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1. Introduction

The role played by water ice clouds in the energy budget
of the Mars and Earth [1] atmospheres is key to under-
standing and predicting climate variations of both plan-
ets. Their crystal size and shape, microphysics of forma-
tion, and variations in space and time are all issues that
can now be addressed using climate modeling and data
from several remote sensors.

Different authors, for example Rodin et al. [2] or
Montmessin et al. [3], have studied the microphysics
and radiative impact of water ice clouds using one-
dimensional models, and underlined the complex cou-
pling between radiation and cloud dynamics. After be-
ing introduced in GCMs by using different microphysical
schemes [4, 5], the impact of radiatively active clouds on
atmospheric temperatures was further emphasized. For
example, Hinson and Wilson [6] found a strong coupling
between thermal tides and radiatively active clouds by
comparing Radio Science occultation made by MGS and
results from the GFDL/MGCM.

More recently, Wilson et al. [7] used the TES/MGS
surface temperatures and nighttime cloud maps of the
MOLA/MGS altimeter to explain the warm nighttime
surface temperature of the tropics induced by clouds, and
assess their thermal forcing. Further evidence of this
forcing emerged from the TES/MGS temperature reanal-
ysis of Montabone et al. [8], in which Wilson et al. [9]
found warmer zonal mean temperatures during the Aphe-
lion season than in a control simulation forced by dust
distribution alone. Finally, Colaprete et al. [10] also un-
derlined the significant role played by clouds in shaping
the temperature structure of the southern polar night.

In an attempt to refine our understanding of cloud for-
mation and forcing, radiative transfer through the clouds
has been implemented in the LMD/GCM, with vary-
ing effective radius in connection with the microphysical
model [5]. Resulting climate changes have been com-
pared to the TES/MGS observations. In parallel, we have
developed an algorithm to retrieve cloud particle size and
near infrared opacity by inversion of the OMEGA/MEx

data, and started to compare them to the LMD/GCM pre-
dictions.

2. Implementing radiatively active clouds in the
LMD/GCM

Our main goal is here to couple radiative calculations
to the cloud microphysical scheme [5], and to compute
varying scattering properties as a function of ice crys-
tal size during the GCM run. Scattering properties are
loaded for different particle size in a look-up table, that
is generated using a Mie code and optical indices from
Warren [11]. At each time step, connection with the mi-
crophysical scheme is established by integrating these
scattering properties over a given size distribution with
the effective radius predicted by the microphysics in each
grid box.

Simulations are run under present-day conditions, us-
ing the dust opacity acquired by TES/MGS during the
martian year 24 (1999-2000, Smith [12]) and a water-ice
reservoir corresponding to the north polar cap. Resolu-
tion is 5.625 x 3.75-degree in the horizontal with 25 lev-
els in the vertical, covering the lower atmosphere (from
the ground to ~ 80 km).

3. Model sensitivity, results and comparison with
TES/MGS

At the time of this writing, developments and sensitiv-
ity tests are still underway to assess the radiative effect
of clouds in the case of varying effective radius of the
ice particles in connection with the microphysical model.
First results obtained with a fixed effective radius of 4 ym
show the same effects as those reported in previous stud-
ies [7, 9, 10], i.e. improved temperatures in the tropics
at aphelion and in the south polar night. However, sea-
sonal distribution of water vapor and clouds is signifi-
cantly modified, largely due to enhanced cloud formation
in the polar regions.

During the workshop, we will report on the results
obtained with varying scattering properties of the cloud
particles, compare with the TES/MGS data and fur-
ther explore the link between microphysics and radiative
forcing.
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Figure 1: Schematic drawing of the water-ice crystals
size r. ¢y and cloud optical depth 7, retrieval method.

4. Comparison with the OMEGA/MEX retrievals of
cloud particle size and opacity

Method: In parallel to the water cycle modeling, an
inversion method is being developed to retrieve cloud
particle size and opacity in the near infrared, using the
OMEGA/MEx imaging spectrometer. OMEGA data
are spectral image cubes (x,)\,y) of the atmosphere and
the surface both in the visible and near infrared, span-
ning 0.35 to 5.1 um with a spectral sampling of 0.013-
0.020 pm and kilometer-scale spatial resolution. Spec-
tral range includes water ice absorption bands at 1.25,
1.5, 2 and 3 pm that can be used to detect water-ice
clouds and derive their microphysical properties.

Fig.1 illustrates the inversion method. The model
minimizes the difference between a simulated reflectance
and the observed cloud reflectance by using a downhill
simplex method and a least-squares criterion. The free
parameters are the optical depth of the cloud at 1.5 ym
(7.) and the effective radius of ice particles (7. ). These
two parameters are fitted during the inversion by cal-
culating the radiative transfer through a single-layer at-
mosphere using the Spherical Harmonics Discrete Ordi-
nate Method [13]. Scattering parameters are given by a
Lorenz-Mie code which uses the recent ice optical con-
stants at 180K of Grundy and Schmitt [14], and assumes
that the ice crystals are spherical and follow a unimodal
lognormal distribution.

The main difficulty lies in providing good surface
spectra to the inversion algorithm. Thanks to the exten-

sive coverage that has been achieved by OMEGA and
recovering of the data acquired under non-nominal con-
ditions by Jouglet et al. [15], large number of overlap-
ping orbits now allow us to cover identical regions un-
der clear-sky and cloudy conditions. After defining the
clear-sky spectra as surface albedo in the radiative trans-
fer code, we can isolate cloud contribution to the signal
using the inversion method described above, and calcu-
late the two free parameters 7.7y and 7.. Dust impact
on both spectra has to be taken into account, and is de-
termined using a method developed by Vincendon et al.
[16].

Results: Fig.2.a is an image of convective clouds
as seen by the HRSC camera in the blue channel
(kindly provided by H. Hoffmann, DLR). Correspond-
ing OMEGA observation in the visible channel is given
in Fig.2.b, along with measured spectra (plain line) and
inversion result (crosses) in Fig.2.c. Joint study by the
two instruments gives high spatial and spectral resolu-
tion, and allows us to study both cloud morphology and
microphysics. Similar analyses performed over the Thar-
sis plateau during the aphelion season reveal a seasonal
evolution from thick hazes of ~ 3 pm-size particles at
Lg = 54° to convective clouds at Lg = 95° containing
crystals of more than 5 pm.

5. Perspectives

Radiatively active cloud microphysics predicted by the
LMD/GCM will be compared to the near-infrared and
thermal infrared opacities measured by OMEGA/MEx
and TES/MGS respectively, and to particle size retrieved
by the OMEGA data inversion method. Improvements
of the inversion model are underway to take into account
the retrieval uncertainties, and to quantitatively map the
microphysical properties over an entire orbit. This will
allow regional cloud structures to be interpreted with the
help of the new LMD mesoscale model developed by
Spiga and Forget [17].

References

[1] A.J. Baran. On the scattering and absorption properties
of cirrus cloud. Journal of Quantitative Spectroscopy and
Radiative Transfer, 89:17-36, November 2004.

[2] A. V. Rodin, R. T. Clancy, and R. J. Wilson. Dynamical
properties of Mars water ice clouds and their interactions
with atmospheric dust and radiation. Advances in Space
Research, 23:1577-1585, 1999.

[3] F. Montmessin, P. Rannou, and M. Cabane. New insights
into Martian dust distribution and water-ice cloud micro-



=114 =13
ORB0O902_5 x69_y91 reff=5.6 tau=1.2
0.5F T T T T T T 2

Reflectance
o
3

(@]
(&N
T T T

1.2 1.4 1.6 1.8 2.0 2.2 2.4
Wavelength (um)

Figure 2: a. Convective clouds seen in HRSC blue chan-
nel (courtesy of H. Hoffmann, DLR), north-west of Pavo-
nis Mons. Orbit #902_5 Local time: 3:40PM, Lg=95.2°.
b. Simultaneous imaging by OMEGA, here shown in the
visible. The cross indicates the location of the spectra
used for the inversion. ¢. Dotted line: Measured spectra
under clear-sky conditions; Plain line: Measured cloudy
spectra; Crosses: Modeled spectra after convergence of
the inversion algorithm (r¢yy = 5.6 um, 7. = 1.2).

physics. Journal of Geophysical Research (Planets), 107:
4-1, June 2002.

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

M. 1. Richardson, R. J. Wilson, and A. V. Rodin. Water
ice clouds in the Martian atmosphere: General circulation
model experiments with a simple cloud scheme. Journal
of Geophysical Research (Planets), 107:2—1, September
2002.

F. Montmessin, F. Forget, P. Rannou, M. Cabane, and
R. M. Haberle. Origin and role of water ice clouds in
the Martian water cycle as inferred from a general circu-
lation model. Journal of Geophysical Research (Planets),
109:E10004, October 2004.

D. P. Hinson and R. J. Wilson. Temperature inversions,
thermal tides, and water ice clouds in the Martian tropics.
Journal of Geophysical Research (Planets), 109:1002—+,
January 2004.

R. J. Wilson, G. A. Neumann, and M. D. Smith. Diur-
nal variation and radiative influence of Martian water ice
clouds. Geophysical Research Letters, 34:1.02710, Jan-
uary 2007.

L. Montabone, S. R. Lewis, P. L. Read, and D. P. Hinson.
Validation of martian meteorological data assimilation for
MGS/TES using radio occultation measurements. Icarus,
185:113-132, November 2006.

RJ Wilson, SR Lewis, L. Montabone, and MD Smith.
Influence of water ice clouds on Martian tropical atmo-
spheric temperatures. Geophys. Res. Lett, 35, 2008.

A. Colaprete, J. R. Barnes, R. M. Haberle, and
F. Montmessin. CO2 clouds, CAPE and convection
on Mars: Observations and general circulation model-
ing. Planetary and Space Science, 56:150-180, February
2008.

S. G. Warren. Optical constants of ice from the ultravio-
let to the microwave. Applied Optics, 23(8):1206, April
1984.

M. D. Smith. Interannual variability in TES atmospheric
observations of Mars during 1999-2003. Icarus, 167:
148-165, January 2004.

K. F. Evans. The spherical harmonic discrete ordi-
nate method for three-dimensional atmospheric radiative
transfer. J. Atmos. Sci., 55:429-446, 1998.

W. M. Grundy and B. Schmitt. The temperature-
dependent near-infrared absorption spectrum of hexag-
onal H20 ice. Journal of Geophysical Research, 103:
25809-25822, November 1998.

D. Jouglet, F. Poulet, Y. Langevin, J.-P. Bibring,
B. Gondet, M. Vincendon, and M. Berthe. OMEGA long
wavelength channel: Data reduction during non-nominal
stages. Planetary and Space Science, in press, 2008.

M. Vincendon, Y. Langevin, F. Poulet, J.-P. Bibring, and
B. Gondet. Recovery of surface reflectance spectra and
evaluation of the optical depth of aerosols in the near-
IR using a Monte Carlo approach: Application to the
OMEGA observations of high-latitude regions of Mars.
Journal of Geophysical Research (Planets), 112:8—, July
2007.

A. Spiga and F. Forget. A new mesoscale model for the
Martian atmosphere. European Mars Science and Explo-
ration Conference, 1119867, November 2007.



