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The essential role of water-ice clouds in shaping the
thermal structure of the martian atmosphere has been
long presumed [1] but neglected in GCMs because of
the lack of observations and difficulty to predict the
evolution of the water cycle in details. Since then, many
evidences of the radiative effect of clouds on the Mars
climate have become available [2, 3, 4, 5, 6, 7], and
this effect has been simulated by GCMs, thanks to the
contraint given by the water cycle observations of TES
[8]. The radiative effect of clouds is well reproduced in
GCMs for a given time of the year, but it appears much
harder to simulate this radiative effect on the long-term.
Indeed, the radiative effect of clouds strongly modifies
the distribution of water vapor, especially in the polar
regions, where it tends to reduce the amount of water
vapor injected in the atmosphere during the sublimation
of the north polar cap.

In this study, we focus on the thermal structure of
the LMD/GCM when clouds are radiatively active, and
when their properties (particle size and opacity) are in
good agreement with the observations. It allows us to as-
sess their role in shaping the temperatures of the planet,
understand their radiative effect in detail (section 2), and
evaluate the improvement of the predictions (section 3).
However, the corresponding water cycle is too dry by
~ 5 pr.um, and at the time of this writing, this drying
out is not clearly explained. The latter will be further
described during the conference, which is a good op-
portunity to further understand it, since it seems to be a
robust feature of many models [9].

1 Modeling approach

Interactive dust and water-ice particles are both imple-
mented in the version of the LMD/GCM presented in
this abstract. A semi-interactive dust transport scheme
predicts the spatial and size distributions of dust. It is
called “semi-interactive” because the predicted dust pro-
files are scaled so that the total column opacity matches
the dust opacity observed by TES (for more information,
see the companion abstract of Forget et al. [10]). These
dust particles serve as condensation nuclei for water-ice
cloud formation. The fraction of dust particles involved
in cloud formation is unknown, and we therefore ad-
just the ratio f. of the total number of dust particles N
over the number of condensation nuclei N.. The mass
mean radius of the ice particles computed by the mi-
crophysical scheme (see the paragraph 28 of [11]) is
then used to compute the effective sedimentation radius,

Ted = re (14 verr)®, Where e is the effective variance
of the lognormal distribution, which is also a tunable pa-
rameter. These two parameters, f. and veg, are adjusted
so that the simulated cloud properties are consistent with
the observations. The resulting cloud opacity at 12.1 ym
is presented in Fig. 1 (lower panel), and compared to the
observed TES opacity (upper panel). The agreement
is sufficiently good to evaluate the radiative effect of
clouds, and cloud particle sizes are comparable to the
TES and OMEGA observations of [12, 13].
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Figure 1: Annual evolution of the zonal mean water-ice opac-
ity at 825 cm™* (12.1 um, absorption opacity) as retrieved by
TES (upper panel) and as simulated by the LMD/GCM (lower
panel) for MY26. Contour interval is 0.02. TES cannot re-
trieve the water-ice opacity in the polar regions, where the
GCM predicts thick clouds.

The radiative effect of dust and water-ice particles
depends on their single scattering properties, which are
a function of the size of the particles. Scattering prop-
erties are loaded for different particle sizes in look-up
tables, that are generated using the T-Matrix code of [14]
and optical indices of Wolff et al. [15] and Warren et
al. [16] for dust and water-ice particles, respectively. At
each time step, these scattering properties are integrated
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over a given size distribution with the effective radius
predicted by the GCM in each grid box'. We therefore
account for the change in scattering due to the differ-
ential sedimentation of the dust particles and growth of
the water-ice crystals. The radiative transfer codes at
solar wavelengths and outside the 15 um CO, band are
both based on the two streams algorithm of [17]. Their
channels include two solar bands (0.1-0.5 ym and 0.5-
5 pm), the silicate band (5-11.5 pm), and the rest of the
IR domain (20-200 pm). The net exchange formulation
[18]is used in the 15 pm CO4 band (11.5-20 pm), where
scattering by aerosols (dust and ice) is neglected. In this
band, only absorption by aerosols is taken into account,
and added to that of CO; by using Qus = Qext(1 — wo)
[19]. Simulations are run using the dust opacity acquired
by TES/MGS during the martian year 26. Resolution is
5.625 x 3.75° in the horizontal (64 x48), with 25 levels
in the vertical, from the ground to ~ 100 km.

2 Radiative effect of clouds

Before focusing on the global changes induced by ra-
diatively active clouds, we analyzed the changes in tem-
perature over the Tharsis plateau (0°N — 120°W) for a
typical day of the L, = 90°— 120° period. Figure 2.a rep-
resents the difference in temperature profiles between
two 3D simulations, with and without radiatively active
clouds (Tactive-Tinactive, contours), and over the course of a
day. Black shading indicates the volume mixing ratio of
water-ice particles, the maximum value being 250 ppm.
Clouds change the temperature mainly by scattering of
the infrared radiation, the single scattering albedo be-
ing close to one at solar wavelengths. Consequently,
clouds tends to heat the atmosphere during the day by
absorption of the infrared radiation emitted by the sur-
face, and to cool the atmosphere during the night by
infrared emission to space, the surface being colder than
the atmospheric layers where clouds form.

This is seen in Fig. 2.a, where the atmosphere is
warmed by up to 9 K at ~ 20 km altitude in the af-
ternoon. On the contrary, the atmosphere is cooled by
around 6 K below the 10 km level during the night. This
nocturnal temperature inversion has been observed by
the Radio Science instrument and explained in the light
of the GCM simulations of Hinson and Wilson 2004 [4].
In this latter paper, an intensification of the thermal tides
by radiatively active clouds is emphasized. This inten-
sification is also evident in Fig. 2.a, where the vertical
propagation of the wavenumber one diurnal component
is apparent in the temperature field with a wavelength of
about 30 km.

To separate radiative and dynamical responses, we
performed 1D simulations in the same conditions as the

I The effective variance is kept constant and equal to 0.3 and 0.1
for dust and water-ice particles, respectively.
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Figure 2: (a) Temperature difference (Tactive-Tinactives cOntour
interval of 3 K) between two simulations, with and without
radiatively active clouds, for a typical day of the L, = 90-120°
period, and over the Tharsis plateau. Darker shades indicate
higher water-ice volume mixing ratio, the maximum value be-
ing 250 ppm. (b) Same as (a), but the 1D version of the GCM
is used, and constrained by the dust and water-ice profiles of
the 3D simulation. (c) Same as (b), but the dust profile is
the same for the two simulations. (d) Temperature difference
resulting from the change in the vertical distribution of dust

only.
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3D simulations, using the dust and water-ice profiles ex-
tracted from the 3D simulation. Figure 2.b is the 1D
equivalent of Fig. 2.a, and a comparison of the two fig-
ures shows that during the night, thermal tides tend to
increase the temperature changes induced by radiatively
active clouds, whereas the contrary is true during the
afternoon. Moreover, we have noticed that radiatively
active clouds, by increasing daytime temperatures, fa-
vor vertical mixing of the dust layer, resulting in an
indirect additional warming near 30 km altitude. This is
illustrated by Fig. 2.d, in which the temperature change
induced by the vertical mixing of dust alone is repre-
sented. The direct radiative effect of clouds is shown in
Fig. 2.c. Interestingly, the temperature increase near the
30 km level is mainly due to the vertical redistribution
of dust. For example, at 4 PM, dust mixing increases the
temperature by ~ 9 K, versus 6 K for clouds. However,
the nighttime cooling below the 10 km level is mainly
due to the radiative effect of clouds. Above the 10 km
level, nighttime temperature is increased by dust redis-
tribution first, and then by the radiative effect of clouds
and the adiabatic heating of the thermal tides, the two
latter having a similar impact of ~ 3 K.

3 Global temperature changes induced by clouds

After analyzing the radiative effect of clouds, we fo-
cused on their global impact on the thermal structure of
the atmosphere. This is represented in the upper panel
of Fig. 3 (colors), along with the zonal mean water-ice
volume mixing ratio in ppm (contours). Three main
effects are visible. Near the equator, clouds tends to
warm the atmosphere near the 0.5 hPa pressure level,
and to cool the atmosphere near 1 hPa. It is especially
visible at Ly = 0 — 30°. Then, low-lying clouds cool the
atmosphere at both poles, as clearly seen at equinoxes.
Finally, by warming the atmosphere near the 0.5 hPa
pressure level, clouds increase the meridional tempera-
ture gradient and intensify the Hadley cell circulation.
This results in an increased adiabatic warming in the de-
scending branch of the Hadley cell, which is visible at all
seasons in mid-latitudes, especially during the aphelion
cloud season (L = 90 — 120° period). It is worth noting
that after L, = 150°, clouds still increase the equatorial
temperature by more than 10 K near the 0.5 hPa pressure
level, despite their low opacity (~ 0.02 at 12.1 pm, see
Fig. 1).

The GCM temperatures are compared to the TES
observations in the lower panel of Fig. 3. The results of
the GCM are significantly improved in the tropics, where
clouds tend to warm the atmosphere. This is especially
visible for the Ly = 90 — 120° period. Indeed, in the
+60° latitude band and near the 0.5 hPa pressure level,
the GCM was underestimating temperature by ~ 10 K
when clouds were radiatively inactive, as illustrated by
the Fig. 2.b of Wilson et al. 2008 [6]. This cold bias

of the GCM almost disappears in Fig. 3, except at high
altitude, at the 0.1 hPa pressure level.

This is further illustrated in Fig. 4 which shows the
daytime (2 PM) equatorial temperature at the 0.5 hPa
pressure level observed by TES (+ crosses) and the tem-
perature simulated by the GCM using different config-
urations: a prescribed dust depth and inactive water-ice
clouds in green, the semi-interactive dust scheme with-
out active clouds in red, and both interactive dust and
water-ice particles in blue. When clouds become ra-
diatively active, temperatures are increased at almost all
seasons, and are closer to the observations. This is espe-
cially evident at the aphelion cloud season, during which
the cold bias of ~ 10 K disappears. Temperatures are
also improved at equinoxes in both polar regions (see
the lower panel of Fig. 3). Indeed, if clouds are not
active, temperatures are higher than observed by ~ 10 K
near the 1 hPa pressure level. Finally, the mid-latitude
temperatures are closer to the observations, due to the
enhanced adiabatic warming in the descending branch
of the Hadley cell.
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Figure 4: Equatorial temperature at 2 PM for the 0.5 hPa pres-
sure level as measured by TES (4 crosses), and as predicted
by the LMD/GCM, without the semi-interactive dust scheme
(green), with the semi-interactive dust scheme (red), and with
both the semi-interactive dust scheme and the radiatively ac-
tive water-ice clouds (blue). The agreement is much better
when clouds are active, especially around L, = 90°.

However, some differences remain, mainly at high
latitudes. For example, the lower atmosphere of the
north polar region is too cold by ~ 15 K during the L, =0
— 30° period. Later, between Ly = 90° and L, = 120°, a
warm bias occurs above 60°N near the 0.5 hPa pressure
level. Interestingly, this warm bias is mainly explained
by the effects of clouds forming at these altitudes (see
the upper panel of Fig. 3). Consequently, these clouds
are probably thinner in reality than in the model, which
might be due to the scavenging of dust nuclei by water-
ice clouds. In the winter hemisphere, a cold bias caused
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Figure 3: Upper panel: Zonal mean temperature difference between two simulations, with and without radiatively active clouds,
for four periods. Red shade corresponds to a net warming by clouds. Water-ice volume mixing ratio is represented by contours, in
ppm. Lower panel: Zonal mean temperature difference between a GCM simulation that includes radiatively active clouds and the
TES retrievals of [8] for MY26. Contour interval is 2 K.



Modelling radiatively active water-ice clouds

by clouds is also apparent in the lower atmosphere near
30°S. Similarly, for the Ly = 270 — 300° period, a cold
bias of ~ 10 K appears in the lower atmosphere at 30°N,
and is also created by the radiative effect of clouds (upper
panel of Fig. 3). Therefore, clouds do not seem to be
well predicted in the polar regions at solsticial seasons.
Many other biases are beyond the focus of this abstract,
for example near perihelion, because they seem to result
from an incomplete representation of the dust cycle in
our simulations, where a constant lifting rate is assumed.

It is finally worth noting that the TES retrievals of
temperature are being refined using a new radiative trans-
fer model (see the abstract of Hoffman et al. in this issue
[20]). This new dataset modifies temperature in the po-
lar regions, and at the equator near the 0.1 hPa pressure
level. Therefore some biases seen in Fig. 3 may also
come from the observations.

4 Conclusions

Radiatively active clouds play a major role in shaping the
thermal structure of the Mars atmosphere, and their ef-
fect is noticeable at all seasons. Taking their radiative ef-
fect into account significantly improves the temperature
predictions, but also modifies the water cycle, especially
in the polar regions, where the simulated temperatures
and water vapor amounts differ from the observations.
Further analysis of the polar regions is thus required,
along with a better understanding of the physical pro-
cesses, as scavenging of dust particles, that are currently
missing in our model.
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