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Introduction:  
We introduce a new coupled global 3D-model of

the dynamics and chemistry of the Martian atmo-
sphere. The model is an adjustment of the model
COMMA-IAP (Cologne Model of the Middle Atmo-
sphere of the Institute of Atmospheric Physics in
Kühlungsborn) to the conditions of the Martian at-
mosphere. It consists of a dynamical model calculat-
ing the dynamical fields wind components and tem-
perature and a chemistry transport model (CTM) us-
ing these dynamical fields. The model is not self-
consistent thus far meaning there is no online feed-
back from the CTM to the dynamical model. We
present first model results and compare them with
available observations. The outcomes will be dis-
cussed in terms of dynamics and chemistry. A partic-
ular problem consists in the stability of the Mars at-
mosphere. We discuss three additional catalytic cy-
cles of the oxidation of CO returning to CO2 and es-
timate their efficiency in different atmospheric re-
gions and during different seasons and local times.
The importance of the so-called photochemical
Doppler-Sonnemann effect (DSE) (Sonnemann
2001) in the Martian atmosphere has been pointed
out.

1Much of our current knowledge of the global
circulation of the Martian atmosphere stems from the
spacecraft missions of Mariner 9 and Viking in the
1970th. Particularly, the long-term meteorological in
situ measurements got by the two landers during the
Viking mission and remote observations of the atmo-
spheric thermal structure obtained by the IRIS in-
strument aboard of Mariner 9 (Zurek et al. 1992)
yielded a lot of new results. Since this time, the un-
derstanding of the global circulation has increased
and deepened thanks the adaptation of general circu-
lation models, developed for weather forecast, cli-
mate simulation and modeling of dynamical and
chemical processes in the Earth atmosphere, to the
Martian atmosphere. In this way dynamical models
were employed by Haberle et al. 1993, Hourdin et al.
1993, 1995, Collins et al. 1996, Wilson and Hamil-
ton 1996 and Forget et al. 1999 and 2003. There is a
large body of publications dealing with Martian
chemistry both neutral gas and plasma components
but using only reduced one or zero dimensional
models. Only very recently, a coupled 3D-model of
the dynamics and chemistry of the Martian atmo-
sphere has been developed by Lefevre et al. 2004. 

On Mars, the dynamics considerably influences
the chemistry because the winds and the turbulent
diffusion are much stronger than on Earth although
the diameter is only 0.5273 times of that of the
Earth. The pressure at the surface amounts, on aver-
age, to about 6 hPa (this corresponds to about 35 km
height on Earth). Chemically active and fast con-
stituents are, similar to those in the Earth meso-
sphere, the odd hydrogen (H, OH, and HO2) and odd
oxygen (O and O3) constituents. Although CO2 is the
dominant source gas for the odd oxygen con-
stituents, instead of O2, the chemistry resembles of
that of the Earth mesosphere. The strong impact of
the dynamics on the chemistry requires the use of
global models. Some special problems not known or
not so pronounced on the Earth exist on the Mars: 

1. A sizable fraction of atmospheric mass con-
densate and sublimate (mainly CO2) on the poles.

2. The seasonal asymmetries in solar insolation
owing to the large eccentricity of the Mars orbit and
the seasonal phasing of its perihelion entails a strong
annual variation of all dynamical and chemical pa-
rameters.

3. Particularly the very variable dust loading im-
pacting significantly the diurnal, seasonal and inter-
annual variation of all dynamical and consequently
chemical parameters.

4. The temperature in Martian middle atmo-
sphere can drop to values that a freeze-drying can
take place. But what the clouds are made of? Water
vapor or CO2, too?

Other problems are already known from the
Earth atmosphere:

5. The wave activity determines essentially the
thermal structure and the wind system. Turbulence
transports heat, momentum and minor constituents.
What is known about gravity, tidal and planetary
waves?

6. What is known about diabatic heat sources
such as chemical heating, wave dissipation, or air
glow (e.g. in the Meinel bands)?

7. A general problem is always connected with
the boundary conditions used in the models.

We can, of course, neither give answers to all
questions nor solve the problems mentioned. At best,
we can try to take into consideration some individual
points such as a freeze-drying in order to calculate
the water vapor distribution or to consider the dust
loading by dust parametrization.
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Model description:
The dynamical model MAOAM (The Martian

Atmosphere: Observation And Modeling) is
described in detail in Hartogh et al. 2005. For further
details see also related abstracts in this volume.
MAOAM has been derived from COMMA-IAP, a
coupled model describing the dynamics and
chemistry of the middle atmosphere of the Earth.
1The model was described in more detail among
other publications in Berger 1994, Sonnemann et al.
1998, Kremp et al. 1999, Berger and von Zahn 1999,
Sonnemann and Körner 2003, or Hartogh et al.
2004, Sonnemann and Grygalashvyly 2005, Sonne-
mann et al. 2005. Recently, the COMMA-IAP chem-
istry transport model (CTM) has been adopted to
MAOAM.

The chemical transport model consists of a
chemical, radiation and transport code. The chemical
code is based on a family concept (Shimazaki 1985)
for the odd oxygen and odd hydrogen families. The
partition into the member of the fast constituents
takes place then according to their current equilibri-
um concentrations. Only the family is subjected to
transport. The dissociation rates depending on alti-
tude and solar zenith angle are calculated before and
adapted to the corresponding latitude, local time, and
season for each grid point at each time step. The
transport code considers both advective and turbu-
lent and molecular diffusive transport. Particularly
the numerical diffusion can become large. We em-
ploy a code developed by Walcek and Aleksic 1998
and Walcek 2000 marked by nearly zero numerical
diffusion. The eddy diffusion is an external parame-
ter in the CTM. An ice formation scheme has been
included into the model.

We present calculations of the distribution of the
most important minor constituents. We compare the
results with available observations and discuss them
in terms of chemistry and dynamics.

1The catalytic cycles of CO oxidation:
The main atmospheric constituent on Mars is

CO2. The permanent photolysis of CO2 in the pro-
cess CO2+hν→CO+O (1) would destroy this con-
stituent completely unless chemical reactions would
continuously return CO to CO2. The only effective
process is given by the reaction CO+OH→CO2+H
(2). This is also the key reaction of smog formation
in the Earth atmosphere. The direct recombination of
CO to CO2 is spin forbidden meaning the reaction
CO+O+M→CO2+M is negligible. As CO2 is essen-
tially more abundant (95.32%) as CO (about 0.1%,
0.083 to 0.125% according to Krasnopolsky 2003)
in the Mars atmosphere this reaction has to be faster
than the photolysis of CO2. In other words the ratio
of CO2 to CO amounts approximately to 103. The net
source of the hydrogen radicals is the photolysis of
H2O and its oxidation and that of H2 by O(1D) result-

ing from the dissociation of ozone and CO2. The loss
of hydrogen radicals takes place, like in the Earth at-
mosphere, by reactions of the radicals among one
another. In reaction (2) no radical loss takes place
but only a radical conversion. As the net production
of OH is small the question arose which processes
return H and likewise HO2 to OH? Two catalytic re-
action schemes returning CO to CO2 have been in-
troduced in the past (McElroy and Donahue 1972,
Parkinson and Hunten 1972). We will extend this list
and introduce three additional reactions schemes and
calculate their efficiency on the basis of our 3D-
model. Calculation made by means of zero-dimen-
sional models using diurnally averaged dissociation
rates for middle latitudes and mean further condi-
tions, for instance during equinox, etc. cannot reflect
real relations. The chemistry is rather different be-
tween day and night, winter and summer, or upper
and lower atmosphere. We compare the efficiency of
the different catalytic cycles and calculate the re-
gions and times where and when they are particular-
ly effective. The lifetime of CO amounts approxi-
mately to τCO=(1000*JCO2)-1 in the lower Martian at-
mosphere (JCO2 in the order of 10-12 s-1). This is a
large time compared with the characteristic time of
mixing. Thus, we have to integrate the effect of the
different catalytic cycles over the whole globe and
year in order to get an average value.

McElroy and Donahue 1972 (MD) introduced
the following catalytic cycle:

CO+OH→CO2+H
H+O2+M→HO2+M
HO2+O→OH+O2

net: CO+O→CO2

M stands for a neutral collision partner mainly
CO2. Atomic oxygen results from the photolysis of
CO2 itself or that of O2 or O3, respectively, meaning
the process is efficient during daytime. Other
sources of O are unimportant. As catalysts act the
hydrogen radicals OH, H and HO2 which do not get
lost within the cycle.

Parkinson and Hunten 1972 (PH) involved hy-
drogen peroxide H2O2 belonging to the even hydro-
gen constituents but it is actually a radical store as it
can be easily photolysed into 2OH: 

2(CO+OH→CO2+H)
2(H+O2+M→HO2+M)
HO2+HO2→H2O2 +O2

H2O2+hν→2OH
net: 2CO+O2+hν→2CO2

Also this process is only effective during day-
time. The bottleneck is the third reaction owing to its
relatively small reaction rate of l(HO2-HO2)=2.3*10-

13 exp(600/T) cm3 s-1. The photolysis rate amounts to



JH2O2=5*10-5 s-1at the top of the atmosphere but an or-
der smaller at 10 km. The rate of the reaction of HO2

with O is two orders in magnitude larger and thus it
is a very fast reaction. l(HO2-O)=2.9*10-11

exp(200/T) cm3 s-1. During the night, the hydrogen
radicals will be converted into HO2 and finally into
H2O2. However, because of missing radiation, a cat-
alytic cycle cannot run then.

We discuss now some additional catalytic pro-
cesses. A variant of the MD process is given by:  

CO+OH→CO2+H
H+O2+M→HO2+M
HO2+hν→OH+O
net: CO+O2+hν→CO2+O 

The dissociation rate of HO2 at the top of the at-
mosphere is relatively large with JHO2=2.5*10-4 s-1 but
it decreases strongly with decreasing height and has
only an order of 10-6 s-1 at 10 km. 

The next catalytic cycle considered also starts
with the first two reactions but includes then the re-
action with atomic hydrogen:

2(CO+OH→CO2+H)
H+O2+M→HO2+M
H+HO2→2OH
net: 2CO+O2→2CO2

This is a scheme also running during the night.
However, as the main net odd hydrogen source - the
photolysis of water vapor - is zero during this time
and the odd hydrogen family concentration decreas-
es in this time the efficiency of this process also de-
clines during the night. The reaction rate of the third
reaction is large: l(H-HO2)=7.2*10-11 or 4.2*10-10

exp(-950/T) (Krasnopolsky 1986) cm3 s-1 but two
branches of the reaction of H with HO2 result in the
formation of H2O and H2 exhausting the odd hydro-
gen reservoir. The same is valid for the reaction HO2

with OH forming H2O.
The last cycle discussed includes ozone:

CO+OH→CO2+H
O3+H→OH+O2

net: CO+O3→CO2+O2

Also this reaction scheme acts during the night,
but its efficiency also reduces with the exhaust of the
odd hydrogen reservoir during the night. The reac-
tion of H with ozone is a very fast process: l(H-
O3)=1.3*10-10 exp(-500/T) cm3 s-1. The additionally
introduced catalytic cycles are differently effective
in different altitudes, latitudes and times of day and
season. They make a contribution to understand why
the ratio of CO2 to CO amounts to about 1000. 

1The photochemical Doppler-Sonnemann ef-

fect (DSE) on Mars:
The photochemical Doppler effect, abbreviated

with DSE, was introduced by Sonnemann in 2001 in
order to estimate the influence of the zonal wind on
the chemistry of the Earth middle atmosphere. It de-
scribes the change of the period or frequency of an
air parcel moving in zonal direction being subjected
to solar insolation. According to the direction of the
moving atmospheric parcel, with or against the rota-
tion of the planet, the period of insolation shortens
or increases. Using real zonal wind velocities of the
Earth middle atmosphere the period changes by
more than 8 hours within the strong mesospheric
wind jet. The effect can be calculated by a modified
Doppler formula:

τD=τMars/(1-uzonal/u0Mars*cosφ)    (3)

uzonal stands for the zonal wind velocity, u0Mars is
the velocity of Mars at the equator, φ represents the
latitude, and τ indicates the period. u0Mars amounts to
238.24 m s-1. For uzonal=-100 m s-1 (sign corresponds
to eastward wind) and φ=65.180 the period amounts
to half a day only. For a positive sign of the same
absolute amount the period becomes even infinity
meaning an air parcel would be subjected to perma-
nent insolation or it has continuously nighttime con-
ditions. In the Earth atmosphere the DSE entails a
considerable change of the diurnal variations of the
chemical active constituents (Sonnemann and Gry-
galashvyly 2003). The odd oxygen-odd hydrogen
system represents an enforced nonlinear chemical
oscillator driven by the diurnally periodic solar inso-
lation. This effect strongly influences the chemistry
particularly of a system marked by a characteristic
chemical time in the order of τ. Due to the smaller
Mars radius compared with that of the Earth and the
larger zonal wind velocities the effect is essentially
more pronounced on Mars. According to model out-
puts a super-rotation of an atmospheric parcel can
occur on certain locations. In this case the period be-
comes negative meaning, although the sun rises at a
fixed longitude, the moving atmospheric parcel
comes from the daylight side and moves into the
night.

 
1References:
Berger, U., Numerische Simulation klimatolo-

gischer Prozesse und thermische Gezeiten in der
mittleren Atmophäre, Thesis, Univ. Cologne, Ger-
many, 1994.

Berger, U. and U. Von Zahn, Two level structure
of the mesopause: A model study, J. Geophys. Res.,
104, 22,083-22,093, 1999.

Collins, M., S. R. Lewis, P. L. Read, and F.
Hourdin, Baroclinic wave transitions in the Martian
atmosphere, Icarus, 120, 344-357,1996.

Forget, F., F. Hourdin, R. Fournier, C. Hourdin,
O. Talagrant, M. Collins, S. R. Lewis, P. L. Read,



MAOAM CTM:  Sonnemann et al.

and J.-P. Huot, Improved general circulation models
of Martian atmosphere from the surface to above 80
km, J. Geophys. Res., 104, 24,155-24,176, 1999.

Forget, F., M. Angelats I Coll, Y. Wanherdrick,
F. Hourdin, S. Lewis, R. Read, F. Taylor, M. Lopez-
Valverde, M. Lopez-Puertas, Modeling of the gener-
al circulation with the LMD-AOPP-IAA GCM: up-
date on model design and comparison with observa-
tions, International Workshop: Mars atmosphere
modeling and observations, January 13-15, 2003,
Granada, Spain, 2003.

Haberle, R. M. Et al., Mars atmospheric dynam-
ics as simulated by the NASA/Ames General Circu-
lation Model I. The zonal mean circulation, J. Geo-
phys. Res., 98, 3093-3123, 19 93.

Hartogh, P., C. Jarchow, G. R. Sonnemann, and
M. Grygalashvyly, On the spatiotemporal behavior
of ozone within the mesosphere/mesopause region
under nearly polar night conditions, J. Geophys.
Res., 109, D18303 (doi: 10.1029/2004JD004576),
2004.

Hartogh, P., A. S. Medvedev, T. Kuroda, R.
Saito, G. Villanueva, A. G. Feofilov, A. A. Kutepov,
and U. Berger, Description and climatology of a new
general circulation model of the Martian atmosphere,
J. Geophys. Res., 110, E11008,
doi:10.1029/2005JE002498, 2005.

Holton, J. R. and X. Zhu, A further study of
gravity wave induced drag and diffusion in the
mesosphere, J. Atmos. Sci., 41, 1253-1267, 1984.

Hourdin, F. et al., Meteorological variability and
the annual surface pressure cycle on Mars, J. Atmos.
Sci., 50, 3625-3640, 1993.

Krasnopolsky, V. A., Spectroscopic mapping of
Mars CO mixing ratio: Detection of north-south
asymmetry, J. Geophys. Res., 108, E2, 5010, doi:
10.1029/2002JE001926, 4 - 1 to 4 - 13 2003.

Kremp, CH., U. Berger, P. Hoffmann, D. Keuer,
and G. R. Sonnemann, Seasonal variation of middle
latitudes wind fields - a comparison between obser-
vation and model calculation, Geophys. Res. Lett.,
26, 1279-1282, 1999.

Lefevre, F., S. Lebonnois, F. Montmessin, F.
Forget, Tree-dimensional modeling of ozone on
Mars, J. Geophys. Res., 109, E07004, doi:
10.1029/2004JE002268, 2004.

McElroy, M. B. and T. M. Donahue, Stability of
the Martian atmosphere, Science, 177, 986- 989,
1972.

Parkinson, T. D. and D. M. Hunten, Spec-
troscopy and aeronomy of O2 on Mars, J. Atmos.
Sci., 29, 1380-1390, 1972.

Shimazaki, T., Minor constituents in the middle
atmosphere, D. Reidel, Norwell, Mass., 1985.

Sonnemann, G., Ch. Kremp, A. Ebel, and U.
Berger, A three-dimensional dynamic model of mi-
nor constituents of the atmososphere, Atmos. Envi-
ronm., 32, 3157-3172, 1998.

Sonnemann, G. R. and U. Körner, The total hy-
drogen mixing ratio anomaly (THYMRA) around
the mesopause region, J. Geophys. Res., 108, 4692,
doi:10.1029/2002JD003015, 2003.

Sonnemann, G. R., The photochemical effects of
dynamically induced variations in solar insolation, J.
Atmos. Sol. Terr. Phys., 63, 781-797, 2001.

Sonnemann, G. R. and M. Grygalashvyly, The
zonal wind effect on the photochemistry within the
mesosphere/mesopause region, Adv. Space Res., 32,
No.5, 719-724, 2003.

Sonnemann, G. R. and M. Grygalashvyly, On the
two-day oscillations and the day-to-day variability in
global 3D-modeling of the chemical system of the
upper mesosphere/mesopause region, Nonlin. Proc.
Geophys., 12, 691-705, 2005.

Sonnemann, G. R., M. Grygalashvyly, and U.
Berger, Autocatalytic water vapor production as a
source of large mixing ratios within the middle to
upper mesosphere, J. Geophys. Res., 110,
D1530310.1029/2004JD005593, 2005.

Walcek, R. P., Minor flux adjustment near mix-
ing ratio extremes for simplified yet highly accurate
monotonic calculation of tracer advection, J. Geo-
phys. Res., 105, 9335-9348, 2000.

Walcek, R. P. and N. M. Aleksic, A simple but
accurate mass conservative, peak preserving, mixing
ratio bounded advection algorithm with Fortran
code, Atmos. Environm., 32, 3863-3880, 1998.

Wilson, R. W. and K. Hamilton, Comprehensive
model simulation of thermal tides in the Martian at-
mosphere, J. Atmos. Sci., 53, 1290-1326, 1996.

Zurek,R. W., J. R. Barnes, R. M. Haberle, J. B.
Pollack, J. E. Tillman, and C. B. Leovy, Dynamics
of the atmosphere of Mars, In: Mars, University of
Arizona Press, Tucson, AZ, pp 835-933, 1992.


