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1. Introduction: Correctly taking into account the
radiative effect of dust in Global Climate Models
(GCM) is vital to obtain realistic atmospheric temper-
ature and dynamics. Until now, the radiative transfer
of the LMD/GCM was using composite dust radiative
properties built on the observations of Ockert-Bell et
al.,, Toon et al. and Clancy and Lee [1,2,3,4]. Since
then, new data have allowed a better reconstruction of
the dust refractive index, covering the entire solar and
thermal infrared spectral range [5,6,7].

On this basis, we have provided the LMD/GCM
with new dust radiative properties. For comparison,
we ran three simulations, one using the “old” radiative
properties (Ockert-Bell et al. 1997) and two using the
updated properties of Wolff et al. These two simula-
tions are based on different assumptions: spatially ho-
mogeneous scattering parameters on one hand, and
size-dependent scattering parameters on the other. It is
worth mentioning that clouds are not radiatively active
in these experiments. After a short overview of the
methods and data used to constrain the model, we will
analyze the atmospheric thermal structures in the three
cases, compare them to TES observations (through the
UK/MGCM reanalysis [8,9]), and discuss our ability
to reconcile the LMD/GCM predictions with the avail-
able observations both in the visible and infrared
ranges.

2. Architecture of the model:

1" simulation (“Ockert-Bell” scattering parame-
ters): The extinction coefficient, single scattering
albedo and asymmetry parameter (i.e. single scattering
parameters) of the 1* simulation are built upon the
analyses of [2] in the GCM solar channels (0.1-5um),
and upon IRIS/Mariner 9 observations [1] in the in-
frared channels (5-50 um). These latter properties have
been generated using a sample of clay (montmoril-
lonite 219b), and have been adapted for the GCM by
removing the unrealistic absorptions at 20 pm created
by this mineral [4]. The black curve of Fig. 1 repre-
sents, for instance, the resulting single scattering
albedo. In this paper, we chose to focus on the Ockert-
Bell et al. dust properties, but it is worth mentioning
that measurements by Clancy and Lee [3] have been
extensively used as well.

The Ockert-Bell et al. dataset merges information
from different instruments looking at different loca-
tions and times in order to cover the whole visible and
near infrared spectral range, but not the thermal in-
frared. One consequence is that the dust particle size
distributions (which control the balance between dust
absorption at solar wavelengths and emission in the in-
frared region) were different for the two domains.
Consequently, the ratio of the extinction efficiency
(and thus opacity) in the visible to the one in the in-
frared (later called the “solar over infrared ratio”) was
set to correct for this bias and merge both datasets.
Usually, we used
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Fig. 1: Dust single scattering albedo measured by
[2,4] (black curve) and [6] (red curve). Dashed curves
represent the blackbody emission spectra for tempera-
tures of 5870K and 210K, respectively (area preserv-
ing representation). Vertical lines show the 6 channels
of the GCM radiative transfer scheme.

2" simulation (“Wolff et al.” scattering parame-
ters): Over the last 10 years, many analyses of the dust
scattering properties have been conducted at various
wavelengths, using TES/MGS [10,5], Mini-
TES/MER [11,6], OMEGA/MEXx [12,13],
CRISM/MRO [7] and MARCI/MRO [14]. In particu-
lar, the simultaneous observation of dust in the visible
and infrared regions has been done using MGS over-
flights of the Martian Exploration Rovers [6]. This al-
lows the retrieval of the dust refractive index both in
the visible and infrared regions, and avoids the use of
an ad hoc solar over infrared ratio as mentioned above.
To build the 2™ simulation, we have computed the
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dust scattering parameters using the T-Matrix code of
M. Mishchenko [15] for a Gamma size distribution
(regr=1.5um v =0.3) of finite cylinders (D/L=1) [6].
The resulting single scattering albedo is given on
Fig. 1 (red curve). We can notice a small difference
around 0.7um (red arrow) between the Ockert-Bell
and Wolff et al. single scattering albedo. This is where
most of the solar energy lies, and we can thus expect
large differences in the predicted heating rates be-
tween the 1 and 2™ simulation.

3 simulation (size-dependent scattering parame-
ters): The dust refractive index can also be used to
generate the dust scattering parameters for various
dust particle sizes. After storing these scattering pa-
rameters in a look-up table, we can thus fully connect,
in the GCM, the modeled size distributions to the ra-
diative transfer scheme and let the scattering parame-
ters evolve with the size of the particles. As a first
step, we don't carry radiatively active dust explicitly in
the model. Rather, we use the size distributions pre-
dicted by a separate dust transport experiment (see the
paper of F. Forget in this issue). Seasonal variation in
the predicted size distributions is shown to be rela-
tively small, and thus, we use for our purpose a fit of
the annual mean r. profile predicted in the dust trans-
port experiment (see Fig. 2) and a constant effective
variance (U =0.3). Scattering parameters are then
computed in each grid-box by integrating on-line the
parameters of the look-up table over a log-normal size
distribution.
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Fig. 2: Fit of the dust annual mean effective radius

profile predicted by the dust transport experiment (see
the paper by F. Forget in this issue). This analytic
function (blue curve) is used to describe the variation
in the dust particle size along the vertical in our 3™
simulation, where dust is not carried explicitly by the
model.

Dust optical depth: Once the scattering parameters
are known, radiative transfer scheme needs the dust
optical depth in each layer to finally compute the heat-
ing rates. As mentioned above, dust is not carried ex-
plicitly by the model in these experiments. Rather, the
dust optical depth is deduced by using the space and
time varying TES opacity, which corresponds to the
total optical depth scaled to an equivalent 6.1 hPa
pressure surface [16]. Therefore, the opacity along the
vertical axis is computed by weighting the TES opac-
ity with the distribution described in [17] (see [18] for
further details):
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TES opacity is an absorption opacity, and it also
has to be converted to an extinction opacity, which is
the opacity actually used by the GCM. We use for that
the simple relation:

Finally, in order to be as close as possible to the
observations, the annual mean temperature at 1.06 hPa
pressure level predicted by the GCM is compared to
the UK/MGCM reanalysis of TES observations. The
“input” dust opacity used to constrain the amount of
dust in the atmosphere is then multiplied by a tuning
factor to approach the observed temperatures. In other
words, we slightly change the opacity of the atmos-
phere to fit the data. One of our goals is to reach a
good tuning factor, i.e. to use an opacity that is close
to what is really observed by TES, while at the same
time predicting good temperatures.

3. Observational dataset:

Atmospheric thermal structure predicted by the
LMD/GCM is compared to the reanalysis derived
from TES temperature retrievals using the UK/MGCM
[8,9]. Figure 3 shows the zonally and time averaged
(over 10 days) temperature fields of the reanalysis.
The warm perihelion season is clearly distinguished,
as well as the comma-shaped temperature inversion in
the mid-latitudes, which results from the adiabatic
heating of the atmosphere in the descending branch of
the Hadley cell.

4. Predicted thermal structures

1" simulation: Top panel of Fig. 4 represents the
temperature difference between the LMD/GCM (blue
curve) and the UK/MGCM reanalysis of TES observa-
tions (red curve) at 1.06 hPa pressure level. The two
main differences occur around 30°N and in the north
polar region. The first difference is possibly due a



weaker intensity of the Hadley cell in the GCM than
observed. The second difference results from the ra-
diative cooling by water ice clouds that is not taken
into account in these simulations. The agreement is
thus encouraging, since radiatively active clouds will
probably improve these results in the future.
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Fig. 3: Zonally and time averaged (over 10 days)
temperature fields from the UK/MGCM reanalysis of
TES observations [8,9] at two different seasons. This
reanalysis is used as a guideline to evaluate the LMD/
GCM.

The problem is that the tuning factor corresponds
to an opacity equal to 42% of the actual TES opacity.
This means that the TES opacity used to constrain the
model's dust cycle (see section 2) has to be severely
reduced to reach reasonable temperatures. This is a
well-known problem due to dust being relatively dark
in the Ockert-Bell et al. dataset (see the single scatter-
ing albedo in Fig. 1). Therefore, dust absorption at so-
lar wavelengths is too large, and implies too much
warming if dust opacity is not artificially reduced to
lower values.

2" simulation: Middle panel of Fig. 4 now repre-
sents the same temperature difference when using the
Wolff et al. radiative properties. Same difference is
noticed in the north polar region, along with a slight
improvement in the northern branch of the Hadley
cell. But the main improvement is the near disappear-
ance of the tuning factor, which is now close to unity.
Indeed, an excellent thermal structure is predicted us-
ing 94% of the observed dust opacity. The Wolff et al.
dust properties thus allow us to predict good tempera-
tures, while using at the same time realistic values of
the dust opacity both in the visible and infrared ranges.

Figure 5 illustrates the zonally and time averaged
(over 10 days) temperature difference between the
UK/MGCM reanalysis of TES observations (see Fig.
3) and the 2™ GCM simulation, near aphelion (top
panel) and perihelion (bottom panel). Radiative effect
of water ice clouds (indicated by blue dashed lines and
arrows) is prominent. For example, top panel shows a
cold bias of the GCM near the equator and at 60°S
which is comparable to the one discussed in [20] (see

Fig. 3c therein).
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Fig. 4: Zonally and time averaged (over one year)
temperature at 1.06 hPa pressure level from TES re-
analysis (red curve) and as predicted by the
LMD/GCM (blue curve) for three different cases: a
simulation using the Ockert-Bell radiative properties
(top panel), another simulation using the Wolff et al.
properties (middle panel) and a last simulation that
uses size-dependent scattering parameters (bottom
panel). The 1.06 hPa pressure level is chosen because
of its proximity to the peak of the weighting function
for the 15um CO, band [19].



Similarly, warm biases in the mid-latitudes and po-
lar regions are likely due to water ice clouds (see ar-
rows in Fig. 5). Significant differences are seen at the
north pole for L=270° (0.1 hPa level, bottom panel),
but it is difficult to know whether the reanalysis or the
GCM is right in these regions that are strongly dynam-
ically controlled, and further analysis is necessary.

Apart from these differences, the overall agree-
ment is really satisfying. The next step is to account
for size-dependent scattering parameters.
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Fig. 5, Tres-Toem: Temperature difference between
the UK/MGCM reanalysis of TES observations and
our 2™ simulation (Wolff et al. radiative properties and
homogeneous scattering parameters). Contour interval
is 2K. Blue dashed lines and arrows indicate the ap-
proximate location of water ice clouds.

3 simulation: In this last simulation, scattering
parameters are varying as a function of dust particle
size. As seen in Fig. 4 (bottom panel), the observed
temperature at 1.06 hPa pressure level can be well re-
produced again using a realistic dust opacity.

Figure 6 illustrates the zonal mean temperature dif-
ference between the UK/MGCM reanalysis of TES
observations and our simulation. When comparing
Fig. 6 to the bottom panel of Fig. 5, we can see that
most of the changes occur, as expected, at high alti-
tude, where dust particles are smaller. The scattering
parameters being now size-dependent, these particles
have a smaller absorption at solar wavelengths, and
the atmosphere is colder than in the 2™ simulation
around the 0.1 hPa pressure level. Therefore, the equa-
torial and polar cold and warm biases are respectively
more and less pronounced. Adding radiatively active

water ice clouds is the next necessary step to further
understand these biases.
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Fig. 6: Same as Fig. 5, but using 3D size-depen-

dent scattering parameters.

5. Conclusion

Dust radiative properties have been updated in the
LMD/GCM using homogeneous and size-dependent
scattering parameters, and main results can be summa-
rized as follows:

. The use of the new Wolff et al. radiative
properties results in a good thermal structure, while
being at the same time consistent with the observed
visible and infrared opacities. This was not the case
for previous radiative properties and versions of the
model;

. Taking into account the size-dependence of
the dust scattering parameters has a significant impact
on the GCM temperatures, especially at high altitude;

. Adding radiatively active clouds is the next
necessary step to clarify the origin of the remaining
differences between the LMD/GCM results and the
UK/MGCM reanalysis of TES observations.
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