRTIS data has to be averaged over many 

observations to yield reasonable signal to noise. We 

separate the nightside data set in two wide local time 

intervals, before and after local midnight. The 

resulting VIRTIS maps are more noise but still show 

a similar cooling rate over the course of the Venus 

night as the GCM in both regions. 

Fig. 2 shows all of the VIRTIS data, which is limited 

to southern latitudes, and the global GCM results for 

the two model runs.  

5. Discussion and Conclusions 

The potential impact of these observations is clear. 

The GCM predictions testable by remote observation 

were previously limited to the upper boundary winds 

and atmospheric temperature fields above roughly 40 

km altitude [9]. Near infrared data provides con-

straints for the planetary boundary layer. On the other 

hand, the GCM model temperatures differing from 

the VIRA temperatures provide a physical meaning 

to the empirical corrections of emissivity trends that 

were necessary in previous work [6, 7]. 

At present we cannot show whether a gradient in N2 

provides a better fit to the VIRTIS data due to the 

limited altitude range covered in the data.  

Figure 2: VIRTIS data of the southern hemisphere 

and global GCM results 

Future observations could provide a better temporal 

resolution, a wider range of observed surface 

elevations, and a much better SNR, and more reliable 

altimetry of highlands, each of which will 

significantly improve the interpretability of the data. 
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Abstract 

The Heterodyne Instrument for the Far-Infrared 

(HIFI) [1] was the very high-resolution 

spectrometer (resolving power of up to 107) on-

board the Herschel Space Observatory [2]. It offered 

a spectral coverage in the ranges [480–1270] and 

[1430–1910] GHz. Herschel/HIFI has observed the 

Martian atmosphere in its different seven HIFI mixer 

bands and using its spectral line and spectral scan 

observing capabilities, covering from a Martian 

northern spring to mid -summer, in the framework of 

the Herschel Solar System Observations (HssO) Key 

Programme [3]. 

We have conducted a dedicated work in order to 

extract, identify and catalogue spectral lines (species 

and transitions) from these observations. The 

observations were primary processed with the 

standard Herschel Interactive Processing Environment 

(HIPE) modules [4]. 

The Catalogue is being made available through the 

Herschel Science Archive (HSA) 1  as an User-

Processed Data Product (UPDP)2, and we provide here 

further information about the content of this scientific 

data-set and examples of the observations and data-

analysis. This catalogue will facilitate current and 

future studies of the Martian atmosphere. 
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Abstract 

A 1D column model is compared to temperature 

soundings from the Mars Climate Sounder (MCS) 

aboard the Mars Reconnaissance Orbiter currently 

orbiting Mars. Such comparisons could help isolate 

non-local and local climate phenomena and so help 

improve our understanding of the regional and 

global-scale atmospheric processes on Mars.  

This investigation could also help to further verify 

the accuracy of a 1D column model by including 

more representative atmospheric properties. For 

example by including more representative 

temperature profiles imported from a climate model. 

1. Background 

A 1D column model, previously used to investigate 

the properties of the atmosphere and surface at 

spacecraft landing sites, is used [1,2]. The observed 

temperature soundings are obtained from MCS. The 

Mars Climate Database, which includes results from 

a global climate model, will provide temperature 

profiles for greater realism when running the 1D 

column model. 

2. Investigation methodology 

Python code has been written that searches the MCS 

data and imports a temperature profile for a specific 

date, time and location. The 1D column model can 

then be automatically run by the code at the specified 

location and then the resulting temperature profile 

can be compared to the MCS temperature profile. 

The comparison is made by first calculating the 

average temperatures for both the observed profile 

and model profile.  

There is also the option available to fit the 1D 

column model to the MCS profile by automatically 

varying a parameter in the model such as, e.g. 

thermal inertia, albedo, dust content. The 1D column  

 

model thermal inertia and albedo is initialised from 

published global maps of Mars. 

3. Results 

The results so far suggest that the 1D column model 

can accurately reproduce the observed temperature 

profile up to or above the middle of the troposphere. 

Above this altitude temperature variations are present 

in the observations presumably due to regional-scale 

processes. 

 

 

 

 

 

 

 

Figure 1. One of the first examples produced by the 

Python code for comparing a 1D column model with 

observation from MCS. 
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Abstract
We study the upper atmosphere of Mars and its re-
sponse to varying solar EUV radiation with the Kom-
potCode ([1]). Different EUV fluxes correspond to
different times in the past of the Martian evolution.
We compare the results of the KompotCode, i.e. pro-
files of neutral and ion species, and profiles of tem-
peratures, with existing models for today’s and early
Mars. Finally, we compare our results with MAVEN
observations.

1. Introduction
Throughout their evolution, planetary atmospheres are
strongly influenced by the radiation and particle emis-
sions from their host star. The Sun’s radiation in the
extreme ultraviolet (EUV) part of the solar spectrum
was higher in the past, and thus, the planetary atmo-
spheres are exposed to varying external conditions.

2. Simulations for today’s Mars
At first, we simulate the Martian atmosphere with to-
day’s solar EUV flux (1 EUV case). The results show
reasonable agreement with other existing models, of
e.g. [2] and [3]. Further, we compare our results with
observations made by the MAVEN spacecraft.

3. Simulations for different EUV
fluxes

Next, we increase the EUV flux and discuss the atmo-
sphere’s reaction to such an increase. A higher EUV
input to the atmosphere results in different densities
and temperatures, and thus has a direct influence on
the thermal and non-thermal loss processes of differ-
ent species, such as oxygen and carbon. We compare
our results with the model by [3], which considers 3,
10 and 20 times the present solar EUV flux.
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Abstract 

By numerical simulation with the general circulation 
model for Mars, the dynamical processes of Martian 
dust storms in the northern mid-latitude region during 
the storm season have been studied. 

1. Introduction 

Previous observations [1] show that the regular 
annual activity of Martian dust storms is more active 
at northern mid-latitude region during the second half 
of the Martian year, especially concentrated in two 
episodic periods (Ls = 220º - 260º and Ls = 310º - 
340º). They have been suggested to be dominated by 
the transient mid-latitude waves with the zonal wave 
number of 1~3, and the period of 2~7 sols [2][3]. 
However, due to the limited temporal resolution of 
the satellite observations and the prescribed dust 
content applied in most GCM simulations, the 
processes with a period less than 2 sols and result in 
the dust lifting may have been missed. In this study, 
these two issues as well as the asymmetric terrain 
effect would be focused. 

2. Numerical Experiments 

The basic configuration of the simulations is 
generally similar to that used in [4]. The model 
includes an active dust scheme and a dust devil 
scheme similar to those used in [5]Newman and 
Richardson (2015). Then the suspended dusts may 
change the atmospheric radiation and so the 
circulations. The simulation in the second year is 
considered as the control simulation ‘CTRL’ and the 
results are dumped out every 2hrs. 

In order to test the terrain effect, the asymmetric 
terrains north than 15 ºN have been smoothed as a 
sensitive experiment named ‘RmTerrain’.  

3. Figures 

 

Figure 1: Wavelet analysis on the time series of 
simulated dust mixing ratio near surface averaged in 
the mid-latitude region near Alba Patera (42.5º - 
47.5º N and 120º - 0º W). The shading depicts the 
spectrum power (significant region is dotted and the 
mesh marks where it is above the e-folding line), and 
the time-averaged spectrum is shown in the upper 
right (curve is the total energy profile and bars are 
the effective energy). The bottom subplot shows the 
time series of wave energy of the interested wave 
bands. 
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Figure 2: Hovmöller diagram of surface dust mixing 
ratio (contours, 10-6 kg kg-1) and wind stress (shading, 
10-3 N m-2) averaged between 42.5º and 47.5ºN 

during (a) sols 474.0 - 477.0  and (b) sols 460.2 - 
484.2 (Ls = 233.9º - 249.5º). (a) also shows surface 
winds (red vectors) when wind stress is significant (> 
0.003 N m-2), and in (b) the variables are daily mean. 
The corresponding profile of terrain (km) in the 
region is shown in the bottom. Summary and 
Conclusions 

• The Martian dust storm activities can be well 
interpreted by the GCM model MarsWRF, 
especially the dust source region and the double-
peak episodes. 

• Three distinct periods of dust lifting activities can 
be identified: semi-diurnal to diurnal (0.5-1.5 
sols), synoptic (3-7 sols) and seasonal (50-200 
sols).  

• Dust lifting is dominated by the diurnal thermal 
tide near three high terrains. Then the suspended 
dust are advected downstream by the baroclinic 
waves. 

• The asymmetric high terrains have a pivotal role 
in triggering the dust, but have little effects on 
baroclinic waves. 
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Abstract 
X ray emission in the solar system though ubiquitous 
[1] is a less explored area for studying atmospheres. 
A variety of physics processes contribute to these 
emissions and are time variable with dependencies on 
the emission from the Sun as well as local magnetic 
field dynamics. We are developing an X ray 
concentrator based spectrometer to study these 
emissions in orbits around the planets. The design 
aspects and preliminary performance is discussed. 

1. Introduction 
X ray emission in the Solar system arises from a 
variety of processes (1) X ray fluorescence  (XRF)(2) 
X ray scattering (3) electron bremsstrahlung leading 
to aurorae (4) Solar wind charge exchange emission 
(SWCX) and (5) Particle induced X ray emission 
(PIXE). While XRF is a commonly used technique 
for remotely mapping the surface composition of 
airless bodies [such as Apollo 15 and 16, SMART-1 
DCIXS, Chandrayaan-1- C1XS, Kaguya-XRS, 
MESSENGER-XRS], soft X ray spectroscopy of 
atmospheres are limited.   

2. An X ray concentrator  

X ray imaging spectroscopy yields the maximum 
information for any of the processes mentioned 
earlier. X ray telescopes are challenging for planetary 
missions in terms of the resources they demand. An 
instrument is under development for soft X ray 
mapping of planetary atmospheres with high spatial 
and temporal resolutions.  

 The instrument consists of an X ray concentrator 
optics with a X ray CCD at the focus.   A short focal 
length (80 cm) X-ray concentrator is designed to 
focus soft X-rays (<1 keV). X-ray concentrator 
consists of 8 concentric shells of gold coated mirrors 
placed at grazing incident angles. Parallel beam X-
rays from the source undergoes single reflection from 
the concentrator and focuses to the detector at the 
focal plane. Figure 1 shows the schematic of the soft 

X-ray concentrator design with proposed dimensions. 
Table 1 gives the detailed specification of the 
instrument.  

 

Figure 1: Schematic of the soft X ray concentrator 

Table 1: Specifications 

Parameter  Quantity 
Focal length 80 cm  

Diameter 20 cm 
Number of shells 8 

Coating of mirrors Gold 
Substrate of mirrors Al 

Band width of operation 0.2 keV-1 keV 
Number of reflections 1 

Effective area 75 cm^2 @0.5 
keV 

 
Figure 2: Effective area of the instrument including 
optics and a focal plane CCD 
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3. Results 

A proto-type structure of the concentrator was 
fabricated with a 3D printer and gold plated mirrors 
were assembled. Figure 3 shows the test set up to 
assess the degree of concentration achieved using 
visible light.  
Of the 20 cm diameter of the concentrator, 70% was 
illuminated with a parallel beam from the Sun. The 
spot size was 4 mm well within the proposed X ray 
CCD size of 1.3 x 1.3 cm.   
 
4. Future work 

We are in the process of design optimization towards 
measuring weak emissions such as SWCX from the 
exosphere of Venus, Earth and Mars. Such an 
instrument in orbits around these planets would yield 
for the first time X ray emission maps and its 
variability with time.  
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Figure 4: Spot size of 4 mm measured at the focus 
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Abstract
Venus shares many similarities with the Earth but, con-
comitantly, some of its features are extremely original.
This is especially true for its atmosphere, where high
pressures and temperatures are found at ground level.
In these conditions, carbon dioxide, the main com-
ponent of Venus atmosphere, is a supercritical fluid.
Recent works have suggested the existence of a verti-
cal gradient of nitrogen abundances, around 5 ppm per
meter, in the deep atmosphere of Venus. An analogous
chemical gradient is observed in terrestrial hydrocar-
bon reservoirs, but in that case, the fluids are trapped
in a porous medium which efficiently impede fast large
scale transport, leaving diffusion at work over long
timescales. The venusian separation mechanism had
to be faster than the mixing produced by atmospheric
large scale circulation. Our goal was then to discuss
which physical processes could lead to the establish-
ment of a nitrogen gradient, around the expected value,
in the deep atmosphere of Venus. Using an appropri-
ate equation of state, we have explored the thermody-
namic properties of the binary mixture CO2-N2, under
supercritical conditions. We have particularly focused
our attention on a possible pressure diffusion transport,
caused by gravity.

1. Introduction
At ground level, the Venus air is under hellish
conditions, where the temperature is close to 740
K and the pressure not too different than 90 bars.
Since carbon dioxide dominates the atmospheric
composition, with a mole fraction around 97%, at
low altitude the venusian air is a supercritical fluid.
The second most abundant atmospheric compound is
molecular nitrogen, N2, with a mole fraction of about
3%. Therefore, nitrogen is also in a supercritical
state. In the phase diagram, plotted in Fig. 1, we have
recalled the position of carbon dioxide and nitrogen
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Figure 1: Simplified phase diagram of CO2. The posi-
tion of the critical point of pure CO2 has been plotted,
together with its position when a small fraction of ni-
trogen is added to the system. The introduction of N2

shifts the position of the critical point by a few bars and
a few kelvins (Goos et al. 2011). The green and the
blue lines refer respectively to pressure-temperature
of Venus atmosphere derived respectively from GCM
simulations (Lebonnois & Schubert, 2017) and mea-
surements performed by the VeGa-2 probe (Lorenz et
al. 2018).

respective critical points, this, complemented by the
pressure-temperature atmospheric profile measured
during the descent of the VeGa-2 probe (Lorenz et
al. 2018). Recently, the existence of a composition
gradient in the Venus deep atmosphere, i.e. for layers
below the altitude of ∼ 7000 m, has been suggested
(Lebonnois & Schubert, 2017). The abundance of
nitrogen seems to decreases from ∼ 3.5% at 7000 m,
to zero at ground level; yielding to a gradient of about
5 ppm m−1. As it can be seen in Fig. 1, this deep
atmosphere is partially in CO2 supercritical domain
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and entirely in that of N2. Then, we first checked that
the apparent composition gradient could not be only
an effect of compressibility properties of the CO2-N2

mixture. For this purpose, we have employed an
equation of state (Duan et al. 1996), specifically de-
veloped for mixture like CO2-N2, under supercritical
conditions. We found that the compressibility factor
Z stays around 1 in the deep atmosphere of Venus.
Actually, Z measures the deviation of real gases from
ideal gases behavior, a value around the unity shows
a compressibility behavior similar to what we have
with an ideal gas. Then, this result, also supported
by laboratory measurements (Mohagheghian et al.
2015), tends to confirm the existence of compositional
variations.

2. The Effect of Molecular Diffu-
sion

For almost a century, chemical composition variations
are known among terrestrial reservoirs of hydrocar-
bons, i.e. containing gases or petroleum (Sage &
Lacey, 1939), or both. These variations are horizon-
tal, but also vertical: in that case, for a given well, the
abundances of species evolves with depth. The emer-
gence of such a gradient of composition is due to the
effect of gravity and, also to thermodiffusion. In this
context, the convection is not very efficient since the
fluid is trapped in a porous medium. Here, we focus
our attention on the physics of the vertical composi-
tional grading. If the air mixing, due to atmospheric
circulation, is slow or inefficient enough, deep atmo-
sphere of Venus could be the subject of analogous
physical processes, leading to the suspected gradient
of nitrogen concentration.
Assuming a steady state, an ideal gas, and using the
pressure and temperature gradient, provided by the
VeGa-2 probe (Lorenz et al. 2018), the nitrogen mole
fraction (x1) gradient is given by

∂x1

∂z
= −x1

P

(
1− M1

M̄

)
∂P

∂z

∣∣∣∣
VeGa2

− αT 1,2

T
x1(1− x1)

∂T

∂z

∣∣∣∣
VeGa2

(1)

Thanks to the kinetic theory of gases (Chapman
& Cowling, 1970), the thermal diffusion coefficient
αT 1,2 may be estimated for the system N2-CO2. By
integrating Eq. (1) from the top of the Venus deep at-
mosphere, i.e. from an altitude of 7000 m, down to

the surface, we obtained a nitrogen mole fraction gra-
dient of ∼ 0.6 ppm m−1. This value is roughtly one
order of magnitude lower than the expected gradient
(Lebonnois & Schubert, 2017) of ∼ 5 ppm m−1.
Now we can turn to a more realistic model, taking into
account non-ideal effects, the relevant equation is then
(Ghorayeb & Firoozabadi, 2000)
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∂T
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VeGa2

= 0

(2)

where f1 denotes the fugacity of compound (1) (here
nitrogen), V̄1 is the nitrogen partial molar volume and
the density of the mixture is called ρ. All these quan-
tities are evaluated with the EoS published by Duan et
al. (1996) and relevant for supercritical carbon diox-
ide. With this new equation, we may expect enhanced
composition gradient ∂x1/∂z. Indeed, close to the
critical point the derivative ∂lnf1/∂lnx1 tends to zero.
Unfortunately, even with this more realistic modeling,
the computed gradient is not in agreement with the
value suspected for Venus deep atmosphere. In ad-
dition, the estimated molecular diffusion coefficient
of N2 in supercritical CO2 leads to relaxation time
around 16 mega-years, largely incompatible with dy-
namic mixing timescale computed by Lebonnois &
Schubert (2017).

3. Summary and Future Work
Even for a supercritical material, like the mixture of
CO2 and N2 present at Venus, the diffusional proper-
ties cannot explain the compositional gradient of ∼ 5
ppm m−1 proposed by Lebonnois & Schubert, (2017).
We are now turning our attention to “exotic” proper-
ties of supercritical system, like those liked to the ex-
istence of the so-called “Frenkel line” (Bolmatov et al.
2013; Brazhkin et al. 2013; Bolmatov et al. 2014). We
plan to perform molecular dynamics simulations in or-
der to identify some, still unknown, physical processes
which could lead to a kind of “phase transition” in the
supercritical domain.
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