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a b s t r a c t

Different missions have observed mesospheric clouds on Mars in the last years. The presence of these
clouds implies, among other conditions, mesospheric temperatures below CO2 condensation tempera-
ture. We use a General Circulation Model to study the mesospheric temperatures and compare the
observed distribution of the mesospheric clouds and the predicted climatology of mesospheric temper-
atures. Although the model does not usually predict temperatures below condensation for daytime con-
ditions, in some regions the predicted temperatures are close enough to condensation that perturbations
caused by small scale processes could produce local excursions below condensation. The location and
time of the lowest temperatures predicted by the GCM correspond to a first order with the two observed
populations of mesospheric clouds: equatorial clouds observed before and after the Northern summer
solstice, and mid-latitude clouds observed around the Northern winter solstice. For the equatorial clouds
season, the model predicts temperatures close to condensation at the longitude, latitude, altitude and
local time where they have been observed. We find that the diurnal migrating thermal tide and non-
migrating tides are at the root of the spatial confinement of the equatorial clouds. For the mid-latitude
clouds season, the temperatures predicted by the model at the location of the observed clouds is too high.
Stereo observations by two different instruments allow for the determination of the zonal speed of these
clouds producing a rare dataset of mesospheric winds. We compare the mesospheric zonal winds pre-
dicted by the model with these observations, finding a good agreement, although in some cases the
observed variability exceeds that predicted by the model.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

While the formation of CO2 clouds in the lower martian atmo-
sphere during the polar night is a relatively well-known feature
(Pollack et al., 1990; Forget et al., 1998; Pettengill and Ford, 2000;
Ivanov and Muhleman, 2001; Colaprete and Toon, 2002; Colaprete
et al., 2003; Tobie et al., 2003), it is only recently that the existence
of mesospheric CO2 clouds has been observationally revealed on
Mars. In the last few years, several different instruments have ob-
served signatures of these clouds. Their presence was first inferred
from TES and MOC observations on board Mars Global Surveyor
(Clancy et al., 2004, 2007), and later confirmed by THEMIS-VIS
(McConnochie et al., 2005, 2010; Inada et al., 2007) and by different
instruments on board Mars Express: SPICAM (Montmessin et al.,
ll rights reserved.
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2006), PFS (Formisano et al., 2006), OMEGA (Montmessin et al.,
2007; Määttänen et al., 2010), and HRSC (Scholten et al., 2010;
Määttänen et al., 2010).

These clouds exhibit very exotic dynamics and microphysics:
the condensation of the main constituent of the atmosphere is a
very rare phenomenon in the Solar System, and in addition to Mars
probably happens only on Pluto and Triton. In the case of a near-
pure vapor, the latent heat released in condensation is not effi-
ciently carried away from the droplet/crystal in the absence of an
inert carrier gas, and thus the latent heat affects the mass fluxes
in greater amount than during the condensation of a minor species
(as water vapor on the Earth or on Mars). In addition, these clouds
might be an incarnation of mesospheric convection (Montmessin
et al., 2007; Colaprete et al., 2008; Määttänen et al., 2010) driven
by the large latent heat release, even though the real nature of
these clouds remains unverified. Furthermore, aerosol dynamical
processes of CO2 happen on Mars in a near-pure vapor and in the
so-called kinetic and transition regimes (large Knudsen numbers):
these effects need to be taken into account in microphysical
descriptions of CO2 cloud formation.
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Different ingredients are needed to form a mesospheric CO2

cloud, among them temperatures low enough to initiate nucleation.
In addition, the possible presence of condensation nuclei (CN),
greatly facilitating nucleation, is an important factor. The source
of possible CN at mesospheric altitudes remains unconfirmed, both
on Mars and on the Earth. In any case, it has been shown through
nucleation calculations (Määttänen et al., 2010) that heterogeneous
nucleation of CO2 on CN of 1 nm radius requires temperature excur-
sions of 15 K below the condensation temperature at altitudes 80–
100 km. Such a CN size is extremely small, so it should give a good
estimate of the extreme temperature deviations required in the
case of heterogeneous nucleation. Temperature between 5 and
10 K below condensation should be enough to initiate nucleation
when realistic CN sizes are considered. Määttänen et al. (2010) con-
cluded also that temperature deviations required for homogeneous
nucleation of CO2 at these altitude would require extreme low tem-
peratures that have never been measured on Mars: thus heteroge-
neous nucleation remains the most probable pathway of CO2 cloud
formation, unless new observations of vertical profiles (SPICAM/
MEx, MCS/MRO, etc.) reveal the existence of extremely cold tem-
peratures at mesospheric altitudes.

These mesospheric clouds provide unprecedented diagnostics
of this region of the martian atmosphere. In particular, as stated
above, a necessary (but not sufficient) condition for the presence
of a CO2 cloud is that the atmospheric temperature must be lower
than the CO2 condensation temperature. Therefore, the presence of
a mesospheric CO2 cloud implies temperatures below condensa-
tion. The spatial and temporal distribution of these clouds can thus
be used to map low temperatures in the mesosphere. Mars meso-
spheric temperatures have been previously measured from Earth
(e.g. Clancy and Sandor, 1998), but these measurements lack a
good geographical resolution. From orbit, mesospheric tempera-
tures have been measured by SPICAM (Forget et al., 2009) and
MCS (Lee et al., 2009). However, SPICAM measurements are not
reliable below about 70 km (Forget et al., 2009) and MCS measure-
ments do not go above 80 km. The observation of clouds can there-
fore provide useful additional information of this altitude region. In
addition, in some cases, the use of techniques such as the stereo-
scopic observations results in determinations of the zonal speed
of the clouds, which can be assumed to give an estimate of the
speed of the mesospheric winds, not previously measured from or-
bit. Such information is especially valuable to constrain theoretical
models, such as General Circulation Models (GCMs), given the scar-
city of data about the martian mesosphere and thermosphere.

Previous studies of these mesospheric clouds have been made
using GCMs. Montmessin et al. (2007) showed a correlation be-
tween the seasonal behavior of the observed clouds and the daily
averaged temperatures predicted at 70 km by the LMD-MGCM,
although the predicted temperatures did not allow for CO2 conden-
sation. The study of Colaprete et al. (2008) focused on calculating
the convective potential (so-called CAPE) of the martian atmo-
sphere based on observations and on modeling. Their GCM included
CO2 cloud microphysics, but the model top was at 80 km, which
probably had important effects on the predicted temperatures close
to the model top and inhibited a correct description of the diurnal
thermal tide. This low model top also prevents direct comparisons
with SPICAM observations of clouds at about 90–100 km (Mont-
messin et al., 2006). Colaprete et al. (2008) predicted the presence
of clouds around the equator and in the middle latitudes of the
Northern hemisphere. However, they failed to reproduce the sea-
sonal and geographical distribution of the clouds already reported
by Clancy et al. (2007). The thickest mesospheric clouds are
predicted to appear over Tharsis (lon = 100�W) at Ls = 180, a period
where mesospheric clouds have not been observed. The example of
Colaprete et al. (2008) shows that even with detailed microphysics
included, a correct description of the thermal field in the
mesosphere is essential to correctly predict the presently fairly well
known spatial and temporal distribution of the mesospheric CO2

clouds.
At present, a larger, 6-martian-year dataset of high-altitude

cloud observations is available, including unique measurements
of mesospheric winds. A part of this dataset was already used by
Määttänen et al. (2010) for a quick-look comparison with the
LMD-MGCM. Määttänen et al. (2010) found that the altitude of
the areas of minimum temperature predicted by the LMD-MGCM
matched the altitude of the clouds, even if the predicted tempera-
tures were not low enough to allow for saturation. Also the wind
speed inferred from HRSC observations for the Ls = 0–30 period
were found to be in good agreement with the atmospheric wind
speeds predicted by the LMD-MGCM.

We do not aim here to simulate the formation of the clouds, as
our model does not include the sophisticated microphysics neces-
sary to do so. We will focus on one of the ingredients of the recipe
of the CO2 mesospheric clouds: whether or not the large-scale
temperatures and winds predicted by the LMD-MGCM are in
agreement with the information provided by the observations of
mesospheric clouds. This strong focus will leave necessarily out
other ingredients important for the formation of the CO2 clouds,
such as the presence of condensation nuclei and detailed micro-
physical processes. However, we think this study can be useful both
to validate the model and to shed light over the possible relation-
ships between the observed climatology of the clouds and the
large-scale atmospheric temperature and circulation. Our goal is
to investigate if the particular geographical and seasonal distribu-
tion of the observed clouds is related to similar tendencies found
in the simulated temperatures, and if so, to study which physical
processes produce that distribution. In particular, we want to verify
if the diurnal thermal tide has an important role in determining the
observed distribution of the clouds, as already suggested by Clancy
et al. (2007), and to examine which other physical and/or dynami-
cal processes can have an influence.

This paper is divided into six sections. In Section 2 we summa-
rize the different sets of observations of mesospheric CO2 clouds. In
Section 3 we describe the main tool used in this work, the LMD-
MGCM, and the characteristics of the simulations. In Section 4
we compare the temperatures predicted by the model with the
constrains imposed by the observations of CO2 clouds, and use
the model to better understand some characteristics of the ob-
served clouds. In Section 5 we compare the winds predicted by
the LMD-MGCM with those measured by stereo observations by
THEMIS and HRSC. In the final section we present the conclusions
of the study.
2. Summary of CO2 cloud observations

As stated in Section 1, several different instruments have de-
tected CO2 mesospheric clouds on Mars. We will summarize here
the main features of each dataset, and identify the main tendencies
that can be extracted from these observations.

The first indications of the possibility of mesospheric clouds in
the martian atmosphere came from the Mariner missions (James
et al., 1992; Clancy and Sandor, 1998) and, more recently, from
the thermal profiles obtained by ground-based submillimeter
observations and during the Pathfinder entry profile (Clancy and
Sandor, 1998), which show temperature below CO2 condensation
at some altitudes. However, the first systematic detections of these
high altitude clouds come from MGS TES (solarband channel) and
MOC limb profiles that are described in Clancy et al. (2004, 2007).
The observations, obtained during martian years (MY) 24–26, are
restricted to a small Local Time (LT) range in the dayside, about
LT = 13–15, due to the characteristics of the MGS orbit. Clouds are
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found to appear on narrow altitude (70–75 km), latitude (10�S–
10�N) and longitude (20�E–20�W and 70–110�W) ranges, and in
periods before or after aphelion (Ls = 71�), with maximum occur-
rence at Ls = 20–35� and a secondary maximum at Ls = 145–160�.

Mesospheric clouds have been observed by different instru-
ments on board Mars Express. Two of them have also allowed their
unambiguous identification as CO2 clouds, on the basis of their
spectral features (OMEGA, Montmessin et al., 2007) and the com-
parison with simultaneous temperature profiles (SPICAM, Mont-
messin et al., 2006).

OMEGA has detected about 60 mesospheric clouds during MY
27–29. These observations are summarized in Montmessin et al.
(2007) for MY 27 and Määttänen et al. (2010) for MY 27–29. As for
TES solarband, OMEGA only allows for dayside observations, with
most of the detections of clouds at LT � 14–16, although there are
some observations also in early morning (LT around 8–9). Clouds
are observed by OMEGA mostly at longitudes between 150�W and
10�E and latitudes between 20�S and 20�N. Clouds appear around
Ls = 0� and are present until Ls = 60�. No clouds are detected between
Ls � 60� and 90�. The clouds reappear between Ls = 90–120� and
definitively disappear after this time, with one exception very late
in autumn at northern mid-latitudes at Ls = 250�. However, the
uneven sampling of OMEGA in latitude and Ls has to be kept in mind
when studying this seasonal behavior. Although OMEGA nadir
observations do not in general allow measurement of the cloud
altitude, in two of the cases the detection of the cloud shadow has
allowed for an estimation of their altitude of about 80 km.

HRSC has also imaged mesospheric clouds. For MY 27 and 28,
HRSC images have only been checked in the orbits where OMEGA
observed clouds, showing five detections of the same clouds by
the two different instruments (Määttänen et al., 2010). For the
beginning of MY 29, a more detailed analysis of HRSC data has been
performed, allowing to detect about 20 clouds, some of them (14)
not observed by OMEGA (Scholten et al., 2010). As in the previous
cases, the observations can only be made during daytime. The dis-
tribution of the clouds is similar to the ones obtained by MGS and
OMEGA: clouds are longitudinally, latitudinally and seasonally con-
fined. The special stereo imaging capability of HRSC, and in partic-
ular the use of different viewing angles for each of the filters, allows
to estimate the altitude of the cloud and also its speed in the zonal
direction (perpendicular to the satellite ground track). The clouds
are mainly found in an altitude range between approximately 60
and 85 km, and they usually move westward, with speeds ranging
between 20 and 100 m/s. More details about the instrument and
the observations can be found in Scholten et al. (2010).

The third instrument on board Mars Express that has detected
mesospheric clouds, inferred to be composed of CO2 on the basis
of simultaneous temperature profile retrieval, is SPICAM.
Montmessin et al. (2006) reported the detection of four clouds
using the technique of stellar occultation. This technique has
mostly been used on the nightside of the planet. The four clouds
were found at around Ls = 135�, in the low latitudes of the Southern
hemisphere, and around midnight. The altitude of the clouds
varied between 90 and 100 km. Moreover, the same technique of
stellar occultation allows SPICAM to measure temperature profiles
in the mesosphere (Forget et al., 2009). During MY 27, about 45
profiles with subfreezing temperature (up to 24 K below condensa-
tion) have been found. Many of these profiles were detected in the
northern summer, consistently with the SPICAM cloud observa-
tions and with the detections by other instruments. Temperatures
below CO2 condensation are mostly found at around 100 km of
altitude. However, Forget et al. (2009) did not find any clear
tendency in the longitudinal distribution of the observations of
subfreezing temperatures, although a wave number 2 structure
with minimum temperature at 90�W and 90�E would be consistent
with the observations.
Mars Odyssey started its mission in 2001 and the visible chan-
nels of the THEMIS instrument on board (THEMIS-VIS) have report-
edly observed high-altitude clouds (McConnochie et al., 2005,
2010; Inada et al., 2007). THEMIS-VIS images can be used in a sim-
ilar manner to HRSC (same location imaged through different fil-
ters at slightly different times) to extract information on the
cloud altitude and speed. THEMIS-VIS observed equatorial clouds
between Ls = 26� and 120� and showed evidences of the existence
of the mid-latitude clouds (McConnochie et al., 2005, 2010) also
seen by OMEGA and HRSC (Määttänen et al., 2010). THEMIS-VIS
observations are limited to local time 16–18. THEMIS-VIS observed
mid-latitude clouds in twilight (Sun below local horizon but still
illuminating the high-altitude clouds) only in the Northern hemi-
sphere, whereas OMEGA and HRSC observed one cloud in the
southern mid-latitudes as well. The northern mid-latitude clouds
were observed by THEMIS-VIS at Ls = 200–300� and by OMEGA at
Ls = 246.3�. McConnochie et al. (2010) modeled the cloud radiances
for the equatorial clouds with a radiative transfer model: based on
the results of opacity and condensed mass they concluded that the
equatorial clouds were composed of CO2 ice crystals. The effective
radii were 0.1 and 1.5 lm and opacities 0.2 and 0.5, in agreement
with the values obtained by the shadow observations of OMEGA
(Montmessin et al., 2007; Määttänen et al., 2010), with the excep-
tion of the small particles of 0.1 lm, which fit better with the SPI-
CAM observations of the nighttime clouds at higher altitudes
(Montmessin et al., 2006). However, THEMIS-VIS observations do
not provide any information about the composition of mid-latitude
clouds.

To summarize, four different instruments have observed CO2

mesospheric clouds during the daytime and one other instrument
has observed these clouds (and also mesospheric temperatures be-
low CO2 condensation) during nighttime. Two populations of day-
time clouds are found: equatorial clouds, located in a small
latitudinal range around the equator (20�S–20�N), between about
Ls = 0–180� (with one occurrence at Ls = 330�), and mid-latitude
clouds, mostly between Ls = 200–300� in the Northern hemisphere
and one occurrence at Ls = 54� in the Southern hemisphere. All
these daytime clouds appear only in restricted longitudinal ranges.
The observations of nighttime clouds and profiles with subconden-
sation temperature are concentrated between Ls = 90–150� and
Ls = 320–360�, with only two exceptions, and mostly in the mid-
latitudes of the winter hemisphere. However, it has to be kept in
mind, especially for the nighttime observations, that the spatial
and seasonal coverage of the different instruments is far from com-
plete. The typical altitude of daytime clouds is about 70 km, while
for the nighttime clouds this altitude is of about 100 km. These
features are summarized in Table 1, and the latitude-Ls and lati-
tude–longitude distribution of the clouds can be seen in Fig. 1a
and b, respectively.

In what follows, we will study the mesospheric temperatures
predicted by the LMD-MGCM and its variability, and try to estab-
lish a link between the observed climatology of the clouds and
the simulated climatology of mesospheric temperatures. If such
a connection is found, we will try to understand which physical
processes are behind the structure of the simulated temperatures
(and thus likely of the distribution of the observed clouds). In
particular we want to address the different questions opened by
the observations: Why these clouds are higher during the night
(about 100 km) than during the day (80 km)? Why are they con-
fined to a small latitudinal range? Why do the daytime clouds ap-
pear preferentially at a restricted longitudinal range? Why do the
clouds present such a strong seasonal dependence? Again, we
want to remind that we do not try to model the formation of
CO2 clouds, but only the large-scale atmospheric state and circu-
lation that can provide the necessary conditions to enable CO2

cloud formation.



Table 1
Preferential local time, altitude, latitude, longitude and season location of the CO2 clouds (and profiles with temperature below condensation, in the case of SPICAM), observed by
different instruments.

Instrument Local time Altitude (km) Latitude range Longitude range Ls

MGS TES 13–15 70–75 10S–10N 20E–20W; 70W–110W 0–50�; 110–170�
OMEGA 14–16 80 Mostly 20S–20N 10E–20W; 50W–120W 0–60�; 90–140�
HRSC 15–16 60–80 10S–10N 20E–20W; 70W–100W 5–60�; 95–115�
SPICAM 0–1 100 Var Var 90–150�; 300–360�
THEMIS-VIS 16–18 45–80 20S–50N 260–340E 20–50�; 110–120�; 200–300�

Fig. 1. Top panel: Latitude–season distribution of the mesospheric clouds observed by SPICAM (empty circles), OMEGA (grey stripes), HRSC (magenta squares) and THEMIS-
VIS (orange diamonds), and of profiles showing subcondensation observed by Pathfinder (red cross) and SPICAM (blue points). The locations of SPICAM profiles with
temperatures always above condensation are shown by grey points. Lower panel: Like top panel, but for the latitude–longitude distribution.
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3. Description of the model and the simulations

The LMD-MGCM has already been described elsewhere (Forget
et al., 1999; Angelats i Coll et al., 2005; González-Galindo et al.,
2009). Briefly, it is a model that solves the primitive equations of
hydrodynamics on a sphere by a grid point discretization. It in-
cludes the radiative effects of CO2 and dust, as well as a CO2 con-
densation scheme, a water cycle and different parameterizations
for sub-grid scale processes (Forget et al., 1999). By adding param-
eterizations for the physical processes important in the upper
atmosphere, the LMD-MGCM has been extended to the thermo-
sphere, becoming a ground-to-exosphere GCM. In particular, the
NIR radiative transfer including corrections due to NLTE effects,
the heating due to the absorption of UV solar radiation, the thermal
conduction, the molecular diffusion and the photochemistry of the
rarefied upper atmosphere are now included in the model (Gon-
zález-Galindo et al., 2009).

For this work, we use a simulation of a full martian year. Our goal
is to find the location of the areas of minimum mesospheric temper-
atures predicted by the model, and study its seasonal evolution. We
will also focus on the seasons at which most of the CO2 clouds have
been observed, to study the variations with local time, longitude
and latitude of those areas of minimum temperature in the meso-
sphere. For this purpose, we have divided the martian year in 12
intervals of 30 degrees of Ls (‘‘months’’). In each of them the results
are averaged keeping the diurnal variability. More details about this
procedure can be found in González-Galindo et al. (2009).

A dust climatology as observed by TES during MY 24 is pre-
scribed to allow for a realistic simulation of the temperatures. This
is considered to be a typical martian year without a global dust
storm, and should be appropriate to simulate the conditions during
MY 24, MY 26, MY 27 and MY 29, and the periods outside dust
storm season (before about Ls = 180�) for MY 25 and MY 28. Of
course, this dust scenario is not valid for the study of the dust
storm periods of MY 25 and MY 28, given that the occurrence of
global dust storms strongly modifies the thermal structure of the
martian atmosphere. Most of the observations of the clouds have
been made in periods where our dust scenario should be valid.

A UV heating efficiency of 16% and a CO2–O quenching rate of
3 � 10�12 cm3/s, as well as a solar flux appropriate for solar average
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conditions, are used. A more detailed discussion about the choice of
these input conditions can be found in Section 3 of González-Galin-
do et al. (2009).

An important difference with respect to the model described in
Forget et al. (1999) and González-Galindo et al. (2009) is that for
this simulation we have deactivated the release of latent heat
when the temperature falls below CO2 condensation in the upper
atmosphere (for pressures lower than 0.1 Pa). This allows the
development of cold pockets in the mesosphere of Mars where
temperature can fall below CO2 condensation.
4. Temperatures: observational constrains and GCM results

4.1. Mesospheric temperatures in the LMD-MGCM: seasonal and
latitudinal variability

Previous studies (Montmessin et al., 2007) have tried to compare
the seasonal occurrence of CO2 clouds with the seasonal variability
of mesospheric temperatures predicted by the LMD-MGCM, finding
a good correlation between them, although the daily averaged tem-
peratures did not allow for CO2 condensation. Recently, Määttänen
et al. (2010) showed the importance of the day-to-day and day–
night temperature variations in order to reach temperatures close
to (but still higher than) the condensation temperature of CO2. In
this section, we study the seasonal and latitudinal variability of
the minimum mesospheric temperatures predicted by the model,
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Fig. 2. Minimum Tdiff predicted by the model as a function of latitude and season:
daytime (LT between 6 am and 6 pm, upper panel) and nighttime (LT between 9 pm
and 5 am, lower panel). Tdiff is the difference between the atmospheric temperature
and the CO2 condensation temperature. The white areas indicate regions where the
model predicts temperature below CO2 condensation, while the pink lines indicate
areas where predicted temperatures are 7.5 K above condensation. Red symbols
show the location of the clouds observed by OMEGA (squares), HRSC (crosses) and
THEMIS-VIS (triangles).
and compare it with the seasonal and geographical distribution of
the observations of CO2 clouds.

In Fig. 2 we represent, for each day of the martian year and for
each latitude between 60S and 60N, the minimum value (for all lon-
gitudes, altitudes, and local times during daytime (upper panel, lo-
cal time between 6 am and 6 pm) and nighttime (lower panel, local
time between 8 pm and 6 am) of the magnitude Tdiff = T � Tcond,
where T is the atmospheric temperature and Tcond the condensation
temperature of CO2 as given by Washburn (1948): Tcond = �3148/
(ln(0.01TqR) � 23.102), where q is the density in kg/m3. The areas
in white color indicate Tdiff < 0, that is, atmospheric temperatures
below CO2 condensation temperature, while the pink lines indicate
those areas where Tdiff < 7.5 K, that is, atmospheric temperature less
than 7.5 K above condensation temperature of CO2. Red symbols
indicate OMEGA (squares), HRSC (crosses) and THEMIS-VIS (trian-
gles) observations of daytime clouds.

First, we can clearly see that the model often predicts tempera-
tures below condensation during the night. During the day, it is
much more difficult to reach condensation. However, there are
substantial areas at dayside where the offset between the atmo-
spheric temperature and the condensation temperature of CO2 is
less than 7.5 K. We will assume here that in these areas the forma-
tion of CO2 clouds is feasible and most probable, because temper-
ature perturbations caused by small scale processes, such as
gravity waves, can produce excursions of some individual profiles
to temperatures between 5 and 10 K below condensation, enough
to allow cloud formation. We will explore further this assumption
in Section 4.2.

During the night the model predicts temperature below con-
densation almost anywhere and anytime. SPICAM observations of
clouds and profiles with temperature below condensation concen-
trate around Ls = 135� in the mid-latitudes of the Southern hemi-
sphere and around Ls = 330� in the mid-latitudes of the Northern
hemisphere. This may indicate that the model underestimates
the mesospheric temperatures during the night, but it can also
be due to the incomplete coverage (both in local time, season,
and latitude) of the SPICAM observations.

Focusing on the dayside, it is easy to see that these cold areas
concentrate between Ls = 330 and 120� close to the equator (di-
vided in two periods, between Ls = 330–20� and Ls = 50–120�, with
warmer temperatures in between), and between Ls = 210–300� in
the mid-latitudes of the Northern hemisphere. This is similar to
the distribution of the two populations of observed clouds de-
scribed in Section 2. The model also predicts low temperatures
south of 40�S, between Ls = 20� and 40�, close to the location of
one cloud observed by OMEGA and HRSC. We can say that the dis-
tribution of the areas of cold temperatures in the dayside predicted
by the LMD-MGCM is, to a first order, in agreement with the obser-
vations of CO2 clouds during daytime.

However, when looking in more detail, some differences be-
tween the predictions of the model and the clouds observations
arise. Most of the clouds have been observed during the afternoon
(local times between 15 and 18), with some observations also dur-
ing the morning (local times between 7 and 10). The upper panels
of Fig. 3 are similar to the upper panel of Fig. 2, but focusing of the
LTs where clouds have been observed: between 7 and 10 (left pa-
nel) and between 15 and 18 (right panel). In the lower panels, the
altitudes of the areas of minimum temperature are shown.

The model predicts lower mesospheric temperatures (and thus
higher probabilities of formation of mesospheric clouds) during the
morning than during the afternoon. However, most of the clouds
have been observed during the afternoon, and only few clouds
have been detected during the morning. It should also be kept in
mind that most of the instruments that have detected mesospheric
clouds are limited to observe in the afternoon due to their orbit
geometry.
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During the morning, mesospheric clouds have been observed
between Ls = 20� and 60�, most of them around the equator. At this
period, the model predicts temperatures close to condensation
around the equator during the morning. The model predicts also
low temperatures at this season in the mid-latitudes of the South-
ern hemisphere, close to the location of two observed clouds. At
the locations where clouds have been observed during the morn-
ing, minimum temperatures are predicted at altitudes between
about 70 and 90 km, while the only three morning clouds for
which the altitude has been measured present altitudes between
53 and 87 km.

During the afternoon, the minimum temperatures are predicted
by the model close to the equator at different periods: between
Ls = 330–20� and between Ls = 150–180�, with secondary minima
around Ls = 90–120� and Ls = 240–270�. The first period of mini-
mum temperatures in the equator seems to end too early in the
model (around Ls = 20�, while most of the observations of the
clouds concentrate between Ls = 20� and 35�). Equatorial clouds
have also been observed in the period Ls = 90–120�, a period when
the model predicts cold temperatures, although colder tempera-
tures are predicted for the period Ls = 150–180�, where clouds have
not been observed. At these periods where clouds have been ob-
served in the equator, minimum temperatures are predicted by
the model at altitudes between around 55 and 80 km, while clouds
have been observed at altitudes between 53 and 83 km.

At mid-latitudes of the Northern hemisphere, between Ls = 210�
and 300�, the model predicts very cold temperatures (even below
CO2 condensation) during the morning, while clouds have been ob-
served there during the afternoon. Clearly, there is an issue here
with the diurnal variability of the temperatures predicted by the
model at mid-latitudes during this season. This will be further dis-
cussed in Section 4.4.

4.2. Subcondensation temperatures

As can be seen in Fig. 2, the LMD-MGCM only predicts temper-
ature below condensation during daytime in a very small
seasonal–latitudinal range around Ls = 240� and lat = 40N, and be-
tween Ls = 330� and 360� around the equator, while CO2 clouds
have been observed at different locations and times of the year.
Previous work (Forget et al., 2009; González-Galindo et al., 2009)
has shown that the LMD-MGCM tends to overestimate the temper-
atures at the mesopause altitudes, pointing to an underestimation
of the 15 lm cooling as a possible reason. The fact that the LMD-
MGCM hardly predicts supersaturation during the day might be
another indication of this overestimation of temperatures. Tests
using a modified 15 lm cooling do not improve the situation, as
the simulated temperature decreases only above 100 km, not at
the altitudes where CO2 clouds have been observed during the
day. However, we cannot rule out the possibility that the model
is overestimating temperatures in the martian mesosphere. One
possibility is that the model overestimates the NIR heating rate,
essential for the mesospheric thermal balance and that is subject
to NLTE effects. An improved parameterization of this process is
being developed (López-Valverde et al., 2011), and its future inclu-
sion in the GCM will allow to check its impact on the mesospheric
temperatures.

We explore here another possibility. While the GCM has a hor-
izontal grid size of about 200 km, the observed mesospheric clouds
have typical sizes about one order of magnitude smaller. The GCM
temperatures actually describe an average temperature inside a
GCM grid point (typically 200 � 200 km). In reality, small scale
processes not resolved by the GCM may modify locally (inside
the GCM grid point) the large-scale temperature profiles predicted
by the model, producing local excursions below condensation
when the large-scale temperatures are close enough to the conden-
sation temperature of CO2. On the Earth, it has been shown that
GCMs predict correctly the areas of low temperature associated
with some types of polar stratospheric clouds, but perturbations
by gravity waves are necessary to achieve subcondensation tem-
peratures (Noel et al., 2009). Clancy and Sandor (1998) also sug-
gested that gravity waves, in addition to tides, could play a role
in producing temperatures low enough to allow the formation of
CO2 clouds.
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Fig. 4. Temperature profile produced by the LMD-MGCM at Ls = 0–30�, lat = 0�,
lon = �60� and LT = 16 (thick dashed-dotted line) and perturbations produced by
the propagation of gravity waves (thin grey solid lines).
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Fig. 5. Temperature profiles obtained from the LMD-MGCM for daytime (LT = 16,
solid line) and nighttime (LT = 1, dashed line), and condensation temperature of CO2

(red dashed line). Each profile corresponds to the average of the period Ls = 0–30�, at
lon = 0�, lat = 0�.
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We want to remind here that the LMD-MGCM includes a
parameterization that takes into account the effects of non-re-
solved gravity waves over the general circulation (Forget et al.,
1999), namely the deposition of momentum by gravity wave drag,
but the effects of gravity waves over individual temperature pro-
files are not included. This would need high resolution modeling
(i.e. mesoscale models), which is out of the scope of this paper.

To estimate the amplitude of the temperature perturbations
produced by gravity waves, we use a simplified model for the exci-
tation and propagation of gravity waves included in the Mars Cli-
mate Database and described in Lewis et al. (1999) to produce
perturbations to a temperature profile produced by the LMD-
MGCM at Ls = 0�, lat = 0�, lon = �60� and LT = 16. The results can
be seen in Fig. 4, where the dashed-dotted black line represents
the GCM profile and the solid grey lines the perturbed profiles pro-
duced by the model of gravity wave propagation, for different seed
values. We can see that, at about 80 km, the perturbations pro-
duced by the propagation of gravity waves are between about 5
and 15 K. This means that for a GCM profile close enough to the
condensation temperature of CO2 (as those in the areas marked
with pink lines in Fig. 2, which are less than 7.5 K above condensa-
tion), perturbations produced by gravity waves can induce high
altitude cooling and hence local temperatures (inside the GCM grid
point) can fall some degrees below condensation (up to 7.5 K, con-
sidering the case of a 15 K perturbation to a profile 7.5 K above
condensation), allowing for the formation of CO2 clouds. We re-
mind that, following Määttänen et al. (2010), temperatures 15 K
below condensation are enough to produce nucleation on 1 nm
particles, which can be considered a rather extreme case, and 5–
10 K below condensation should be low enough to produce clouds
if more realistic nuclei sizes are considered.

The simplified nature of this study must be kept in mind. More
detailed studies are needed, ideally using a mesoscale model (Spiga
and Forget, 2009) to study the propagation of gravity waves into
the martian mesosphere and their effects over the temperatures.
Such a study has recently been undertaken (Spiga et al., 2011). Still
this simplified study reveals the possibility of a local production of
subcondensation temperatures locally, even when the large-scale
temperatures are above condensation.

4.3. Equatorial clouds

The observations of the equatorial mesospheric clouds show
that they appear only at restricted latitudinal and longitudinal
ranges, and that there is a clear difference in their altitude at day-
time (about 70–80 km) and at nighttime (about 100 km). We will
try here to relate this behavior to the thermal structure of the mar-
tian mesosphere as predicted by the LMD-MGCM.

4.3.1. Day–night altitude variation
Fig. 5 shows two typical time-averaged temperature profiles ob-

tained by the LMD-MGCM for the Ls = 0–30� season, at the equator
and prime meridian, together with the condensation temperature
of CO2. One of the profiles corresponds to daytime conditions
(LT = 16) and the other to nighttime conditions (LT = 1). We can
clearly see that the altitude of the minimum temperature is differ-
ent in both profiles: while for the daytime profile the minimum
temperature is found at about 75 km, the nighttime profile presents
a minimum of temperature at about 105 km. This coincides well
with the altitude of the observed daytime and nighttime clouds.

A similar tendency is shown in Fig. 6, where the difference be-
tween the average atmospheric temperature predicted by the
LMD-MGCM and the condensation temperature of CO2

(Tdiff = TGCM � Tcond) is shown as a function of altitude and local
time for the Ls = 120–150� season. Note that at this particular sea-
son both daytime and nighttime clouds have been observed. We
can see that the altitude of the areas of minimum difference with
the condensation temperature of CO2 changes with local time.
Minimum values of Tdiff are obtained at about 90 km at the end
of the night and 60 km at the end of the afternoon. At a given local
time, an alternance of areas of maximum and minimum difference
of temperature when varying the altitude is obtained, with a verti-
cal wavelength of about 30 km. Note that the minimum Tdiff (and
thus, the maximum probability of having CO2 clouds) is predicted
by the model at the end of the night at about 90 km.

The altitude variation of the minimum of temperature that can
be seen in Figs. 5 and 6 is a typical signature of the vertical prop-
agation of the diurnal tide. This mesospheric diurnal tide has been
observed in temperature profiles obtained by MCS (Lee et al., 2009)
and SPICAM (Forget et al., 2009) and has also been simulated by
the LMD-MGCM (Angelats i Coll et al., 2004; González-Galindo
et al., 2009) and Mars WRF (Lee et al., 2009). The diurnal thermal
tide was proposed as a key mechanism in the formation of these
mesospheric clouds by Clancy et al. (2007). The simulated vertical
wavelength (about 30 km) is in good agreement with the observa-
tions of the diurnal tide (Lee et al., 2009), and also the simulated
amplitude (of about 40 K) is in reasonable agreement with the
observations (observed semiamplitudes are between 15 and 20 K).
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Fig. 6. Difference between the atmospheric temperature and the condensation
temperature of CO2, as a function of altitude and local time. Average over Ls = 120–
150�, lon = 0�, lat = 0�.
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We can conclude that the day–night variation of altitude of the
clouds is very likely linked to the day–night variation of the alti-
tude of the minimum of temperature due to the vertical propaga-
tion of the diurnal tide.
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Fig. 8. Latitude–altitude variation of the daily and zonal mean temperature (upper
panel) and the midday–midnight temperature difference. Ls = 0–30�, LT = 16.
4.3.2. Latitudinal and longitudinal distribution
As mentioned in Section 2, the daytime clouds seem to be re-

stricted to narrow latitudinal and longitudinal ranges. Which pro-
cesses are at the origin of this behavior?

Fig. 7 shows the variation of Tdiff, defined above, as a function of
latitude and altitude, for the Ls = 0–30� season and constant
LT = 16. We can clearly see that the minimum temperature for this
case is located around the equator, in a latitude range approxi-
mately from 20�S to 20�N. This is in agreement with the latitudinal
distribution of the CO2 clouds observed by OMEGA, HRSC and TES
at this season and during daytime.

Clancy et al. (2007) already pointed to thermal tides as a key pro-
cess in the formation of these mesospheric clouds. We represent in
Fig. 8 the daily mean temperature for the Ls = 0–30� season (upper
panel) and the difference of temperature between midday and mid-
night (lower panel). At the altitudes where the clouds have been ob-
served and where the model predicts minimum temperatures
(between about 60 and 80 km), the daily mean temperature for this
season is only marginally lower (less than 5 K) around the equator
(lat < 20�, where clouds have been observed) than at latitudes
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Fig. 7. Latitude–altitude variation of the difference between the predicted temper-
ature and the CO2 condensation temperature. Average over Ls = 0–30�, LT = 16.
around 30–40� in both hemispheres (where clouds have not been
observed). On the other hand, the day–night temperature differ-
ence, which is an indication of the intensity of the diurnal thermal
tide, shows a clear maximum around the equator. The amplitude of
the diurnal tide decreases strongly with latitude, so that it almost
vanishes at latitudes around 30� (where clouds have not been ob-
served). The position of nodes and antinodes in the predicted
day–night temperature difference is in good agreement with MCS
observations of the diurnal tide at this same season (Lee et al.,
2009). We can conclude that the confinement of the areas of low
temperature (and likely of the mesospheric clouds) to low latitudes
is mostly due to the structure of the diurnal tide, which produces
strong departures from the daily mean temperature, with maxi-
mum amplitudes around the equator.

Not only do CO2 clouds appear in a narrow latitudinal range, but
their longitudinal range is limited as well. Fig. 9 shows the varia-
tion with longitude and altitude of Tdiff at the equator for the
Ls = 0–30� season and constant local time LT = 16. It can be seen
that the minimum values of Tdiff are found between 70 and
80 km in two longitudinal ranges between about 150�W and
40�W and between about 20�W and 20�E. This is in good agree-
ment with the longitudinal location of the clouds observed by
HRSC, OMEGA, TES and THEMIS-VIS.

Since heating terms acting at these altitudes (in particular, the
heating due to the absorption of NIR radiation by CO2) are not ex-
pected to present a strong variation with longitude at a constant
LT, the origin of these longitudinal inhomogeneities has to be else-
where. Different observations have revealed longitudinal varia-
tions of different magnitudes in the upper atmosphere of Mars.
The aerobraking of MGS allowed measurement of the atmospheric
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Fig. 9. Longitude–altitude variation of the difference between the predicted
temperature and the CO2 condensation temperature. Average over Ls = 0–30�,
LT = 16, lat = 0�.
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density in the lower thermosphere (about 120 km of altitude). A
prominent longitudinal variation in the measured density was
found (Keating et al., 1998). The electron density measured by
MGS also shows similar longitudinal variations (Bougher et al.,
2004). These variations were attributed to the effects of the propaga-
tion of non-migrating tides from the lower atmosphere (rather than
to stationary waves). These non-migrating tides are created by the
interaction of the solar illumination with the martian topography
and to non-linear tide–tide interactions (Angelats i Coll et al., 2004).

A wave decomposition of the temperature structure predicted by
the model in the equator at 78 km of altitude is shown in Fig. 10. Six
non-migrating tidal components have amplitudes higher than 1.5 K
at the equator, the most important components being the (1,�2) (with
an amplitude of 4.1 K), the (1,�3) (2.3 K) and the (1,�1) (1.9 K). We
have used the notation (s,n), where s is the frequency (1 for diurnal
tides, 2 for semidiurnal tides) and n the wavenumber, being positive
for westward traveling waves. These amplitudes are sufficient to pro-
duce the longitudinal variation of temperature shown in Fig. 9. We con-
clude that these non-migrating waves produce the longitudinal
distribution of the temperature minima predicted by the model.
Through the influence of the temperature on the cloud formation,
these waves are most probably also the reason behind the longitudi-
nally confined distribution of the observed equatorial CO2 clouds.

4.4. Mid-latitude clouds

Mid-latitude clouds have been observed mostly by THEMIS-VIS
during winter in the Northern hemisphere, with some additional
Fig. 10. Temperature amplitude (K) of the six most prominent non-migrating tidal
components for Ls = 0–30� and 78 km of altitude, as a function of latitude.
observations by OMEGA and HRSC. One mid-latitude cloud has also
been observed during Southern winter by OMEGA and HRSC. As for
the equatorial clouds, these mid-latitude clouds seem to be con-
fined to restricted latitudinal and longitudinal ranges. An impor-
tant difference between the observations of these mid-latitude
clouds and the equatorial clouds is that THEMIS-VIS observations
of the mid-latitude clouds do not allow identification of their com-
position: they can be water ice clouds or CO2 ice clouds. Only the
two mid-latitude clouds observed by OMEGA, one in the Northern
hemisphere at Ls = 246.3� and another one in the Southern hemi-
sphere at Ls = 54.2�, have been spectrally identified to be CO2 ice
clouds, and the altitude of the first one is not known. We will
hypothesize here that these mid-latitude clouds are CO2 ice clouds,
and we will verify if the temperature predicted by the model sup-
ports this hypothesis.

Fig. 11 shows the variation of the monthly averaged atmo-
spheric temperatures predicted by the LMD-MGCM for the
Ls = 270–300� season with latitude (lower panel, for lon = 90�W,
LT = 16) and with longitude (upper panel, for lat = 45, LT = 16).
The model predicts minimum temperatures at longitudes (be-
tween 60�W and 0�) and latitudes (between 30�N and 50�N) where
mesospheric clouds have been observed at this season. There are
two drawbacks, though. The first one is that the altitude of the
minimum temperature is of about 90 km, while the altitude of
these clouds measured by THEMIS-VIS varied between 45 and
60 km. The second one is that the monthly mean average temper-
atures predicted by the model at this local time are, at best, more
than 35 K higher than the condensation temperature of CO2. Even
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Fig. 11. Latitude–altitude (at constant lon = �60, top panel) and longitude–altitude
(at constant lat = 45, lower panel) of the difference between the predicted
temperature and the CO2 condensation temperature. Average over Ls = 270–300�,
LT = 16.
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Fig. 12. Difference between the atmospheric temperature and the condensation
temperature of CO2, as a function of altitude and local time. Average over Ls = 270–
300�, lon = �90�, lat = 45�.
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Fig. 13. Difference between the atmospheric temperature and the condensation
temperature of CO2, as a function of altitude and longitude. Average over Ls = 30–
60�, lat = �48.5�, constant LT = 8.

1 For interpretation of color in Figs. 1–3 and 5–14, the reader is referred to the web
version of this article.

F. González-Galindo et al. / Icarus 216 (2011) 10–22 19
by taking into account the day-to-day variability and the effects of
gravity waves, the difference with respect to Tcond is too high to
produce CO2 clouds.

A look at the variability of the predicted temperature with local
time and altitude (Fig. 12) shows that the minimum temperatures
at the latitudes and longitudes where mesospheric clouds have
been observed at this season are obtained at the beginning of the
morning, around LT = 8, and at an altitude of about 95 km. At this
time of the day, the temperatures are low enough to go below con-
densation if the day-to-day variability is taken into account (even
without including the effects of gravity waves). At the local time
where the clouds have been observed (around LT = 16) the model
predicts a secondary minimum of temperature between 50 and
70 km, approximately, but the temperatures are too high to pro-
duce CO2 condensation.

OMEGA observed a mid-latitude CO2 cloud at this season, but
its altitude has not been measured. At the season, latitude and lon-
gitude of this observed CO2 cloud the model predicts temperatures
close to CO2 condensation at about 95 km, and much higher tem-
peratures below this altitude. In the absence of a determination
of the altitude of this cloud, we cannot say if the temperatures pre-
dicted by the model are in agreement or not with this observation.

We can conclude that the model predicts temperatures close to
condensation at the season, latitude and longitude where THEMIS-
VIS has observed mid-latitude mesospheric clouds, but the mini-
mum temperatures are predicted to be too high in the atmosphere
when compared with observations, and at a different local time.

In short, the temperatures predicted by the model do not sup-
port the hypothesis that the mid-latitude mesospheric clouds ob-
served by THEMIS-VIS are CO2 clouds. This opens two
possibilities. The first one is that these observed clouds are water
ice clouds. Further radiative transfer modeling efforts with the
THEMIS-VIS observations might shed some light over the nature
of these clouds. The second possibility is that the LMD-MGCM is
not correctly predicting the mesospheric temperatures, and in par-
ticular the structure of the thermal tide at this particular latitude
and season. Let us explore further this possibility.

A previous comparison has been made between the LMD-
MGCM prediction (for MY 24) and TES MY 26 observations of tem-
peratures at 5.28 Pa (approximately 45 km of altitude) and LT = 14
(Millour and Forget, 2008). The average difference is rather small,
less than 2 K. But locally the difference between the predicted
and the observed temperature can be much higher than this. In
particular, at the location of the observed mid-latitude clouds (lat-
itudes between 40–60�N and Ls = 240–300�) the model tends to
overestimate the atmospheric temperature by between 10 and
20 K. This is also the case if TES MY 24 temperatures are consid-
ered. This suggests a systematic overestimation of the predicted
temperatures at this particular location, altitude, and time of the
year. Different factors may be producing this difference between
the model and the measured temperatures. The radiative effects
of water ice clouds, not included in the present version of the
LMD-MGCM and abundant in the lower atmosphere at this latitude
range and time of the year, are one of them (Madeleine et al.,
2011). An update of the radiative properties of the dust to the latest
measured values has also been shown to improve the comparison
with the observations (Forget et al., 2011). Another option is the
rather simple description of the altitude of the top of the dust layer
included in the simulations, and that has been shown to affect the
temperatures in the middle atmosphere (Forget et al., 2011). A
more specific study focused specifically on this latitude and Ls

range is needed.
HRSC and OMEGA also observed a mid-latitude CO2 cloud in the

Southern hemisphere during Northern spring, with an altitude be-
tween 53 and 62 km. The Tdiff predicted by the model at lat = 48.5�S
during the Ls = 30–60� period is shown in Fig. 13 as a function of
longitude and temperature. Temperatures close to condensation
are found at an altitude of about 90 km. The location of the ob-
served cloud (marked with a red cross in the figure)1 is close to a
local minimum of temperature predicted by the model, but the
temperatures there are not low enough to allow for CO2 condensa-
tion, even if day-to-day variability and gravity waves perturbations
are taken into account. The comparison with TES temperatures
shows that again the model overestimates the temperatures be-
tween 5 and 10 K at these latitudes and times of the year at about
45 km of altitude.

5. Winds: observations and GCM results

Even more scarce than the measurements of the temperatures
in the upper atmosphere of Mars are the measurements of meso-
spheric winds. No instrument has measured them from orbit, the
only measurements being ground-based observations using the
Doppler-shift technique (Lellouch et al., 1991; Sonnabend et al.,
2006; Cavalié et al., 2008; Moreno et al., 2009). The models that
study the dynamics of this atmospheric region remain basically
unconstrained. This makes the measurements of winds obtained
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by stereo observations of mesospheric clouds by HRSC and THE-
MIS-VIS of high interest to validate the predictions of the models.
In this section, we compare the winds measured by these two
instruments with the predictions of the GCM.

We divide the wind measurements by THEMIS-VIS and HRSC in
different seasonal ranges: Ls = 0–30�, Ls = 30–60�, Ls = 90–120�,
Ls = 210–240� and Ls = 270–300�. Most of the HRSC observations
concentrate in the Ls = 0–30� season, with a few measurements in
the Ls = 30–60� and Ls = 90–120� seasons. For the Ls = 210–240�
and Ls = 270–300� seasons we only have THEMIS-VIS measure-
ments. All the measurements were made close to a local time of
16 h. In most of the seasons, almost all the observations concen-
trate in a narrow longitudinal and latitudinal corridor, which eases
the comparison with the model. For more details about these mea-
surements, we refer the reader to Määttänen et al. (2010), McCon-
nochie et al. (2010) and Scholten et al. (2010).

Määttänen et al. (2010) already compared the winds measured
by HRSC in the Ls = 0–30� season with the predictions of the LMD-
MGCM, finding a good agreement between the model and the
observations, so we will not include that season in this study.
We extend here that previous study to include all other seasons.

We plot in Fig. 14 the wind profiles predicted by the LMD-
MGCM for each of the seasons under study at LT = 16 and at the lat-
itude and longitude where most of the wind measurements have
been made for that particular season. The thick black dashed line
represents the seasonally averaged predicted wind, while the thin
color lines are the wind profiles for the different days in that sea-
son. The symbols represent the wind measurements (crosses for
HRSC and squares for THEMIS-VIS). In all seasons, the model pre-
dicts a strong day-to-day variability inside the season, which can
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Fig. 14. Wind profiles predicted by the LMD-MGCM and winds measured by HRSC (crosse
altitude determination are small (usually around ±2 km), and have not been added for the
to plot the different profiles. Thick black dashed line: seasonally averaged predicted wind
standard deviation.
be as strong as almost 150 m/s for the Ls = 210–240� season. This
variability exceeds the 1-sigma standard deviation, represented
by the dashed-dotted black lines.

In general, the model predicts correctly the wind magnitude for
the different seasons. This is especially true for the Ls = 270–300�
season, where the measured winds are always eastward, with
intensity between around 0 and 130 m/s and an average value of
about 60 m/s. This is almost exactly the same range and average
of the winds predicted by the model. For this season, the observa-
tions suggest a decrease of the intensity of the eastward winds
with increasing altitude that is also predicted by the model.

For the Ls = 30–60� season the model reproduces well the obser-
vations by HRSC, which show rather weak winds with magnitudes
between about �30 and 15 m/s, but not the THEMIS-VIS observa-
tions, with stronger westward winds between �50 and �70 m/s.
The differences between the wind measured by HRSC and THE-
MIS-VIS at about the same latitude, longitude, altitude and local
time cannot be explained by the model. A previous study compar-
ing the speed of the THEMIS-VIS equatorial clouds to the zonal
wind predicted by the Mars-WRF GCM (McConnochie et al.,
2010) shows a similar result, with predicted winds weaker than
observed. The effects of small scale processes were evoked as a
possible reason of this discrepancy in McConnochie et al. (2010),
together with a misrepresentation of the diurnal tide in their
model.

For the Ls = 90–120� season both instruments observe westward
winds with magnitudes between 40 and 90 m/s at about 60 km.
The predictions of the model fit well with THEMIS-VIS observa-
tions. Although a group of three THEMIS-VIS observations at about
80 km of altitude show very low wind speeds, well below the aver-
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s) and THEMIS-VIS (squares) for different seasons, with their error bars. Errors in the
sake of clarity. For each season, the same local time, longitude and latitude are used
. Thin color lines: daily predicted wind profiles. Black dashed-dotted lines: 1-sigma
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Fig. 15. Seasonally averaged wind (solid line), ±1-sigma standard deviation (dashed
lines) for the Ls = 90–120 season at the equator, local time = 16 and 60 km of
altitude, together with the wind measured by HRSC (crosses) and THEMIS-VIS
(squares).
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age wind predicted by the LMD-MGCM, some daily profiles pre-
dicted by the model show similar values at that altitude. Appar-
ently, the winds measured by HRSC at about 60 km are more
intense than predicted (and that observed by THEMIS-VIS). How-
ever, this is due to the different longitude of the THEMIS-VIS and
HRSC observations. While all the THEMIS-VIS observations for this
season concentrate around lon = 80�W, HRSC observations are lo-
cated at longitude close to 0�. As shown in Fig. 15, the model pre-
dicts a longitudinal variation of the winds, with winds close to
lon = 0� about 50 m/s stronger than those for lon = 80�W. Such a
longitudinal variability is seen also in the observations.

For the period Ls = 210–240�, again the model reproduces well
the winds measured by THEMIS-VIS, with most of the observations
inside the range of variability predicted by the model. However,
there is a group of four observations at an altitude of about
70 km which show a reduced wind intensity, or even a reversal
of the predominant eastward winds to westward wind, which is
not predicted by the model. This strong variability at this altitude
is much stronger than that predicted by the LMD-MGCM. Again, a
similar problem was found when comparing these wind measure-
ments with the Mars-WRF GCM (McConnochie et al., 2010).

In summary, the model seems to predict well the seasonal var-
iability of the winds observed, with westward winds in the Ls = 30–
60� and Ls = 90–120� seasons and dominant eastward winds in the
Ls = 210–240� and Ls = 240–270� seasons. In general, the average
wind predicted by the model in each season is in agreement with
the average observed winds. Given the absence of previous mea-
surements of mesospheric winds with a good spatial coverage
and vertical resolution, these are the first indications (together
with the comparisons performed by Määttänen et al. (2010)) that
the mesospheric dynamics predicted by the LMD-MGCM is correct,
at least to a first order. However, during some seasons the mea-
sured winds show a strong variability that is not well reproduced
by the model.
6. Conclusions

We have compared the mesospheric temperatures and winds
predicted by the LMD-MGCM with the information obtained from
the observations of mesospheric clouds. The presence of a meso-
spheric CO2 cloud impose constraints on the mesospheric temper-
atures, given that for a CO2 cloud to form atmospheric temperature
has to be below condensation temperature of CO2. These meso-
spheric clouds have only been observed at particular seasons, lati-
tudes, longitudes, altitudes and local times. We have checked if the
LMD-MGCM predicts particularly low temperatures at these loca-
tions. Some of the instruments that have observed these clouds
are able to track their movement in the zonal direction, measuring
their zonal speed, which can be identified to the zonal wind speed.
These are the first measurements of mesospheric winds from orbit,
providing a very useful dataset to validate the mesospheric dynam-
ics predicted by the model.

While the large-scale daytime temperatures predicted by the
model are usually above condensation, additional perturbations
by small-scale processes, such as the propagation of gravity waves
produced in the lower atmosphere up to the mesosphere, may pro-
duce local excursions of temperature below condensation in those
regions where the predicted GCM temperatures are only some
Kelvins above condensation. The seasonal and latitudinal location
of these low temperature areas predicted by the model corre-
sponds to a first order with the two populations of observed mes-
ospheric clouds: equatorial clouds, observed in the first part of the
martian year, and mid-latitude clouds, around the Northern winter
solstice.

For the equatorial clouds, the model predicts temperatures
close to condensation at the altitude, latitude, longitude and local
time location of the clouds. It is shown that the different altitudes
of the daytime and nighttime clouds, as well as their location close
to the equator, correspond well to a similar behavior of the pre-
dicted temperatures due to the characteristics of the diurnal ther-
mal tide. Their location at a restricted longitudinal range is also
found in the temperature structure predicted by the model, due
to the effects of topography interacting with the solar forcing to
create non-migrating tides.

For the mid-latitude clouds, the model predicts low tempera-
tures at their latitudinal and longitudinal location. However, the
lowest temperature is predicted by the model in the early morning,
and not in the afternoon, where clouds have been observed, and at
a much higher altitude than the clouds have been observed. At the
altitude and local time of the observed clouds the temperatures are
too high to produce CO2 condensation. Previous comparisons with
temperatures measured by TES shows that the model overesti-
mates the temperatures between 5 and 20 K at the location of
the mid-latitude clouds due in part to the neglect of the radiative
effects of water ice clouds in the present version of the model.

We have also compared the zonal winds predicted by the LMD-
MGCM with the measurements made by stereo observations of the
mesospheric clouds by THEMIS-VIS and HRSC. In general, the mod-
el predicts well the direction and the magnitude of the winds, pro-
viding a first validation of the predicted mesospheric dynamics.
However, at some seasons the observations show a higher variabil-
ity than predicted by the model.
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